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Abstract
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Phencyclidine (PCP) is a non-competitive NMDA receptor antagonist that has been
shown to induce schizophrenia-like psychotic symptoms that are clinically
indistinguishable from schizophrenia in patients. When administered to rodents, PCP
produces an array of behaviours that are characteristic of schizophrenia.
Schizophrenia is associated with continual and treatment resistant cognitive deficits
which are now recognised as a core feature of the disease.

The aim of the studies reported in chapter 3 were to establish a set of objects with
equal preference in the NOR (novel object recognition) test. Furthermore, the inter-
trial-interval (ITI) of the NOR test was investigated in an attempt to elucidate the
effects of time and location of the rats during the ITI on the cognitive impairments
following sub-chronic PCP treatment. The experiments in chapter 4 were designed to
compare the performance of male and female rats in the NOR test following
treatment with acute d-amphetamine (d-amph), PCP and sub-chronic PCP treatment.
In chapter 5, validation of the cognitive deficits induced by sub-chronic PCP
treatment was assessed using carefully selected pharmacological agents. The aim of
the studies in chapter 6 was to determine the effects of isolation rearing on cognitive
performance in the NOR test following increasing ITls. Additionally, the sensitivity
of isolation reared rats compared to social controls following acute administration of
PCP and d-amph was assessed using the NOR test. Studies in chapter 8 utilised the
16-holeboard maze to determine the effects of acute treatment with d-amphetamine,
PCP and scopolamine on working memory in the rat.

NOR is a visual learning and memory test that measures recognition memory which
is impaired in patients with schizophrenia. Studies presented in this thesis
demonstrate the importance of careful pilot studies when selecting objects for use in
the NOR test. Initial studies in sub-chronic PCP (2 mg/kg for 7 days followed by 7
days drug free) treated female hooded-Lister rats revealed a preference of the rats for
the wooden cone object; subsequently this object was eliminated from further NOR
experiments.

Sub-chronic PCP treated rats were found to be highly susceptible to the disruptive
influence of distraction during the short 1 min inter-trial-interval (ITI) in the NOR
test. These results are consistent with clinical findings of the effects of distraction on
cognition in schizophrenia patients. Following the initial validation experiments, a 1
min ITI in the home cage was selected for all subsequent NOR studies. Further
experiments provided evidence to confirm that information presented in the
acquisition trial is encoded but not retained in the retention trial of the NOR test by



PCP-treated rats. Male rats were less sensitive to the recognition memory deficits
induced by acute treatment with PCP and d-amphetamine compared with females.
Following sub-chronic PCP treatment, both males and females showed object
recognition deficits, however, the impairments were more robust in female rats.
Female rats were therefore selected for all subsequent experiments.

Pharmacological validation was carried out using carefully selected agents which
were assessed for their ability to restore the sub-chronic PCP induced cognitive
deficit in the object recognition test. It was found that the classical antipsychotic
agents haloperidol and fluphenazine, the benzodiazepine anxiolytic chlordiazepoxide
and the SSRI antidepressant fluoxetine were ineffective. Further studies showed that
the atypical antipsychotic agents, clozapine and risperidone, the analeptic agent
modafinil, the nAChR full agonist nicotine, and full agonist and positive allosteric
modulator of the a7 nAChR (PNU-282987 and PNU120596 respectively) reversed
the recognition memory deficit induced by sub-chronic PCP treatment in the NOR
test.

Isolation rearing of rats at weaning is an environmental stressor that has relevance
for modelling the symptomatology and pathology of schizophrenia. Isolates had a
significantly increased locomotor activity (LMA) response to a novel environment
and enhanced sensitivity to time delay-induced recognition memory deficits,
compared with their socially reared counterparts. Isolates were less sensitive to an
acute PCP-induced recognition memory deficit but more sensitive to an acute d-
amphetamine induced recognition memory deficit in the NOR test compared to
social controls.

Preliminary results from the 16-holeboard maze experiments reveal that acute
administration of the mAChR antagonist scopolamine, d-amphetamine, PCP and
sub-chronic PCP treatment reduced working memory scores compared to vehicle
treated controls.

Taken together, these findings suggest that sub-chronic treatment with PCP induces
cognitive deficits in behavioural tests of relevance to cognition associated with
schizophrenia. This may allow the detection of novel pharmacotherapies to alleviate
these cognitive deficits and exploration of the nature of cognitive disturbances in
these patients.
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CHAPTER 1 - Introduction



1.1 General Introduction

1.1.1 Symptomology

Schizophrenia is a psychiatric disease that is chronic, severe and highly debilitating
to the patients that are inflicted. It is a highly complex clinical disorder, displaying a
huge variety of incapacitating symptoms. The current worldwide morbidity of
schizophrenia is almost 1% of the population (Trivedi & Jarbe, 2011) and reports
have suggested that schizophrenia costs the NHS more than any other mental illness,
consuming more than 5% of the total budget (Hargreaves, 2003). Schizophrenia was
termed demense precose (dementia praecox), a Latin phrase meaning "mental
deterioration at an early age", a syndrome affecting teenagers and young adults by
Benedict Morel in 1853. In 1887, Dr. Emile Kraepelin classified the symptoms of
dementia praecox, with emphasis on the early age of onset and the deteriorating

course of the illness as defining criteria.

In 1908, Eugen Bleuler was the first to use the term schizophrenia “the breaking up
or splitting of psychic functioning”,; he rejected Kraepelins emphasis on the early
onset and deteriorating course of the disease. Bleuler went on to describe
schizophrenia as a group of disorders, patients with mild and severe forms, acute and

chronic with both poor and encouraging outcomes.

Schizophrenia symptoms are currently divided into positive, negative and cognitive

symptoms.



1.1.1.1 Positive Symptoms

The diagnostic and statistical manual of mental disorders, 4™ edition text revision
(DSM-1V TR) is currently used by clinicians and psychiatrists in the US to diagnose
psychiatric illnesses. For schizophrenia to be diagnosed, patients need to exhibit at
least 1-month duration of two or more of the positive or negative symptoms. The
positive symptoms are usually satisfactorily treated with antipsychotic medication

(Feldman et al, 1997). The symptoms include:

Delusions: False beliefs that are strongly held despite evidence to suggest otherwise.
The delusions can be subdivided into paranoid delusions, delusions of reference,

somatic delusions and delusions of grandeur.
Hallucinations: Mainly auditory, visual, tactile, olfactory and gustatory.

Disorganised speech: Moving swiftly through multiple topics, confused and

repetitive speech and use of unrelated words without meaning.

Catatonic behaviour: Physical immobility, excessive mobility, extreme resistance

and peculiar movements (DSM-1V TR).
1.1.1.2 Negative Symptoms

The negative symptoms are feelings, thoughts and behaviours that are normally
present that are absent or diminished in patients suffering from schizophrenia. The
negative symptoms are often more difficult to diagnose than the positive symptoms
because they represent a lesser degree of normal, rather than the presence of
undesirable or bizarre behaviours. The negative symptoms not only arise from the

pathology of the disease but can also develop as secondary negative symptoms



related to antipsychotic medication. It has been reported that both classical and
atypical antipsychotic agents have been shown to induce negative symptoms in
healthy controls (Artaloytia et al, 2006) and exacerbate the primary negative
symptoms in patients with schizophrenia. Conversely, atypical antipsychotics have
also been shown to improve the negative symptoms of schizophrenia in certain

patients (Meltzer, 1999). The negative symptoms include:

Affective flattening: Reduction in the range and intensity of emotional expression,

including facial expression, voice tone, eye contact, and body language.

Alogia: Lessening of speech fluency and productivity, thought to reflect slowing or

blocked thoughts, and often manifested as laconic, empty replies to questions.

Avolition: Reduction, difficulty, or inability to initiate and persist in goal-directed
behaviour; it is often mistaken for apparent disinterest. (Source DSM IV and ICD-10,

2010).

1.1.1.3 Cognitive Symptoms

Since 1851 when the term ‘dementia praccox’ was used, impairments in cognitive
function have been recognised and described as a core feature of the disease.
Patients with schizophrenia show deficits in a variety of cognitive domains. The
cognitive symptoms refer to difficulties with concentration and memory. These may
include the following; disorganised thinking, slow thinking, difficulty understanding,
poor concentration, poor memory, difficulty expressing thoughts, difficulty

integrating thoughts, feelings and behaviour.

There is increasing evidence suggesting that cognitive deficits, particularly

attentional deficits (Byrne et al, 1999; Lewis, 2004), verbal memory impairments
4



(Whyte et al, 2006) and other cognitive impairments (Niemi et al, 2003) are already
present and detectable in adolescents, prior to the onset of illness, in subjects with
high susceptibility to schizophrenia and in first-episode schizophrenia patients.
Furthermore, many studies over the past 25 years have demonstrated that first degree
relatives compared to second degree relatives of patients with schizophrenia exhibit
greater cognitive deficits (see review by Snitz et al, 2006). Schizophrenia patients
demonstrate cognitive impairments within various cognitive domains, which include

memory and language, executive function and attention.

Working memory has been described as the temporary “online” storage and the
subsequent retrieval and manipulation of information (Baddelay & Hitch, 1974).
This domain of memory has an important functional role in briefly retaining
information and allowing it to be used rapidly. Working memory dysfunction is
increasingly recognised as a core feature in patients with schizophrenia (Thormodsen

et al, 2011)

The cognitive aspect of schizophrenia has huge implications on lifestyle and impacts
on ability to function within the community, at school, work and to form and
maintain relationships. The cognitive impairments observed in schizophrenia are
shown to be associated with functional outcome and studies have shown that
cognitive deficits are the most reliable predictor of this outcome (Green et al, 2000).
Patients vary in the types of cognitive dysfunctions they exhibit; however, the level
of cognitive impairment generally remains stable over time and throughout the

course of the disease.

Cognition is becoming the main target for schizophrenia therapy and recently the

National Institute of Mental Health (NIMH) introduced the Measurement and
5



Treatment Research to Improve Cognition in Schizophrenia, known as the

MATRICS Initiative. The MATRICS initiative’s aim was to identify the worst

affected cognitive domains and develop a clinical test battery targeting these

domains. The MATRICS Consensus Cognitive Battery (MCCB) is intended to

provide a relatively brief evaluation of the key cognitive domains (see table 1)

relevant to schizophrenia and related disorders, and was designed to facilitate the

research and development of novel pharmacological approaches for treating the

cognitive impairments associated with schizophrenia (http://www.matrics.ucla.edu).

Tests used to measure Cognitive Performance in adults with Schizophrenia and related

Managing Emotions

disorders
gognl_tlve Test Description
omain
Brief As_sessment_of Cognltl.on in Timed paper and pencil test in which respondent uses a key to
Schizophrenia (BACS): Ay
. write digits that correspond to nonsense symbols
Symbol-Coding
Speed of Catecory Fluency: Animal Narmin Oral test in which respondent names as many animals as he/she
Processing gory Y- 9 can in one minute.
Timed paper and pencil test in which the respondent draws a
Trail Making Test: Part A line to connect consecutively numbered circle placed
irregularly on a sheet of paper.
Attention / Continuous Performance Test - Computer administered measure of sustained attention in
- . . which respondent presses a response button to consecutive
Vigilance Identical Pairs (CPT-IP) .
matching numbers.
d
Wechsler Memory Scale - 3 Ed. Using a board on which ten cubes are irregularly spaced,
Working respondent taps cubes in same (or reverse) sequence as test
Memory (WMS-111): Spatial Span administrator.
(Nonverbal)
(verbal) Orally administered test in which respondent mentally reorders
Letter-Number Span strings of numbers and letters and repeats them to
administrator.
Orally administered test in which a list of twelve words from
Verbal Hopkins Verbal Learning Test - three taxonomic categories is presented and the respondent is
Learning Revised (HVLT-R) asked to recall as many as possible after each of three learning
trials.
Visual Brief Visuospatial Memory Test - A test that involves reproducing six geometric figures from
Learning Revised (BVMT-R) memory.
Reasoning . . . . . -
Neuropsychological Assessment Seven timed paper and pencil mazes of increasing difficulty
and Problem . . .
Solving Battery (NAB): Mazes that measure foresight and planning.
. Mayer-Solovey-Caruso Emotional . . .
Soaa! ) Intelligence Test (MSCEIT): Paper and p_encn multlple choice test that assesses how people
Cognition manage their emotions

Table 1 The key cognitive domains as outlined by the MATRICS initiative to test and assess

performance (www.matrics.ucla.edu).




1.1.2 Aetiology of Schizophrenia

Schizophrenia is a highly complex disorder and likely to be derived from an

interaction between genetic, behavioural and developmental components.

1.1.2.1 Genetics

There have been numerous epidemiological studies into schizophrenia, looking at
family, twin and adoption studies, showing overwhelming evidence to suggest that
pre-disposition to developing the illness is significantly increased in relatives of
individuals who are already suffering from schizophrenia, thus depicting a strong

genetic link (Pedersen & Mortensen, 2001; Owen et al, 2005; Mortensen et al, 2010).

The data from monozygotic twin studies have shown a 41-65% presence of
schizophrenia in both pairs of twins compared to 0-28% in dizygotic twins, with
heritability estimates at approximately 85%, which means schizophrenia is one of the
most hereditable medical disorders (Craddock et al, 2005). Furthermore, the risk of
schizophrenia in progeny of both the affected and unaffected monozygotic twins is
similar, which means that the unaffected twin carries the hereditable genetic material
for developing the illness without expressing schizophrenia themselves (Kety et al,

1994).



General population
B 125% First cousins
Srd degree Uncles / Aunts
relatives
Nephews [ Nieces
o 25% Grandchildren
2nd degree
T Half siblings
Parents
B 50% Siblings
L Children
relatives
Fraternal twins _ 17%
B 100% Identical twins | 48%
I 1 L ! |
i 10 20 30 40 50
Genes shared Relationship to Risk of developing schizophrenia
person with
schizophrenia

Figure 1 Percentage rates of developing schizophrenia when there is a family history of the

disease (taken from Gottesman, 1991).

Experiments using linkage analysis and quantitative trait locus analysis have shown
numerous chromosomal regions with nucleotide sequences that relate to phenotypes.
These findings have led to detailed mapping studies of linked regions with the
association of specific predisposing genes for schizophrenia. In the review by Owen
(2005), the genes with the most information available and implicated in
schizophrenia are those that encode dysbindin (DTNBP1), neuregulinl (NRG1), D-
amino-acid oxidase activator (DAOA; which was known as G72) and regulator of G-
protein signalling 4 (RGS4), Dysbindin, catechol-O-methyltransferase (COMT),
proline dehydrogenase (PRODH), Asp-His-His-Cys (DHHC), disrupted in
schizophrenia DISC1 and DISC2, metabotropic glutamate receptor-3 (GRMS3;

mMGIuR3). Many of the susceptibility genes that have been identified for
8



schizophrenia are known to regulate neuronal connectivity, synaptogenesis, and N-
methyl-D-aspartate (NMDA) glutamate receptor functions. Hypothetically,
converging molecular abnormalities expressed by defective versions of these genes
could cause dysregulation of NMDA receptors and NMDA synapses, leading to
vulnerability for schizophrenia due to inefficient information processing at glutamate

synapses (Stahl, 2007).

1.1.2.2 Neurodevelopment

Clearly genetic risk factors play an important role in the aetiology of schizophrenia,
however there is a vast amount of literature available describing a non-genetic basis

for schizophrenia.

Studies have shown that the possibility of developing schizophrenia seems to begin
as early as the first trimester (0-90 days) of pregnancy, with a 7-fold increase in the
risk of developing schizophrenia and schizophrenia spectrum disorders following the
exposure to influenza (Brown et al, 2004), whereas the second and third trimester of
pregnancy showed no increased susceptibility (Opler & Susser, 2005). Other
researchers have indicated that the second trimester of pregnancy confirms the
greatest risk for schizophrenia (Sullivan et al, 2006). Brown and colleagues (2001)
also demonstrated a 20.4% increase in the susceptibility to schizophrenia following
early prenatal exposure to the rubella virus. However the rubella virus has been
shown to be active up to 18 months following birth, which could mean that the pro-
schizophrenia risk caused by the rubella virus could actually be a postnatal effect
(South & Sever, 1985). Subsequent studies have shown a large increase in subjects
which were recently diagnosed with schizophrenia, 28.6% compared to 5% of

chronic patients that test positively for the retroviral polymerase genes in the cerebral
9



spinal fluid (Karlsson et al, 2001). The presence of maternal antibodies to the
parasitic protozoa Toxoplasma gondii, which can be transmitted to the mother from
contact with cat faeces or from eating undercooked meat, has been shown to increase

the risk of developing schizophrenia by 2.5% (Torrey & Yolken, 2003).

A study in 2008 by Khashan and colleagues suggests that severe stress to a mother
during the first trimester of pregnancy may alter the risk of schizophrenia in
offspring. Results from this study showed that the stress of a first relative dying or a
relative being diagnosed with cancer, acute myocardial infarction, or stroke
syndrome up to 6 months before conception or during pregnancy increased the risk
of child developing schizophrenia (adjusted relative risk, 1.67 [95% confidence
interval, 1.02-2.73]). The season of birth has also been implicated in schizophrenia;
patients are more likely to be born during the winter months. The increased risk is
approximately 10% for those born in winter compared to summer births (Torrey,
1997). The relationship between the increase in the incidence of schizophrenia and
winter births may be explained by the timing of the peak flu season during the early
stages of pregnancy. It is widely recognised that individuals with schizophrenia were
more likely to have experienced a cluster of obstetric complications involving
hypoxia than were controls (Clarke et al, 2006). In addition, interesting interactions
have been described between foetal hypoxia and genetic risk for schizophrenia on
brain structure. One particular study found that a history of foetal hypoxia is
associated with greater structural brain abnormalities in groups with schizophrenia
than among controls (Cannon et al, 2002). Schizophrenia patients have been shown
to have lower mean birth weights compared to unaffected siblings (McNeil et al,

1993). Furthermore, in a monozygotic twin study, the patient with schizophrenia was
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significantly more likely to have a lighter birth weight than their co-twins (Torrey,

1977).

1.1.3 Epidemiology of Schizophrenia

Socioeconomic class has been shown to influence the susceptibility to developing

3

schizophrenia. People belonging to the “working class” social group are
approximately five times more likely to develop schizophrenia than people in the

other social classes (Mulvany et al, 2001; Muntaner et al, 2004).

Ethnic status has frequently been related to differential predisposition to
schizophrenia. Immigrants to the UK from the Caribbean and Africa have ten times
the prevalence of schizophrenia compared to other members of the population
(Harrison et al, 1988; Wessley et al, 1991), whereas other non-black immigrants do
not show such an increased risk (Cooper, 2005). The increased risk of schizophrenia
in the Caribbean and African immigrants to the UK cannot be solely attributed to
genetics since the origin of birth countries do not show an increased risk of

developing schizophrenia.

Gender has been known to influence risk of developing schizophrenia since as early
as 1919-1971, when Kraepelin described dementia praecox as a disorder that mostly
affected young men. The age of onset of schizophrenia in men is earlier compared to
women, with most studies reporting onset in the early 20s for men and late 20s in
women (for review see Salem & Kring, 1998). Men are at increased risk of
developing schizophrenia with male:female incidence of approximately 1.4:1 (Able
et al, 2010). Men also have worse symptomatology, express more negative

symptoms and show poorer response to certain medication (Leung and Chue 2000;

11



Moriarty et al, 2001; Canuso & Pandina, 2007). These differences in the onset of
schizophrenia in men and women could be attributed to the putative anti-

dopaminergic effects of oestrogens (Lindamer et al, 1997; Cutter et al, 2003).

Cannabis abuse has been shown to significantly reduce the age of onset of
schizophrenia in male patients (Veen et al, 2004; Large et al, 2011) and also
increased likelihood of developing schizophrenia in psychosis free people (van Os et
al, 2010). In addition, it has been suggested that heavy cannabis use in adolescence
can increase the risk of developing schizophrenia later in life (Zammit et al, 2002).
Further studies have demonstrated that schizophrenia subjects who previously
exhibited psychotic symptomatology have poorer prognosis when using cannabis

(Martinez-Arevalo et al, 1994).

1.1.4 Neurochemistry and Schizophrenia

1.1.4.1 Dopamine

Dopamine is transmitted via four main pathways. The first is the mesolimbic
pathway, and extends mostly from the ventral tegmental area (VTA; Al10) and to a
lesser extent from the retrorubal field (A8) and substantia nigra (A9) to the nucleus
accumbens. The positive symptomatology of schizophrenia is likely to be modulated

by the mesolimbic dopamine pathway.

The second, mesocortical pathway, transmits dopamine from the VTA to the frontal
cortex and is linked to negative symptoms and cognition. The third, the nigrostriatal
pathway, transmits dopamine from the pars compacta of substantia nigra (A9),
ascends via the medial forebrain bundle and innervates the striatum. This pathway is

vital for motor coordination, movement and initiation of movement. Blockade of this
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dopaminergic system, required for reducing psychosis, particularly using the

classical antipsychotics, induces extrapyramidal side effects.

The final main pathway is the tuberoinfundibular pathway, which transmits
dopamine from the hypothalamus to the pituitary gland. Blockade of dopamine in
this pathway prevents the inhibitory effect of dopamine on prolactin release which
causes an increase in blood prolactin levels (hyperprolactinemia). Elevated prolactin
levels can cause abnormal lactation (galactorrheoa) in men and women, disruptions
to the menstrual cycle in women, headache, visual problems and sexual dysfunction

(Stahl, 2000; Serri et al, 2003).

In June 1974, [*H] haloperidol was prepared by Dr. P.A.J. Janssen (of Janssen
Pharmaceutica, Beerse, Belgium) for Dr. Paul Seeman to detect the specific binding
to striatal brain tissue (Seeman et al, 1975). The results confirmed that the
“antipsychotic receptor” was in fact a dopamine receptor since dopamine was the
most effective at inhibiting the binding of [*H] haloperidol. Subsequently, five
dopamine receptors subtypes have been identified, all members of the super family
of transmembrane domain, G-protein coupled receptors and cluster into D;-like and
D,-like families of receptors. Two D;-like receptor subtypes (D; and Ds) couple to
G-protein receptors Gq and Gs and activate adenlyl cyclase, whereas the D,-like
receptor subtypes (D,, Ds; and D,) couple to G-protein receptors Gi and Go and

inhibit adenlyl cyclase.
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The classical dopamine hypothesis of schizophrenia is the most widely considered
neurochemical hypothesis and was first proposed by Snyder (1973). This hypothesis
postulates that hyperactive dopaminergic neurotransmission resulting from an excess
of DA in the brain, activating D, receptors account for the phenomenon of
schizophrenia (Seeman, 1984). This hypothesis was formulated from three main

Sources:

Post mortem studies on schizophrenic brains have shown unusually high levels of
dopamine and its metabolites (e.g. homovanillic acid) especially in the limbic
regions (Iverson, 1979; Mackay et al, 1982). Subsequently, there is a large amount of
consistent data showing increased density of striatal D, receptors in the post mortem
brains of schizophrenics (Reynolds et al, 1987; Knable et al, 1997; Sumiyoshi et al,
1995). However, it has been suggested that the increase in D, receptor density may
be the result of adaptation to antipsychotic drug treatment (i.e. up regulation of D,

receptors) rather than a biochemical abnormality intrinsic to schizophrenia.
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Furthermore, some PET studies show no significant difference in D, receptor
densities between neuroleptic-naive schizophrenics and healthy controls (Farde et al,
1990). D;-like receptors are predominantly found in the PFC, whereas D,-like
receptors are found in sub-cortical regions (see Guillin et al, 2007), although D4

receptors are found in both PFC and hippocampus (Lahti et al, 1998).

1.1.4.1.1 D, antagonists

There is a strong relationship between clinical efficacy of classical antipsychotic
drugs and potent affinity for D, receptors. All drugs that antagonise the D, receptor
tend to improve the positive symptoms of schizophrenia (Creese et al, 1976; Seeman,
1986). As the classical antipsychotic drugs are D, receptor antagonists, an alteration
of dopamine transmission at this receptor has long been suspected to play a role in
the pathophysiology of schizophrenia. Specifically, excess D, transmission has been
proposed to underlie positive symptomatology since these symptoms improve
following D, receptor blockade compared with negative or cognitive symptoms

(Snyder, 2008).

1.1.4.1.2 Dopamine agonists

Additionally, it has been shown that the dopamine agonist amphetamine and the
dopamine pre-cursor | -DOPA, enhance the activity of dopamine and produce
psychotic symptoms when administered to healthy adults (for review see Angrist &
van Kammen, 1984; Lieberman et al, 1987). These dopamine agonist-induced
psychotic symptoms can be abolished with the administration of dopamine
antagonists, providing further evidence of dopamine’s involvement in schizophrenia.

Additionally, these dopamine agonists have been shown to exacerbate the psychotic
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symptoms in schizophrenia patients. A study demonstrating enhanced amphetamine-
induced dopamine release in schizophrenia patients using PET (photon emission
tomography), suggested the existence of a dysregulation of dopamine neurones
leading to an increased dopamine transmission in response to amphetamine (Laruelle

et al 1996).

Despite decades of extensive research, the causes and exact sites of the presumed
dopamine-mediated hyperactivity remain elusive; therefore providing evidence to
suggest that dopamine alone may be insufficient to explain all aspects of
schizophrenia. Although the administration of the dopamine antagonist medications
modify brain dopamine levels within minutes, the concomitant improvement in
patient symptoms are usually not visible for at least several days, suggesting that
dopamine may not be directly responsible for the illness (Thompson, 2000).
Furthermore, dopamine antagonists demonstrate limited ability to treat the negative
symptoms of schizophrenia, in addition the inability of dopamine agonists to fully
recapitulate all the symptoms of the disease in humans suggests the involvement of

other neurotransmitters.

1.1.4.2 Serotonin hypothesis

Serotonin (5-hydroxtryptamine; 5-HT) is a monoamine neurotransmitter, synthesised
from dietary tryptophan. Tryptophan is converted to 5-hydroxytrptophan by the
enzyme tryptophan hydroxylase and then decarboxylated to 5-HT by the action of

amino acid decarboxylase (Figure 3).
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The neurones of the raphe nuclei are the main source of 5-HT in the brain, axons
from these neurones form a neurotransmitter system that reaches almost every part of
the CNS. Axons of neurons in the rostrally located nuclei terminate in parts of the
cortex, hippocampus, basal ganglia, limbic system and hypothalamus whereas the

caudally situated nuclei project to the cerebellum, medulla and spinal cord (figure 4).

Molecular biological techniques have allowed the identification of at least 15
different 5-HT receptor subtypes which have been classified and divided into seven
groups (5-HT17) and further subdivided into 5-HT,a-c, 5-HT1g, 5-HT1p, 5-HT g, and

S5-HTr.
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The role of the 5-HT system in schizophrenia was first suggested in 1954 by Wooley
and Shaw, they observed that lysergic acid diethylamide (LSD), acting upon the 5-
HT system (5-HT agonist) induced symptomatology of schizophrenia in man, such
as hallucinations, delusions and other abnormal behavioural changes. Later it was
identified that LSD exerts its action through the 5-HT,anc receptor subtypes

(McKenna et al, 1989).

The discovery of the atypical antipsychotic agent clozapine in 1959 with low D, and
high 5-HT,4 affinity (Deutsch et al, 1991), and lower incidence of extrapyramidal
side effects (EPSE’s) compared to classical antipsychotics provoked the re-surge in
interest in the 1980s in the serotonin system as a potential therapeutic target for
schizophrenia (Busatto & Kerwin, 1997). Many of the atypical antipsychotics have
significant affinity for the 5-HT,a receptor, which has directed interest in this
receptor subtype with regard to therapeutic antipsychotic development. The
relationship of serotonergic and dopaminergic function has been extensively studied

with the main focus on the mechanism of action by which clozapine in addition to
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other atypical antipsychotics exert superior therapeutic efficacy. The serotonin-
dopamine hypothesis of schizophrenia was suggested by Meltzer (1989) and
implicated enhanced dopaminergic and serotonergic transmission in subcortical areas,
leading to the manifestation of positive symptoms and decreased dopaminergic and
serotonergic transmission in the prefrontal cortex leading to the negative and

cognitive symptoms.

Many of the atypical antipsychotics have affinities not only for 5-HT,a receptors but
also for other 5-HT receptor subtypes including 5-HT;a, 5-HTac, 5-HTs and 5-HT;
(Schotte et al, 1996; Kuroki et al, 2008). It is likely that these 5-HT receptor
subtypes may also be involved in the mechanism of action of atypical antipsychotics.
Although physiological roles of the central 5-HT receptor subtypes have yet to be
fully understood, the serotonin—dopamine interaction via 5-HT receptor subtypes has
been thought to play an important role in the production of clinical effects of atypical

antipsychotics (Kuroki et al, 2008).

Post-mortem studies in un-medicated patients with schizophrenia have revealed a
reduced number of 5-HT,a receptors (Arora & Meltzer et al, 1991) and an increase
in the number of 5-HT14 receptors in the frontal cortex (Hashimoto et al, 1991).
Other post-mortem studies have reported confounding results with respect to the
hippocampus. Joyce and colleagues (1993) also reported an increase in hippocampal

5-HT1a receptors, whereas another study did not (Hashimoto et al, 1991).

1.1.4.3 Glutamate hypothesis

The glutamate hypothesis of schizophrenia originated with the observation that the

dissociative anaesthetic PCP (Sernyl) produced psychotomimetic symptoms in
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surgical patients (Luby et al, 1959). Glutamate is the major excitatory amino acid
neurotransmitter in the central nervous system (CNS) and was first implicated in
schizophrenia when decreased concentrations, up to 50% reductions compared to
healthy controls, were found in the cerebrospinal fluid of schizophrenic patients
alongside an increase in the density of NMDA receptors in the striatum (Kim et al,
1980). However, attempts to replicate these findings have been unsuccessful (Gattaz
et al, 1982; Perry, 1982). Glutamate acts at two classes of receptors, ligated gated ion
channels (ionotropic receptors; N-methyl-D-aspartate (NMDA-), AMPA-, kainite-

and G-protein coupled metabotropic receptors.

1.1.4.3.1 lonotropic glutamate receptors

The ionotropic glutamate receptors initiate rapid depolarization by facilitating
sodium or calcium entry into neurons through channels made by the receptor itself.
The NMDA receptor channels are permeable to calcium and are distinctive because
they are "doubly gated"” by voltage and ligands, which means they are activated only
when glutamate binds at the same time as a depolarizing shift in the membrane

potential.

1.1.4.3.2 Metabotropic glutamate receptors

To date, eight metabotropic glutamate receptors (MmGlul-mGlu8) have been
identified by molecular cloning studies (Pin & Duvoisin, 1995) and control
neurotransmission by activating G-protein coupled synaptic transduction
mechanisms. Some mGlu receptors, in particular the mGlu5 subtype have been
shown to interact closely with NMDA receptors and may directly modulate the

function of the NMDA receptor channel (see review by Moghaddam, 2003).
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ion channels by a second messenger cascade. Each mGIuR is composed of one polypeptide,

which is coupled to a G-protein (taken from Kandel et al, 1991).

1.1.4.3.3 NMDA receptors
Autoradiography studies in the rat have shown that NMDA receptors are widely

distributed throughout the brain, the largest density is found in the nucleus
accumbens, hippocampus and prefrontal cortex (Monaghan & Cotman, 1985;
Maragos et al, 1988). The NMDA receptor is a tetrameric-transmembrane channel
consisting of combinations of the necessary NR1 subunit with NR2 and/or NR3
subunits (see review by Henson et al, 2010). The function of the NMDA receptor is
controlled by its subunit composition (Monyer et al, 1992), the most common
NMDA receptors consist of 2 NR1 and 2 NR2 subunits of the identical subtype

(Dingledine et al, 2000).

Since the classical antipsychotics are unable to treat the cognitive and negative
symptoms of schizophrenia another theory other than the dopamine hypothesis came

to light. One of these theories, the ‘glutamate hypothesis of schizophrenia’, emerged
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in the early 1980s as an alternative to the popular theory of altered dopamine
neurotransmission. Olney and Farber (1995) proposed a mechanism, which could
help to explain the symtoms of schizophrenia based upon NMDA receptor
hypofunction. The hypofunction of the NMDA receptor could be reproduced by
pharmacological antagonism of the NMDA receptors. The glutamate hypothesis is
based on studies showing that non-competitive NMDA receptor antagonists such as
MK®801, ketamine and phencyclidine can induce symptomatic, neurocognitive and

neurochemical aspects of the disorder.

Results from genetic studies have reported that the majority of genes that have
recently been implicated in the increased risk for schizophrenia can influence the
function of glutamate receptors (Harrison et al, 2003; Moghaddam, 2003).
Furthermore, post-mortem studies have reported alterations in the marker of viable
neuronal tissue, the neuropeptide N-acethylaspartate (NAA) and the neurotransmitter
N-acetylaspartylglutamate (NAAG) (Tsai et al, 2005). In addition, changes in
glutamate receptor binding, transcription and subunit protein expression in the
prefrontal cortex, thalamus, and hippocampus have been reported in subjects with

schizophrenia (Clinton & Meader-Woodruff, 2004).

The growing evidence supporting the glutamate hypothesis of schizophrenia has led
to interest in the modulation of glutamatergic neurotransmission as a therapeutic
target. The glycine modulatory site of the NMDA receptor is currently a favoured
therapeutic target, with several modulatory agents currently undergoing clinical
development. For example the full agonists’ glycine and D-serine have both been
shown to significantly reduce negative and cognitive symptoms when added to
classical and atypical antipsychotics in clinical studies (Javitt, 2004). However,
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glycine has limited permeability of the blood-brain barrier and therefore large doses
need to be administered (Javitt et al, 2000), whereas d-serine has been shown to

produce necrosis of the kidney tubules in rats (Krug et al, 2007).

1.1.4.4 GABA

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter,
synthesized from glutamate by glutamic acid decarboxylase (GAD), in the vertebrate
central nervous system. There are two classes of GABA receptors; GABAA and
GABAg. GABAA, receptors are divided into six subunits (GABAAa1-s) and are ligand-
gated ion channels (ionotropic receptors), and GABAg receptors are divided into
three sub-units (GABAg;3) and are G protein-coupled receptors (metabotropic

receptors).

GABA acts post-synaptically (Kmjevic, 1976) by increasing membrane conductance
to chloride ions. The main effect is to inhibit the production of an action potential in
the postsynaptic cell. The inhibitory action of GABA led to the belief of a deficiency
of GABA in schizophrenia with subsequent dysfunction in brain functioning

(Roberts, 1972).

The GABAergic neurones are the second most prevalent cell population in the brain
and most neuronal circuitry involves GABA. GABAergic cells are exclusively
interneurones that are important for regulating the activity of the glutamatergic
pyramidal cells (Benes & Berretta, 2001). Subsequently, the activities of the
GABAergic interneurons are controlled by the glutamatergic afferents from
projecting neurones (Coyle, 2004). GABAergic interneurons are known to express

calcium binding proteins which include calbinin, calretinin and parvalbumin and are
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important for modulation of intracellular calcium by acting as calcium buffers. These
calcium binding proteins are the major determinants of the kinetics of fluctuations of
intracellular calcium (Mojumder et al, 2008) and are predominantly expressed by

chandelier and basket cells in the cortex (Mikkonen et al, 1997).

Parvalbumin modulates the activity of calcium-dependent K* channels and restores
intracellular calcium (McPhalen et al, 1994), thereby protecting neurons from
hyperexcitability (Rewal et al, 2005). Late expression of parvalbumin has been
hypothesized as a possible mechanism for schizophrenia, as without parvalbumin,
neurons are vulnerable to calcium mediated damage (Reynolds et al, 2004). Studies
have shown that parvalbumin expression in the prefrontal cortex (Beasley &
Reynolds, 1997; Hashimoto et al, 2003) and hippocampus (Zhang & Zeynolds, 2002)
is reduced in schizophrenia. Similarly, reduced density of calbindin-containing
interneurons in the prefrontal cortex (Beasley et al, 2002) and hippocampus without
any change in calretinin expression (Zhang et al, 2002; Hashimoto et al, 2003) has
been observed in post-mortem schizophrenia brains. These results suggest that the

calretinin containing GABAergic neurones are preserved in schizophrenia.

The rate limiting GABA-synthesizing enzyme: glutamic acid decarboxylase (GAD),
exists in both 65 kD (GADG65) and 67 kD (GADG67) forms, catalyzes the conversion
of glutamate into GABA, and is a marker of GABAergic neurons (Olsen et al, 1999).
Decreased GAD65 mRNA expression in the hippocampus is consistent with findings
of reduced GAD activity and GABA concentrations in schizophrenia patients that
had been free from antipsychotic treatment for at least 12 months (Todtenkopf &

Benes, 1998).
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Studies have reported alterations of GABAA receptors in schizophrenia patients
(Benes et al, 1992; Impagnatiello et al, 1998; Lewis et al, 2004; Ichikawa et al, 2004).
However, there are few studies indicating that the GABAg receptor is downregulated
in the hippocampus or in the entorinal and temporal cortices in schizophrenia (see
review by Wassef et al, 2003). Although there is some evidence for a role of GABAg
receptor in schizophrenia, studies investigating the potential beneficial effects of
using selective GABAg receptor agonists in schizophrenia have been mostly negative

(see review by Guidotti et al, 2005).

The growing evidence GABA dysfunction in schizophrenia strongly suggests a role
for GABA in the pathophysiology of schizophrenia and supports the development of
novel antipsychotic agents targeting this system. Recently, development of
compounds with selective efficacy for different o subunits at the benzodiazepine site
of the GABAA receptor has renewed interest for the therapeutic potential of
GABAergic drugs (Gray & Roth, 2007). One of these compounds is known as aSIA
is a triazolophthalazine that selectively attenuates the effects of GABA at GABAA
receptors containing an a5 subunit. It has been shown to enhance long-term
potentiation in an in vitro model of mouse hippocampal synaptic plasticity, gives
good in vivo receptor occupancy and improves cognitive performance in normal rats
as measured using the delayed-matching-to-place version of the Morris water maze
yet, importantly, it is without anxiogenic or proconvulsant liabilities (Atack et al,

2009).
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1.1.5 Animal models

1.1.5.1 Genetic mouse models

The rapid growth in knowledge of the neurobiology and genetics of schizophrenia
will allow more models of the disease to be developed in an attempt to understand
the molecular mechanisms and pathophysiological changes in schizophrenia and
design more effective therapies. Recent advances in molecular technologies to
manipulate the mouse genome have made genetic mouse models the first choice for
most human genetic diseases (Chen et al, 2006). The development of mice with
specific mutations via gene knockout or transgenesis has allowed scientists to
identify the functional significance of a targeted gene and encoded protein (Tecott &
Wehner, 2001). Several schizophrenia susceptibility genes have been identified and
led to the development of mouse models based on mutations of these genes

(Harrison & Weinberger, 2005; Carter, 2009).

1.1.5.1.1 DISC1

The disrupted in schizophrenia (DISC1) gene which encodes for a synaptic protein,
was first identified in a Scottish family (Millar et al, 2000). Transgenic mice have
been developed based on the original findings that the DISC1 gene was truncated by
a translocation that is associated with psychiatric diseases (Jaaro-Peled et al, 2010).
The development of mouse models with truncated DISC1 have yielded interesting
phenotypical information, such as enlarged lateral ventricles, and in some studies,
decreased parvalbumin immunoreactivity in the mPFC and hippocampus, both
pathologies observed in schizophrenic brains (Hikida et al, 2007; Shen et al, 2008;

Brandon et al, 2009). Furthermore, mice with impaired DISC1 function have been
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shown to have selective deficits in working memory which may relate to the working
memory deficits observed in patients with schizophrenia (Kvajo et al, 2008).
However, the behavioural data surrounding DISC1 mutant mice are rather variable

(Jaaro-Peled et al, 2010).

1.1.5.1.2 NRG1

Neuregulinl (NRG1) has been identified as a susceptibility gene for schizophrenia in
an Icelandic population (Chen et al, 2006; Li et al, 2004) and plays an important role
in the developing brain. NRG1 controls neurite outgrowth and neuronal migration,
proliferation of oligidendrocytes and glia cells (Chen et al, 2006). NRGL1 is also
involved in excitatory and inhibitory neurotransmission in the mature brain via an
interaction with receptor expression including GABA and glutamate receptors
(Austin et al, 2005). Hypomorphic and hypermorphic transgenic NRG1 mice have
been shown to exhibit behaviours that are associated with schizophrenia such as
hyperactivity in an open field, decreased prepulse inhibition and decreased social
interaction (Kato et al, 2010). On the contrary, these mice demonstrate an increase in
paravalbumin immunoreactivity in the prefrontal cortex and decreased, rather than
increased, dopamine levels in the hippocampus and prefrontal cortex (Kato et al,

2010).

1.1.5.1.3 COMT

The catechol-O-methyltransferase (COMT) gene has a known functional mutation in
the encoding sequence that is linked with an increased risk of schizophrenia (Chen et
al, 2006) and is thought to lead to a decrease in prefrontal cortex dopamine levels

(Stefansson et al, 2004). Mice with COMT-knockout could be viewed as the
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treatment model for schizophrenia (Chen et al, 2006). Studies have shown that
transgenic mice (Val-tg) that over express COMT show disrupted attentional set-
shifting abilities, impaired working memory in a T-maze task and disruption of novel
object recognition memory (Papaleo et al, 2008). The brain pathology of the

transgenic Val-tg mice has not yet been elucidated.

Most of the susceptibility genes have been linked with the cognitive dysfunctions
associated with schizophrenia (Egan et al, 2001). Investigation of the roles of
susceptibility genes in cognitive function using the susceptibility based genetic
models could provide valuable information on novel molecular mechanisms
associated with schizophrenia. However, it is very difficult to model the symptoms
of schizophrenia in mice. Furthermore, schizophrenia is a polygenic disease, most
likely related to gene-gene and gene-environment interactions that cannot be

assessed using mice with single gene mutations (see review by Chen et al, 2006).

1.1.5.2 Prenatal models

As already described, research into schizophrenia has reported the risk for
developing schizophrenia is significantly increased by exposure to prenatal virus (see
review by Jones & Cannon, 1998), hypoxia (Verdoux et al, 1998), maternal stress,
and other maternal medical complications (Kinney et al, 2010) and the subsequent
onset of schizophrenia does not emerge until after puberty or early adulthood. It is
not yet fully understood how disruption of early brain development may eventually
lead to brain malfunction. Evidence has suggested that pre-natal manipulation of the

foetus could potentially lead to an animal model of schizophrenia.
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So far, models attempted include the prenatal stress model of schizophrenia. This
involves the rodent foetus being exposed to elevated levels of corticosterone (cortisol
in humans) during the third week of gestation. Like the developing human brain, the
emergent rat brain is vulnerable to environmental stress. Exposing pregnant female
rats to stressful manipulations during the third week of pregnancy, the developmental
equivalent to the second trimester of human pregnancy (Bayer et al, 1993), is
thought to reprogram the hypothalamic-pituitary-adrenal (HPA) axis (Henry et al,
1994; Zuckerman et al, 2003; Lee et al, 2007). The effect is perceptible at 56 days
old, whereby the rats show reduced PPI, reduced cognitive performance in spatial
tasks and enhanced locomotor activity in response to amphetamine (Walker et al,

1997).

Another prenatal procedure in the rat, involves feeding the pregnant dam a low
protein-diet (prenatal protein deprivation; PPD), which has been shown to decrease
learning, memory and hippocampus morphology in the offspring. Furthermore, these
animals also displayed increased dopamine receptor binding in striatum and
increased NMDA receptor binding in both striatum and hippocampus (Palmer et al,

2004).

Experimental data show that prenatal exposure to immune-activating agents such as
the bacterial endotoxin lipopolysaccharide (LPS) induces long-term cognitive
disruptions in spatial working memory, reference memory and novel object

recognition (Meyer et al, 2005; Samuelsson et al, 2006; Ozawa et al, 2006).

Pre-natal methylazoxymethanol acetate (MAM) treatment has been proposed as a
suitable model for the neurodevelopmental aspects of schizophrenia since the

morphological abnormalities it induces in the brain are subtle and consistent with the
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neuropathology in schizophrenic brains. MAM is a short acting, alkylating agent that
permeates the placenta and leads to the death of cells that are actively replicating
DNA (Matsumoto et al, 1972). Treatment with MAM at differential gestational days
has resulted in behavioural changes such as reduced social behaviour (Talamini et al,
1999) and deficits in both the acquisition and retention phases of the Morris water
maze (Fiore et al, 2002). Furthermore, administration of MAM to pregnant rats on
gestational days 5-17 has been shown to induce a dose-dependent disruption in the
development of the ventral hippocampal regions and the surrounding perirhinal
cortex when the brain was examined after the rat reached adulthood (Lodge & Grace,

2009).

1.1.5.3 Postnatal neurodevelopmental models

Neurodevelopmental models of schizophrenia test hypotheses that this disease is
caused by a defect in cerebral development, which manifests in altered neural
connectivity and pathology, brain neurochemistry and abnormal behaviour observed
in adult life (Lehner et al, 2003). It is proposed that the first 2 weeks of postnatal life
in the rat corresponds to the second trimester of pregnancy in humans, during which
exposure to toxins (environmental and viral) increases the risk of subsequently
developing schizophrenia as an adult (Clancy et al, 2001). Glutamate has been
shown to promote neuronal development and the NMDA receptor has been
implicated in the structure and plasticity of neuronal circuits (see review by Mouri et
al, 2007), which has created interest in using NMDA receptor antagonist treatments
during postnatal development as a potential model for schizophrenia. The postnatal
administration of PCP to rats on postnatal days (PND) 7, 9 and 11 is proposed as a
neurodevelopmental model of schizophrenia (Wang et al, 2001).
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Behavioural studies using adult rats that had previously received PCP on PND 7, 9
and 11 have shown enhanced locomotor activity (LMA) following an acute low-dose
PCP and d-amphetamine challenge (Depoortere et al, 2005), disruptions in
sensorimotor gating in PPl (Takahashi et al, 2006), deficits in ability to shift
attentional set (Broberg et al, 2008), and reduction in total brain weight (Brookes et
al, 1997). Postnatal PCP treatment (PND 7, 9 and 11) has been shown to disrupt
social novelty, whereby the rats fail to discriminate between a familiar and novel rat.
The disruption in social novelty induced by postnatal PCP treatment has been
reversed with clozapine, mGIluR2/3 agonist and an mGIuR2 poteniator (Depoortere

et al, 2005; Harich et al, 2007).

1.1.5.4 Psychotomimetic Agents

1.1.5.4.1 Phencyclidine

Phencyclidine (1-(1-phenylcyclohexyl) piperidine) is a non- competitive N-methyl-
d-aspartate (NMDA) receptor antagonist, synthesized in 1926 and developed in the
1950s as an intravenous dissociative anaesthetic. Phencyclidine is more commonly
referred to as PCP or ‘angel-dust’ and was discontinued from use as an anaesthetic in
the 1960’s because PCP was found to induce psychosis in healthy humans that was
indistinguishable to psychiatrists from schizophrenia (Collins et al, 1960).
Furthermore, when acute PCP is administered to patients with schizophrenia, a
persistent worsening of the pre-existing psychotic symptoms occurs (Luby et al,
1959). Unlike the effects of the psychotomimetic agent amphetamine, PCP is
proficient in mimicking all the core symptoms of schizophrenia that include, the
positive, negative and importantly the cognitive symptomology (Javitt & ZuKin,

1991; Jentsch & Roth, 1999; for review see Svensson, 2000). PCP has been shown
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to induce cognitive dysfunction such as impairments in executive functioning, verbal
fluency and recognition memory (Malhotra et al, 1996). The psychotomimetic
ability of PCP, its derivative ketamine and the more selective NMDA receptor
antagonist MK-801, suggests a powerful relationship between human psychosis and

NMDA receptor blockade.

PCP has a diverse pharmacology, the main action is to antagonise, non-competitively
the NMDA class of glutamate receptor (Anis et al, 1983). The PCP binds to the PCP
site within the channel pore, but can only bind to this PCP site when the channel is
open and the antagonism is therefore ‘use dependent’, PCP has also been shown to
inhibit other ion channels and membrane proteins, including sodium and potassium
channels, nicotinic acetylcholine receptors, sigma receptors and the dopamine and
nor-adrenaline transporters (Morris et al, 2005). All these effects of PCP are much
lower than the affinity for the NMDA receptor but the activity of PCP at the variety

of sites may add to its psychotomimetic potential.
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Figure 6 Schematic diagram of the NMDA receptor complex with PCP binding site (taken
from Javitt, 2010).
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1.1.5.4.1.1 Acute PCP

Acute administration of PCP has been shown to induce behavioural and
neurochemical changes. Microdialysis studies have demonstrated an increase in
extracellular dopamine, GABA, 5-HIAA in the dorsolateral striatum following acute
treatment with PCP in conscious rats (Lillrank et al, 1994). Further microdialysis
studies have demonstrated increased dopamine and glutamate release in the pre-
frontal cortex and nucleus accumbens in rats treated with acute PCP (Hertel et al,
1995; Adams & Moghaddam, 1998). Optimum brain dopamine levels have long
been implicated in cognitive processes. The relationships between cognitive
performance and dopamine levels follow an “Inverted-U—shaped” function; where
both too little and too much DA impairs performance (see review by Cools &
D’Esposito, 2011). Additionally, acute PCP treatment has been shown to increase
cerebral blood flow in the basal ganglia, thalamus, hippocampus and PFC in the rat
(Gozzi et al, 2008). All these effects of acute PCP treatment most likely contribute to
the disturbance of cognitive functions (Jentsch & Roth, 1999). There is extensive
behavioural data following acute PCP exposure in the rat, which includes increased
locomotor activity, stereotyped behaviours and ataxia (positive symptoms), social
interaction/withdrawal (negative symptoms) and sensory information processing,
selective attention and working memory (cognitive symptoms) (Geyer et al, 1984;
Ogren & Goldstein, 1994; Sams-Dodd, 1995; Adams & Moghaddam, 1998; Jentsch
& Anzivino, 2004; Klamer et al, 2004; Egerton et al, 2008; Palsson et al, 2005; Javitt,
2007). Furthermore, studies in our laboratory have demonstrated selective
impairments in an operant serial reversal learning task following acute treatment

with PCP (Abdul-Monim et al, 2003; Idris et al, 2005).
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Limitations

The use of acute PCP treatment is not without limitations. The ability of acute PCP
treatment to induce cognitive and negative symptomology associated with
schizophrenia in animals is most certainly affected by the nonspecific alterations in
general locomotor activity and arousal. In addition, studies have demonstrated that
acute PCP treatment to animals, increases forebrain dopaminergic transmission,
whereas long-term PCP treatment reduces frontal dopamine transmission which is
associated with hypofrontality and some of the cognitive deficits observed in
schizophrenia (Jentch & Roth, 1999). Furthermore, schizophrenia is an enduring
disease with lasting symptomatology especially surrounding the negative and
cognitive aspects. Long term administration of NMDA receptor antagonists have
been shown to induce long-term neurochemical and behavioural changes that are

more relevant to schizophrenia.

Acute Exposure Repeated Exposures
Paychosis Irntenze (hours) IMtenze (days to weeks)
Hallucinations Yisual illusions (hours) Avditary and paranoid (days to weeks)
Deluzions Yes (hours) Freguertly religious (days to weeks)
Thought disorder  “es (hours) Yes (days to weeks)
Affect Eupharic to catatonic (hours) Anxious, labile or paranoid (davs to weeks)
Cognition Impaired (transiently) Impaired (persistently)
Frontal blood flowy Increased (transiently) Decreased (persistently)

Figure 7 The biological and psychiatric effects of acute versus repeated exposures to
PCP/ketamine in humans (taken from review by Jentch & Roth, 1999).
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1.1.5.4.1.2 Sub-chronic PCP treatment

Longer-term treatment with PCP may provide a more valid tool for modelling
aspects of schizophrenia symptomatology in animals (see figure 7). Chronic PCP
users are subjected to a huge array of side effects and describe the following
symptoms: persistent problems with memory, speech and difficulty thinking. Recent
memory capability appears to be primarily affected. Users complain of stuttering,
inability to speak and difficulty with articulation. Speech and memory difficulties
reported to last as long as 6 months to 1 year following prolonged daily use of large
doses of phencyclidine (Cosgrove & Newell, 1991). They also complained of
anxiety or nervousness during and following periods of regular PCP use. Depression
and attempted suicide on repeated occasions after chronic exposure to PCP was also
described. Users reported personality changes, social withdrawal and social isolation.
In some cases, violent behaviour was one of the effects, as well as aggressive
behaviour, paranoia, delusional thinking, and auditory hallucinations (Peterson &
Stillman, 1978). These psychological and behavioural effects produced by chronic
PCP use in humans have been shown to persist for several weeks after the cessation
of PCP use, which provides support for the withdrawal/subchronic/repeated PCP
administration regimen as a pharmacological model relevant to schizophrenia
(Jentsch & Roth, 1999; Enomoto et al, 2007; Mouri et al, 2007; Seillier & Giuffrida,

2009; Neill et al, 2010).

Long-term PCP use has been shown to lead to a decrease in frontal blood flow in the
human brain (Hertzman et al, 1990; Wu et al, 1991) and reduced glucose utilisation
in the pre-frontal cortex of the rat, similar to that observed in man (Wolkine et al,
1992; Cochran et al, 2003). This provides support for its use to mimic schizophrenia
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symptoms and support to clinical findings of hypofrontality in relation to cognitive
dysfunction observed in schizophrenia (Weinberger & Berman, 1988; Goldman-

Rakic, 1990).

It has been suggested that antagonism of the NMDA receptor results in an excessive
release of the excitatory transmitter glutamate and subsequent overstimulation of
postsynaptic neurones might explain the cognitive and behavioural disturbances
associated with the NMDA receptor hypofunctionality in schizophrenia (Olney et al,

1999).

The behavioural effects of sub-chronic PCP treatment observed in animals are
accompanied by pathological changes to the brain. Studies have shown reductions in
the neurochemical marker, parvaloumin  mRNA expression in GABAergic
interneurones in areas of the prefrontal cortex and hippocampus (Abdul-Monim et al,
2006). Similarly, parvalbumin has also been shown to be altered in post-mortem
tissue from schizophrenic brains (Ohnuma et al, 1999; Lewis, 2000; Zhang et al,

2002).

Cognitive effects of sub-chronic PCP treatment

Recent studies using the sub-chronic PCP treatment regimen (2 mg/kg, twice daily
for seven days) and the chronic intermittent PCP treatment regimen (2.58 mg/kg,
once daily on days 1-5, 8, 10, 12, 15, 17, 19, 22, 24 and 26) have been shown to

produce cognitive deficits in an array of animal tests.

Sub-chronic administration of PCP has shown to consistently induce robust
cognitive deficits in the established reversal learning paradigm that have been

reversed by atypical antispychotics, novel agents but not classical antipsychotics
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(Abdul-Monim et al, 2007; McLean et al, 2008; Idris et al, 2010). Studies in our
laboratory have shown impairments in the 5CSRTT following sub-chronic PCP
treatment which (Barnes et al, 2012). Other laboratories have shown impairments in
5CSRTT following intermittent repeated PCP treatment which was ameliorated
following administration of the atypical antipsychotic clozapine (Amitai et al, 2007).
The rodent model of attentional set-shifting which has already been shown to be
sensitive to the effects of natural aging (Barense et al, 2002), prefrontal cortex
lesions (Birrell & Brown, 2000) and muscarinic antagonism (Chen et al, 2004), has
also ability to detect cognitive impairments in the extra-dimensional shift (EDS)
stage of the task induced by sub-chronic PCP treatment (Rodefer et al, 2008;
McLean et al, 2008). It has also been shown that the chronic intermittent PCP dosing
regimen-induced impairments in attentional set-shifting in rats, which was
subsequently reversed by treatment with modafinil (Dawson et al, 2010). Results
from experiments using the NOR test in mice have demonstrated disruptions in
recognition memory, specifically the ability of the mice to differentiate between
novel and familiar objects in the retention trial following a sub-chronic PCP
treatment dosing regimen (10 mg/kg, once daily for 10 days). This sub-chronic PCP-
induced cognitive impairment was subsequently restored by sub-chronic (2 weeks)
administration of clozapine (5 mg/kg), but not haloperidol (0.1 mg/kg) (Hashimoto
et al, 2005). Sub-chronic PCP treatment has been shown to induce impairments in
social behaviours in the social interaction test (Sams-Dodd, 1995; Bruins Slot et al,
2005). Furthermore, studies in our laboratory have shown that sub-chronic treatment
with PCP induces deficits in social behaviour in the social interaction task, which are

reversed by acute treatment with ziprasidone (Snigdha & Neill, 2008). The cognitive
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deficits and other behavioural indices of positive and negative symptomatology

induced by sub-chronic PCP treatment provide good predictive validity (see table 2).

Animal models of psychiatric disorders can be classified as
having construct, face or predictive validity

Construct . . .

Validity Comparable underlying neurophysiological concept.

Face Validity Comparable endpoint measurements in clinical and experimental
models.

Predictive Comparable pharmacological profile in clinical and experimental

Validity studies.

Table 2 (adapted from van der Staay et al, 2009).

1.1.5.4.2 D-Amphetamine

The dopamine hypothesis of schizophrenia and the pharmacological demonstration
of dopamine agonists producing and exacerbating symptoms gave rise to dopamine
based models of schizophrenia. The administration of dopamine receptor agonists
such as amphetamine has been shown to induce positive symptoms of schizophrenia
such as hallucinations and delusions in normal humans and exacerbate symptoms in
schizophrenia patients but is unable to induce the negative symptoms of
schizophrenia (Ellinwood, 1967; Snyder, 1973; Meltzer, 1991). The dopamine
hypothesis of schizophrenia suggests that symptoms may be due to
hyperdopaminergia or increased sensitivity to the neurotransmitter, both of which

can be simulated by administration of the dopamine agonist d-amphetamine.

In both humans and animals d-amphetamine has been seen to profoundly affect

dopamine activity. It is thought to block the dopamine transporter (DAT) producing
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elevated levels of extracellular dopamine and disruption of dopamine vesicular stores
(Jones et al, 1998). D-amphetamine also exerts similar effects on serotonin (SERT)
and noradrenaline transporters (NET) which is thought to attribute to its
psychotropic effects (Kuczenski & Segal, 1997). In animals, d-amphetamine
increases locomotor activity (LMA), stereotyped behavior and catalepsy (Gambill &
Kornetsky, 1976). Furthermore, attention, sensory motor function and learning and
memory are disrupted (Seiden et al 1993). Acute administration of d-amphetamine to
model the symptomatology of schizophrenia is not without limitations since the
effects are not chronic and self sustaining and it fails to mimic the negative

symptoms (Sams-Dodd, 1998; Krystal et al, 2005).

1.1.5.5 Isolation rearing

Many years of research into the effects of post-weaning isolation rearing of rats from
their normal social group have resulted in the identification of a number of
abnormalities in behaviour, neurochemistry and physiology, symptoms of a
condition known as the ‘isolation syndrome’ (Hatch et al, 1963; Sahakian, 1975;
Gentsch et al, 1981; Heidbreder et al, 2000; Lapiz et al, 2003; Fone & Porkess,

2008).

Original early studies by Einon and Morgan (1977) into the effects of isolation
rearing in the rat demonstrated a crucial timing of the start of isolation. Isolation of
rats between (PND) 25 and postnatal day (PND) 45 produced irreversible increases
in levels of object contact in an open field and were slower to emerge from a small
enclosure into an unfamiliar environment. Isolation at PND 16-25 or after PND 45
had no long lasting effect upon behaviour. More recent studies have reported that

isolation of the rats between PND 20-30, produces robust disruption in a variety of
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behaviours (see review Fone & Porkess, 2008). Studies have demonstrated that to
obtain persistent and reproducible behavioural effects with isolation rearing, it is
very important to ensure strict control of the social environment, for example,
minimal contact with the experimenter and no environmental enrichment in the

home cages (Marsden et al, 2011).

The altered behavioural profile exhibited by these isolated rats include an enhanced
level of spontaneous locomotor activity (Gentsch et al, 1963; Smith et al, 1997;
Heidbreder et al, 2000), an enhanced reactivity to psychoactive agents such as d-
amphetamine and cocaine (Jones et al, 1990; Jones, 1992), a heightened response to
conditioned and unconditioned reinforcers (Schenk et al, 1987; Jones et al, 1990;
Smith et al, 1997), a reduction in pain threshold (i.e. hyperalgesia) (Puglisi-Allegra
& Oliverio, 1983) and an increase in food consumption and weight gain (Fiala et al,
1977). Furthermore, isolated rats have sensorimotor gating deficits, measured by
reduced pre-pulse inhibition (PPI) of the startle response (Geyer et al, 1993; Cilia et
al, 2001), recognition memory deficits, measured by NOR (Bianchi et al, 2006) and
enhanced sensitivity to sub-chronic PCP induced hyperactivity (Lapiz et al, 2003).
Many of these behavioural effects implicate alterations in dopamine function,
particularly within the mesolimbic system. Further evidence suggesting that isolation
rearing alters mesolimbic dopamine function has been gathered using in-vivo
microdialysis techniques and suggests that isolation rearing produces an increase in
extracellular levels of dopamine in the nucleus accumbens (NAc) and striatum, along
with a reduction in 5-HT levels in the NAc (Jones, 1991; Fulford & Marsden, 1998).
Isolation rearing has been shown to alter brain neurochemistry, however the results

are often contradictory. Radioligand binding studies have identified that the
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functional high affinity state D, receptor numbers in the striatum are increased by
isolation rearing (King et al, 2009). However, other groups have observed no
changes in density or affinity of D; or D, receptors in the nigrostriatal system (Bardo
& Hammer, 1991). There are also studies showing that isolation rearing induces
changes in pre-synaptic dopamine receptor function in addition to post synaptic
dopamine changes including decreased D, receptors in the nucleus accumbens (Hall

et al, 1998).

The link between the mesolimbic dopamine system and the serotonergic system led
to investigations into the effects of isolation rearing on serotonergic function. Results
to date suggest that isolated rats showed reduced 5-HT activity in the nucleus
accumbens but not in the caudate putamen or prefrontal cortex (Jones et al, 1992).
In-vivo microdialysis has been used to investigate 5-HT release in isolated rats
compared to social controls. Bickerdike and colleagues (1993) demonstrated a KCI-
stimulated and novelty-induced increase in 5-HT levels in the frontal cortex of
socially reared rats compared to isolates, suggesting that isolation reared rats have
reduced pre-synaptic neuronal function. The changes in pre-synaptic dopamine and
5-HT function in NAC are also associated with decreased pre-synaptic 5-HT
function in the frontal cortex and hippocampus (Lapiz et al, 2003). Findings by
Heidbreder et al, (2000) have shown decreases in the basal dopamine turnover in the
infralimbic area of the medial prefrontal cortex, a region important for cognition

(Jentsch et al, 1997).
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1.1.6 Animal tests of cognition

The MATRICS initiative has highlighted pre-clinical tests of cognition that are
relevant translational models to study the seven cognitive domains impaired in

schizophrenia (see table 3).

Cognitive Domain Animal Models/Tests MATRICS Clinical Battery
Working memory Operant or T-maze DNMTP/ DMTP BACS
Radial arm maze WMS-IIl Spatial Span

WAIS-IIl Letter-Number sequence
UoM Letter-Number Span
Spatial Delayed Response Task

Attention/vigilance 5-Choice Serial Reaction Time Task 3-7 CPT
(pre-attentive processing) PP, auditory gating Identical pairs CPT
PPI, auditory gating

Verbal learning and memory MNAB- Daily Living Memory
HVLT-Revised

Visual learning & memory Novel Object Recognition NAB — Shape Learning
BVMT-Revised
Speed of processing 5-Choice Serial Reaction Category fluency
Simple Reaction time tasks Trail making A

WAIS-IIl Digit Symbol-Coding
BACS - Symbol Coding

Reasoning & problem Attentional set shifting WAIS-IIl Block design

solving Maze tasks BACS- Tower of London
Reversal learning NAB - Mazes

Social cognition Social interaction/Social recognition? MSCEIT = Managing emotions

MSCEIT = Perceiving emotions

Table 3 Pre-clinical tests of cognition highlighted by the MATRICS initiative.

1.1.6.1 Executive functioning

Executive function is a high-order cognitive capacity that utilises the domains of
attention, planning, multi-tasking and the ability to switch between several tasks and
sources of information (Chan et al, 2008). People suffering with schizophrenia
exhibit executive functioning deficits, these impairments are noticeable against a

background of generalized cognitive deficits, and affect 40% to 95% of individuals
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with this disorder. Damage to the prefrontal cortex in humans results in a variety of
functional impairments but especially impairments of executive function. The
Wisconsin Card Sorting Task (WCST) is a neuropsychological test developed by
Berg (Grant & Berg, 1948), thought to measure aspects of executive function such as
abstract reasoning, cognitive flexibility and the ability to maintain and shift cognitive
set according to changing schedules of reinforcement (Nagahama et al, 1996; Moore
et al, 2009). It has been shown that lesions to the dorsolateral prefrontal cortex in the
Rhesus monkey induced impairments in executive functioning measured by a

primate analogue of the WCST (Moore et al, 2009).

The attentional set-shifting task was developed by Birrel and Brown (2000) as a
rodent analogue test of the WCST and the CANTAB ID/ED task (Downes et al,
1989). It requires the subject to simultaneously discriminate in two dimensions to
obtain food reinforcement. For example, the food may be buried in sand versus
gravel, and contained in a round bowl versus a square box. When the rats attend to a
category (e.g., bowl shape) of a stimulus, learning to discriminate novel complex
stimuli is more rapid when the discrimination rule is based on the same perceptual
dimension (an intra-dimensional shift; IDS). However, if the new discrimination
requires that attention is directed to a different category of dimension (e.g., texture of
substrate within the bowl) and the previously attended stimulus (bowl shape) must
be disregarded (an extra-dimensional shift; EDS), the new discrimination is acquired
less rapidly. It has been reported that selective ibotenic acid lesions of the medial
prefrontal cortex in the rat induce impairments of the EDS phase of the attentional

set-shifting task (Birrell & Brown, 2000).
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The five-choice serial reaction time task (5-CSRTT) has been widely used to assess
attention and executive function in the rat. This task supplies information on
attentional capacity, as measured by the accuracy of reporting of stimuli, in addition
to inhibitory response control or executive functioning. The 5-CSRTT is conducted
in an automated operant chamber with five exposed apertures located opposite the
food magazine dispenser. The rat is required to sustain and divide its attention across
five spatial locations in order to detect a visual light cue that flashes randomly in one
of five nose poke locations. Numerous measures are recorded such as; target
accuracy (response accuracy), premature ‘impulsive’ responses, perseverative
‘compulsive’ responses and latency. A variety of lesions to distinct areas of the
prefrontal cortex have been shown to selectively impair differential aspects of the 5-

CSRTT (Dalley et al, 2004).

1.1.6.2 Working memory

Working memory is the most severely affected domain in schizophrenia patients; it
is a core feature of the illness and persists throughout the course of the illness
(Manoach, 2003). Interestingly, working memory deficits have been shown to be
present in healthy relatives of schizophrenia patients, which could mean that working
memory deficits are a behavioural marker of genetic liability to schizophrenia (Parks
et al, 1995). Spatial working memory tests have provided consistent results whereas
verbal working memory tests are rather less predictable in schizophrenia patients. In
rats and mice, the radial arm maze is one test that can be used to measure spatial
working memory. It was first developed by Olton and Samuelson in 1976 and
consists of 8 arms, radiating out from a central platform, that have shallow cups for
placement of food rewards. Rats are trained to locate food rewards in the selected
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arms over a varying number of days, visits to un-baited arms or re-visits to
previously visited baited arms are scored as errors. Working memory is then required
to prevent re-visiting the baited arms while reference memory is required to avoid

visiting arms that have never been baited (Kay et al, 2010).

Another pre-clinical working memory task that has been selected and highlighted by
the MATRICS initiative is the delayed nonmatch to sample task (DNMTS). The
DNMST task requires the subject to compare a presented sample object with a
previously presented comparison object and encourages the selection of a novel
object with an object’s second presentation. The DNMST is an operant task that has
three behavioural components; the sample phase, retention phase (delay) and the
choice phase. During the sample phase the rat is presented with a brief light flash
above one of two levers (e.g. left light), to gain a food reward the rat must press the
lever directly under light that flashed. During the retention phase (delay), which is
usually 1-15s, the rats must turn around and move to the back of the box and
remember the sample phase information. During the choice phase, both lights flash
(left and right), and the rat must press a non-matching lever (e.g. non matching to the
sample; right lever). A correct non-match to sample results in a small food or water
reward. Lesions of the prefrontal cortex and hippocampus have been shown to
impair the ability of experimental animals to perform DNMST (Hampson et al, 1999;
Porter et al, 2000). Hippocampal lesions are delay dependent (i.e. rats perform at a
lower level when the delay increases compared to controls), whereas prefrontal

lesions are independent of delay (Porter et al, 2000).
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1.1.6.3 Novel object recognition

The novel object recognition task (NOR) was first described in 1950 by Berlyn and
was later utilised by Ennaceur and Delacour in 1987 for their studies on the
nootropic effects of piracetam. The NOR test has been identified by the MATRICS
initiative and Treatment Units for Research on Neurocognition and Schizophrenia
(TURNS) as measuring visual learning and memory, a pre-clinical tool for
identification of potential pro-cognitive co-treatments for cognitive deficits in
schizophrenia. The NOR test measures recognition memory and is ethologically
relevant, relies on exploratory behaviour and utilises the innate instinct of rodents to
explore novel compared with familiar objects and importantly requires no training or
administration of food rewards. The NOR test is relevant to the cognitive
dysfunction associated with schizophrenia since recognition memory impairments
have been extensively described in schizophrenia patients (Huron et al, 2003).
Furthermore, face recognition memory and visual object memory performance
impairments have been observed in schizophrenia patients compared to healthy
controls (Calkins et al, 2005). The NOR test is relatively fast and easy for the
experimenter and consists of 3 phases; acquisition trial, inter-trial interval (ITI) and
retention trial. The experiment is carried out in an open field test box and during the
acquisition trial two identical objects are presented to the rodent for a time period,
usually 3-5 min and exploration of the objects is timed. The ITI can be varied
(typically, 1 min-48 h), depending upon the aspect of memory and brain region of
interest, during this time the rodents are placed back in to their home cage or a
separate holding box. The third phase is the retention trial; rats are again presented

with two objects, one familiar (a triplicate object from the acquisition trial) and one
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novel object, exploration of the two objects is carefully timed. Lesion studies in the
mouse have demonstrated that, when the hippocampus is inactivated, impaired object
recognition is observed at relatively long ITIs (24 h) but not at short ITIs (5 min)
whereas the perirhinal cortex/PFC are believed to be responsible for recognition
memory following it is less than 5 min (Hammond et al, 2004; reviewed by Dere et
al, 2007). Evidence to support the role of the PFC in the NOR test has been shown in
neuroimaging studies of object recognition in normal subjects. PET scanning has
shown activation of brain regions implicated in the pathogenesis of schizophrenia:
the bilateral medial temporal lobes and prefrontal areas during the recognition of
previously seen objects and the thalamus, prefrontal, and medial temporal lobe areas
during the recognition of new objects (Schacter et al 1995), (Schacter et al 1997;
Schacter et al 1999; Uecker et al 1997). In comparison with control subjects, patients
with schizophrenia demonstrated abnormal thalamic and prefrontal cortical function

during object recognition testing (Heckers et al, 2000).

1.1.6.4 16-Holeboard maze

The 16-holeboard maze was first described by Oades and Isaacson in 1978 and later
by van der Staay et al, 1990, also known as the ‘cognitive’ holeboard and is
described by the TURNS pre-clinical subcommittee as a test of visual learning and
memory and working memory (visit http://www.turns.ucla.edu). The 16-holeboard
maze requires the rats to be food deprived which encourages exploration and
foraging behaviour on the maze. During the habituation procedure, rats are
habituated to the box for 1h for 5 days with all 16 holes baited with a food reward.
The training procedure, based on a description by Oades and Isaacson (1978) is
divided into two sessions per day (morning and afternoon) consisting of 10 trials for
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a total of 10 sessions whereby rats are trained to forage around the 16-holeboard
maze to find and eat the 4 food rewards in the fixed set of 4 holes. A visit to a hole
can be scored when the nose of a rat turned to the edge of a hole, moved over it or
was placed in it (Oades & Isaacson, 1978) whereas others define a hole visit as head-
dip into the hole (Wrubel et al, 2007). Rats use win-shift learning strategy to visit the
food rewarded holes and avoid revisiting holes from which they already collected the
food reward within a trial (Olton, 1987). Measures of cognition on the 16-holeboard
range from working memory errors (number of re-visits to food rewarded holes),
working memory ratio or working memory score (food rewarded hole-visits/total
hole visits), reference memory ratio (total food hole rewarded visits/total non food
rewarded visits). For comprehensive and detailed information regarding the 16-
holeboard maze measures see review by van der Staay et al (2012). It has been
reported that lesions of the hippocampus and ventral tegmental area (VTA) produce
impairments of both reference memory and working memory in the 16-holeboard

maze.

1.1.7 Antipsychotics

1.1.7.1 Typical antipsychotics

The first antipsychotic medication to be developed was in the 1950s with a drug
belonging to the phenothiazine class, called chlorpromazine. This drug was
synthesised by the chemist Paul Charpentier and went forward into clinical trials in
1952. Pierre Deniker performed a study in Paris and results from his study using 38
psychotic patients receiving daily injections of chlorpromazine showed dramatic
improvements in thinking and emotional behaviour (Lopez-Munoz et al, 2005). By

1994, chlorpromazine was being used throughout the USA to treat schizophrenia,
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mania, psychomotor excitement, and other psychotic disorders. The discovery of
chlorpromazine was the beginning of the pharmacological era in psychiatry.
Chlorpromazine was soon followed by other different classical antipsychotic drugs,
such as haloperidol, fluphenazine, droperidol, pimozide, sulpiride, perphenazine,
flupenthixol, zuclopenthixol and trifluoperazine. Their main benefit is in treating the
positive symptoms of schizophrenia. However, these drugs are less effective against
the negative symptoms or the cognitive symptoms associated with schizophrenia.
This may be due to the sedative and anticholinergic properties or extrapyramidal
symptoms (EPS) (Csernansky, 2002). The effect that is common to all classical
antipsychotics is a high affinity for dopamine D, receptors, and there is a strong
correlation between the therapeutic doses of these drugs and their binding affinity for

the D, receptor (Creese et al, 1976).

As with all drugs, classical antipsychotic treatments can produce side effects which
include; dry mouth, tremors, weight gain, muscle tremors, and stiffness. In addition,
classical antipsychotics produce EPS caused by the blockade of D, receptors in the
nigrostriatal dopamine pathway. These side effects include; motor disturbances,
Parkinsonian effects, akathesia (a feeling of "inner restlessness™, a constant urge to
be moving), dystonia (sustained muscle contractions causing twisting and repetitive
movements or abnormal postures), akinesia (impaired body movement; without any
or much movement), tardive dyskinesia (involuntary movements of the tongue, lips,
face, trunk, and extremities), and neuroleptic malignant syndrome (combination of
hyperthermia, rigidity, and autonomic dysregulation). Patients exhibiting these side
effects have described them to be worse than the actual symptoms of schizophrenia

itself and therefore, EPS are a major cause of noncompliance to drug therapy.
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1.1.7.2 Atypical antipsychotics

The original aim was to develop new drugs that would have antipsychotic efficacy
without the extensive side effects of the classical agents. The aim was to selectively
antagonise the D, receptors in the meso-limbic and meso-cortical pathways whilst
sparing the nigro-striatal (EPS) and tuberoinfundibular (hyperprolactinaemia) D,
receptors. The first atypical antipsychotic to be developed was clozapine in the
1960s, with the term “atypical” originally used to describe drugs that, in animal
models predict antipsychotic efficacy, but do not produce catalepsy. Clozapine is
claimed to have superior efficacy and to cause fewer motor adverse effects than
typical drugs for people with treatment-resistant illnesses. Other atypical
antipsychotic medications were introduced to the market in the 1990s, including
olanzapine, risperidone, quetiapine and between 2001-2004 ziprasidone and
aripiprazole. In 2009, asenapine, the latest atypical antipsychotic was released on to
the market and is claimed to have a lesser propensity to cause metabolic disorders

and weight gain (Balaraman & Gandhi, 2010).

Atypical antipsychotics have enhanced tolerability compared to typical
antipsychotics and are efficacious in improving the positive symptoms of
schizophrenia as well as providing some improvement in the negative and cognitive
symptoms (Meltzer et al, 1999; Reynolds, 2000). They cause fewer EPS effects than
classical antipsychotics and also have a different pharmacological profile (Essali et
al, 2009). All the atypical antipsychotics have differential receptor binding profiles
and demonstrate greater affinity for 5-HT compared with the dopamine receptors

(see table 4).
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Receptor Aripiprazole Olanzapine Paliperidone Risperidone Quetiapine Ziprasidone Clozapine Haloperidol Molindone Perphenazine
Pharmacodynamic receptor binding profile: receptor binding affinity expressed as equilibrium constant (Ki)*

D, 0.66°¢ 20 2.8 3.77 770 2.6 210 2.6 120 14°
5-HTia 5.5°¢ 610 480 190 300 1.9°¢ 160 1,800 3,7997° 421
5-HTa 8.7° 15 12 0.15 31 0.12 2.59 61 5,000 5¢c
5-HTyc 22° 4.1 48 32 3,500 0.9 4.8 4,700 >10,000¢ 132°
oy 26° 44 10 2.7 8.1 2.6 6.8 17 2,500 10
H,; 30° 0.08 3.4 5.2 19 4.6 3.1 260 123,456 8
M; 6,780° 25° >10,000° >10,000° 120° 300° 1.4° >10,000¢ 384,000 1,500
M, 3,510° 622° >10,000° >10,000° 630° >3,000° 204° >10,000¢ N/A N/A
M3 4,680° 126° >10,000° >10,000° 1,320° >1,300° 109° >10,000¢ >10,000¢ 1,848°
M, 1,520° 350° >10,000° >10,000° 660° >1,600° 27 >10,000¢ N/A N/A
Pharmacokinetic profile: half-life

tip, h 72 30 20 3 7 7 16 20 1.5-3 8-12

Note: based exclusively on data from human brain receptors (49-56).

2 Data represented as the equilibrium constant (Ki) (M), i.e., nanomolar amount of the antipsychotic needed to block 50% of the receptors in vitro. Therefore, a lower number denotes stronger
receptor affinity and binding.

® partial agonism.

© Data form cloned human brain receptors.

Table 4 Receptor binding affinity for antipsychotic medications (adapted from
Correll, 2008)

1.1.7.3 Typical antipsychotics and cognition

Despite being effective in treating the positive symptoms, there is evidence to
suggest that classical antipsychotics, rather than improving cognitive deficits,
actually add to the cognitive dysfunction associated with schizophrenia (Marsden,

1976; Meltzer & McGuirk, 1999; Kasper & Resinger, 2003).

Furthermore, the most frequent treatment of EPS is the co-administration of drugs
with powerful anticholinergic properties, which are known to impair cognition in
schizophrenia patients (Tune et al, 1982; Meltzer & McGurk, 1999). Interestingly,
these anticholinergic agents have frequently been used in animal studies to model the

memory impairments observed in Alzheimer’s disease.

Importantly, the National Institute of Mental Health sponsored a study; Clinical
Antipsychotic Trials of Intervention Effectiveness (CATIE). This randomized,
double blind study compared the cognitive effects of the typical antipsychotic
perphenazine with three atypical antipsychotic agents; olanzapine, risperidone and

ziprasidone in chronic schizophrenia patients. Results from this study showed there
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was no difference between typical and atypical antipsychotics on cognitive

performance (Keefe et al, 2007).

1.1.7.4 Pharmacology of atypicals

The effectiveness of the atypical antipsychotics has been linked to their 5-HT,-D,
antagonistic properties. The 5-HT, receptor antagonism and atypical antipsychotic
profiles correlate but the exact mechanisms by which 5-HT, antagonism improves
negative symptoms with fewer EPS remain unclear. The positive symptoms are
associated with a hyperdopaminergic state in the limbic lobe, which is rich in
dopaminergic innervation. Serotonin regulates DA release and the presence of 5-HT
in the nigrostriatal pathway prevents the release of DA but has little effect in the
mesolimbic DA pathway. When the 5-HT,a receptors are blocked, dopamine is
released in the nigrostriatal dopamine pathway which is thought to reverse some of
the D, induced-EPS symptoms by a process called disinhibition. The 5-HT2a
antagonism results in elevated DA, which dis-inhibits the D, receptors and prevents
the antagonism by the antipsychotic resulting in less EPS. Disinhibition of the D,
receptors in the mesolimbic DA pathway does not affect the efficacy of the
antipsychotic because of the low number of 5-HT,a receptors located in this region

(Stahl, 2000).

1.1.7.5 Atypicals antipsychotics and cognition

The atypical antipsychotics may help to improve cognition in patients with
schizophrenia by reducing the EPS. Furthermore, schizophrenia patients are less
likely to be prescribed the cognition impairing anticholinergic agents which are more

likely required to reduce the EPS observed following treatment with the classical

52



antipsychotic agents. In addition, most of the atypical antipsychotic medications
display a high affinity for 5-HT, receptors and it has been suggested that an
interaction with the 5-HT,a receptors are important for cognition (Williams et al,
2002; Kasper & Resinger, 2003; Nichols, 2009). The 5-HT;a receptors have been
shown to have a high density in the frontal cortex, an area of great importance to
cognition and lower densities throughout the rest of the brain (Nichols & Nichols,
2008). Atypical antipsychotics have been shown to enhance cognition in a variety of
tests in patients with schizophrenia (Meltzer & McGurk, 1999). A meta-analysis
revealed that atypical antipsychotics are superior to classical agents in improving
overall cognitive function (Woodward et al, 2005). However, the reported
improvements in cognition following the treatment with atypical antipsychotic
agents are not always replicated. A comparative study by Lieberman (2006)
demonstrated no significant difference in the efficacy of atypical antipsychotics to
improve the cognitive impairments when compared with the classical antipsychotic

agents.

Despite the expansion of available antipsychotic medication over the last 50 years,
the functional outcome of schizophrenia patients has not improved significantly
(Floresco et al, 2005). The current antipsychotics are effective in treating the positive
symptoms but are much less efficacious at ameliorating the negative symptoms and
restoring the cognitive impairments. Since all currently marketed antipsychotic
agents possess some degree of dopamine antagonist effects, the role of other
neurotransmitters in the primary antipsychotic activity remains largely unclear. It is
possible that different symptomatology of schizophrenia may benefit from different

specific classes of medications. Animal models are essential in the initial stage of
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discovery of novel compounds with potential to treat the cognitive impairments
associated with schizophrenia. However, improved and refined animal models are
needed that can predict efficacy in patients. Recently, the importance of predictive,
in-vivo animal models has been recognized as an essential component of modern
drug discovery if late stage failure for lack of clinical efficacy is to be avoided

(Markou et al, 2009).

1.1.8 Cognitive enhancers

Since the cognitive dysfunctions associated with schizophrenia are now recognised
as a core feature of the disease there is a cognitive ‘revolution’ in drug discovery. At
present the available antipsychotics for the treatment of schizophrenia, are

insufficient at alleviating the cognitive deficits.

The MATRICS initiative has highlighted potential targets and classes of drugs that
may be useful in treating the cognitive impairments observed in schizophrenia.
These include; dopaminergic agents, including D1 receptor agonists; glutamatergic
agents and modulators acting on both ionotropic and metabotropic receptors,
including ampakines; glycine uptake inhibitors, including GIlyT-1 inhibitors;
cholinergic agents, including alpha? nicotinic acetylcholine (ACh) receptor (hnAChR)
agonists; M1 muscarinic ACh receptor (mAChR) agonists and alpha-2 adrenergic
receptor agonists and agents acting on the GABA system and on various serotonin

receptors (see review by Barak & Weiner, 2011).
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1.1.9 Aims and objectives

The aim of this thesis is to study, validate and investigate the NOR test using
behavioural manipulations and psychotomimetic dosing regimens in both male and

female rats.

Specific objectives:

1. Carefully validate the NOR test by determining the object preference and
inter-trial-interval; effect of time and location, using sub-chronic PCP treated

and vehicle control rats.

2. Determine the effect of gender differences on the sensitivity to the cognitive
impairments induced by acute d-amphetamine, acute PCP and sub-chronic

PCP in the NOR test.

3. Evaluate the ability of classical and atypical antipsychotic agents, other
pharmacological agents and potential novel cognitive enhancers to reverse

the PCP-induced cognitive deficits in the NOR test.

4. To investigate the effects of isolation rearing on inter-trial-interval induced
forgetting and sensitivity to the cognitive impairments induced by acute PCP

and acute d-amphetamine in the NOR test.

5. Investigate the effects of acute treatment with d-amphetamine, scopolamine,
PCP and sub-chronic PCP treatment on a measure of working memory in the

16-holeboard maze.
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CHAPTER 2 - General Methods
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2.1 Materials and methods

2.1.1 Experimental Animals

All studies used adult female (180-280g) or male (350-400g) hooded-Lister rats
(Charles River or Harlan, UK). Rats were housed (4-5 per cage) in solid floored
plastic cages (38 x 59 x 24 cm) containing sawdust, paper sizzle nest (Datesand, Ltd.,
Manchester, England) and fun tunnels (plastic environmental enrichment tubes.,
Datesand, Ltd., Manchester, England). Food (Special Diet Services Ltd., Essex,
England) and drinking water was available ad-libitum in the home cage. The rats
were disturbed only for cleaning, which consisted of changing the cage twice per
week. Rats were housed in a single sex colony which was maintained under a
constant temperature of approximately 21 £ 1 °C and humidity (40-50 %) under a
12h light:dark cycle (lights on at 0700 h). All experiments were conducted during the
light phase and were carried out between 0900 h and 1630 h. All studies were
compliant with the Animal Scientific Procedures act (1986) and approved by the

University of Bradford Ethical Review Process.

Cohort of rats used and total n= Chapter (and experiment)
1 (n=50) 3 (object preference and
1 (n=50) differential ITI; sub-chronic PCP)
26 (=180) * hroni PCP i rales and fomal rats) |
7-13 (n=364) 5 (pharmacology; sub-chronic PCP)
14 & 15 (n=66) 6 (isolation rearing; acute PCP and d-amph)

7 (16-holeboard maze; acute PCP, d-amph,

15 6L 4 (=24, scopolamine and sub-chronic PCP)

Table 2.1 Cohorts of rats used throughout these studies
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2.1.2 Drugs

Dose Volume Vehicle and pre-
Drug Source (mg/kg)  (mlfkg) Route treatment time Receptors
Sigma- 0.25,
0 .
d-amphetamine Aldrich, 0.5, 1 i.p. 0'9 % saline (30 DAT
UK 0.75, min)
1.0,25
. . Sigma- .
Chlordiazepoxide . 1.25, . 0.9% saline (30
hydrochloride C‘:gmh’ 2.5,5.0 1 -p. min) GABAA
Diotlled MO = 51T, 0 and
_ Tocris, _ Op acetlcl acid .
Clozapine UK 1.0,5.0 1 i.p. an_d pH balanced adrenergic,H1,
with NaOH (1M) M1 D. D.. D
(30 mln) y Y1, Y2, 4.
Fluoxetine Sigma- 0.9% saline (30 5-HT
. Aldrich, 5.0 1 :
hydrochloride UK min) Transporter
5-HT1a, 5-HT>a,
5-HT,c, 5-HT3,
Fluphenazine Sigma- . 0.9% saline (30 S-HTe 5-HT7, 00
dihydrochloride Aldrich, 0.2 1 P min) and az-
UK adrenergic, Hy,
M11 D11 D21 D31
D,.
. Baker, 0.05, . Distilled H,O (30 D,, 0,-
Haloperidol UK 0.075 1 -P- min) adrenergic
- Tocris, 1% methylcellulose
Modafinil UK 50 2 p.o. (30 min) DAT. NET
N Nt Sigma- o cali
(-)-Nicotine Aldrich, 0.2 1 i.p. 0'9/0 saline (30 nAChRs agonist
hydrogen tartrate UK min)
Phencyclidine  S0Te . . Distilled H,0 NMDA
hydrochloride UK ’ ' -P- (Acute: 30 min) antagonist
PNU-282987 Tocris, 5.0, 10, 2 sc Isotonic H,O (60 Nicotinic Alpha
hydtrate UK 20 ' min) 7 agonist
Tocris, 5.0, 10, 100% PEG400 (60  Nicotinic alpha
PNU-120596 UK 20 2 p.o. min) 7 PAM
Distilled water +
GSK 10pl acetic acid 5-HT;p, 5-HT7,
Risperidone UK ’ 0.2 1 i.p. and pH balanced oy and o;-
with NaOH (1M) adrenergic, D,
(30 min)
. Tocris, . 0.9% saline (30 .
Scopolamine UK 0.75 1 i.p. min) M; antagonist

Table 2.2 Routes and volume of administration (intra-peritoneal (i.p.), sub-cutaneous (s.c),
per os, (i.e. oral, p.0), vehicles and receptor affinity of the drugs used. DAT (dopamine
transporter), NET (norepinephrine transporter), PAM (positive allosteric modulator).
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2.1.3 Sub-chronic PCP dosing regimen

The sub-chronic PCP dosing regimen was adapted from earlier studies by Jentsch
and Roth (1999) and has been shown to produce enduring behavioural,
neurochemical and pathological changes associated with schizophrenia (Fletcher et
al, 2005). Sub-chronic PCP was administered via the intraperitoneal route (i.p.) in a
volume of 1 ml/kg, calculated as the base equivalent weight, twice per day for 7-days.
Treatment with PCP or vehicle was followed by a 1-week washout period prior to
NOR testing. The 1-week washout period following sub-chronic PCP treatment is
necessary to prevent the behaviour of the rats being influenced either by direct drug

effects or by drug withdrawal effects (Jentsch et al, 1998).

2.1.4 NOR apparatus

The apparatus consisted of an open box made of Plexiglas (52 cm L; 52 cm W; 31
cm H) and was positioned 27 cm above the floor on a moveable trolley. The walls of
the box were black and the objects to be discriminated (in triplicate) were made of
Plexiglas, metal, glass or wood. The height of the objects was approximately equal
(10 cm = 2 cm) and they were heavy enough not to be displaced by the animals, to
achieve this, some objects were filled with NaCl e.g. bottles. Objects were positioned
6 cm away from the walls of the box, in opposite corners. After each trial, ethanol
(10 % v/v) was used to clean the objects in an attempt to remove any lingering

olfactory trails on the objects and in the box.
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Figure 2.1(a) Figure 2.1(b)

Figure 2.1 A Selection of some of the objects used throughout the NOR experiments (a) and

the moveable trolley with NOR arena with the position of the camera (b).

Figure 2.2(a) Figure 2.2(b)

Figure 2.2 The NOR arena showing a rat exploring during the habituation trial (a) and

exploring the two identical objects during the acquisition trial (b).
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Figure 2.2 (c)

Figure 2.2(c) A rat exploring the novel object during the retention trial in the NOR test box.

2.1.5 NOR testing

2.1.5.1 Habituation

Rats were handled and habituated to the empty NOR apparatus and test room
environment for 3 consecutive days for 20 min, always allowing one of the

habituation days to precede the test day.

2.1.5.2 Behavioural testing

A further 3 min habituation session to the NOR box preceded the experimental trials

on the day of testing.

2.1.5.2.1 Acquisition trial

In the acquisition trial the rats were exposed to two identical objects Al and A2 for a

period of 3 min.

61



2.1.5.2.2 Inter-trial-interval (ITI)

The rats were returned to their home cage for a 1 min ITI (or otherwise stated in
section 3.2.4.3), during this period, both objects were removed, the entire box and
objects were cleaned with an ethanol solution (10 % v/v) and dried with paper towels
to remove any lingering olfactory trails. A novel object and a triplicate copy of the

familiar object was replaced into the NOR test apparatus.

2.1.5.2.3 Retention trial

Following the 1 min ITI, rats were returned to the NOR apparatus to explore the
familiar and novel objects for a period of 3 min. The location of the novel object in
the retention trial was randomly assigned for each rat using a pseudorandom
schedule. The pseudorandom sequences followed the criteria suggested by

Gellerman, 1933, and thus reduced the effects of object and place preference.

Or

] @

Figure 2.3 Schematic diagram showing the positioning (A or B) of the novel objects in the

retention trial.
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2.1.5.3 Behavioural assessment

Object exploration was defined as the rats sniffing, licking or touching the objects
with forepaws whilst sniffing but not by leaning against, turning around, standing or
sitting on the objects (Grayson et al, 2007). The exploration time (s) of each object in
each trial was recorded manually using two stopwatches by an experimenter blind to
treatment and the following factors were calculated. The exclusion criterion for the
NOR test was defined; If an animal failed to explore one or both of the objects (for
less than 1 (s) in the acquisition or retention trial it was excluded from the final data

analysis.

E1 = the total exploration time of both objects in the acquisition trial (Ea1 + Ea2), E2
= the total exploration time of both objects in the retention trial (Ea + Eg). DI =
discrimination index (Eg-Ea)/(Es+Ea), the DI represents the difference in
exploration time expressed as a proportion of the total time spent exploring the two

objects in the retention trial.

Line crossings were recorded by counting the total number of sectors (i.e. lines)
crossed by the rats during the acquisition and retention trials, one line crossing was
counted when the base of the rat’s tail crossed over a line, there were 9 square

sectors in the box measuring 17.3 cm x 17.3 cm.

2.1.5.4 Statistical analysis

All data are expressed as the mean + S.E.M and were analysed by IBM SPSS version
18. Exploration data (including differential ITI) were analysed by a repeated
measures two-way ANOVA. This detected the main effect of drug treatment, main

effect of the task (exploration of both objects) and the interaction between drug
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treatment and the two trials (acquisition and retention). Further analysis by Student’s
t-test was carried out to compare the time spent exploring the novel and familiar

objects.

DI and line crossing data were analysed by a one-way ANOVA, followed by a post-

hoc Dunnett’s t-test or LSD test (chapter 5; DI).

2.1.6 Isolation rearing

The rats were randomly assigned to one of two housing conditions for a period of 12
weeks prior to experimentation. Isolation reared rats were housed in individual cages
(38 x 24 x 18 cm; figure 2.4 (a)) such that they could hear, see and smell other rats,
but were prevented from any physical contact. Group housed rats were housed in 4
per cage (38 x 59 x 24 cm; figure 2.4(b)). Food and drinking water were available
ad-libitum. The rats were disturbed only for cleaning, which consisted of changing
the cage once per week for isolates and twice per week for group housed rats. Both
isolates and group housed animals were housed in a single sex colony in the same
holding room which was maintained under a constant temperature of approximately
21 + 1°C and humidity of 40 — 50 %, under a 12 h light: dark cycle (lights on at 0700
h). All experiments were conducted during the light phase and were carried out
between 0900 h and 1600 h. No handling of the rats occurred during the period

before experimentation except for cage cleaning.
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Figure 2.4 (a) Isolation rearing cages

Figure 2.4 (b) Social housing cages.

2.1.7 Locomotor Activity (LMA)

Locomotor activity experiments were conducted in a behavioural laboratory
maintained at 21 £ 1°C. The room contained no windows and was illuminated with
white ceiling strip lights and included a radio to supply background noise. Following
transportation to the laboratory, rats were allowed a 1h environmental

acclimatisation period before LMA testing began. LMA was measured in individual
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translucent Plexiglas boxes which were covered with a translucent Plexiglas lid,
using AM1052 Activity Monitor, positioned on a four-tier shelf against a wall in a
total bank of 16 boxes (figure 2.5 (b)). Each LMA box (figure 2.5 (a)) measured 16 x
26 x 19 cm, contained a small amount of wood shavings and was fitted with 11
infrared photocell units incorporating emitters and detectors. Movement of the rat
within the LMA box produced multiple breaks in the light beams resulting in LMA
counts. Counts were recorded using AmLogger software (Linton Instruments, UK),

every 5 minutes over a total test period of 60 minutes.

Figure 2.5 (a) An individual automated Figure 2.5 (b) A bank of 16 photocell
photocell cage. cages

2.1.7.1 Statistical analysis

Locomotor activity data was analysed by a one-way ANOVA, followed by a post-

hoc Dunnett’s t-test.
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2.1.8 16-Holeboard maze

2.1.8.1 Apparatus

The apparatus (figure 2.6(a)) consisted of an open box made of Plexiglas (70 cm L;
70 cm W; 50 cm H) and was positioned 30 cm above the floor on a small table inside
a designated behavioural test room, environmental conditions were identical to the
animal holding room (19-23°C and 45-65% relative humidity). The walls of the box
were clear and the floor was grey. There were 16 individual equally spaced bait
holes on the floor of the box which were 4 cm in depth. A camera was positioned
above the 16-holeboard maze and connected to a portable TV positioned outside the
behavioural test room to allow observation and scoring of animal behaviour without
any disturbance from the experimenter. Background radio music was constantly

played within the behavioural test room.

Figure 2.6 (a) Photograph of a rat exploring the 16-holeboard maze.
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Figure 2.6 (b) Schematic diagram of the 16-holeboard maze with dimensions (baited holes
are shown with an X).

2.1.8.2 Food restriction

Rats were food restricted to 90% of their free feeding body weight by daily
administration of 12-15 g of standard rat chow (Special Diet Services Ltd., Essex,
England). Rats were weighed daily and food quantity altered to ensure a healthy and

stable bodyweight.

2.1.8.3 16-Holeboard maze protocol

2.1.8.3.1 Handling

Since the 16-holeboard maze paradigm requires a great deal of handling of the rats

by the experimenter during the training phase (Oades, personal communication), it
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was necessary to handle the rats daily for 1 week prior to training on the 16-
holeboard maze; handling includes scruffing and firmly holding the rats until they
appeared relaxed. This habituation process ensured that the rats were not stressed
during the training protocol, allowing them to rapidly learn the task without fear of
the experimenter (Oades, personal communication). Pre-handling may have

prevented any of the rats from being excluded from the study.
2.1.8.3.2 Habituation

The 16-holeboard maze was thoroughly cleaned with ethanol (10% v/v) into which 2
g per 100 ml of TestDiet AIN-76A Rodent Tablet was dissolved, this was to remove
lingering olfactory trails prior to habituation and also to prevent the rats working out
the food reward distribution by olfactory stimuli. Approximately 20 food pellets
(TestDiet AIN-76A Rodent Tablet) were placed in all 16-holes. Rats were habituated
in cage groups (n=3 or 5 rats) and placed in the 16-holeboard maze apparatus twice

per day (morning 09:00h and afternoon 14:00h) for a period of 30 min for 5 days.
2.1.8.3.3 Training

Training sessions were performed in the morning (09:00h) and again in the afternoon
(02:00) for 4 days. On the 5™ day, a training session in the morning (09:00h)

preceded a drug testing session in the afternoon (14:00h).

During training, individual rats underwent sessions of 10-trials with an ITI of 20 s,
whereby the rats were gently held by the experimenter whilst the 16-holeboard maze
was thoroughly cleaned with ethanol (10% v/v)/TestDiet AIN-76A Rodent Tablet

solution.
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Each trial required 4 food pellets to be placed in the same 4 holes (A1, B3, C2 and
D4, see figure 2.6(b) throughout the entire training procedure. The trial ended when
all of the 4 food pellets had been found and eaten or after a period of 2 min whereby

the rats had not been successful in finding the 4 food pellets.

2.1.8.3.4 Testing

The testing phase was identical to the training procedure and was adapted from
methodology by Oades and Isaacson, 1978. On the afternoon (14:00h) of day 5, an
acute injection of PCP (2.0 mg/kg, i.p., chapter 7), d-amphetamine (0.75 mg/kg, i.p.,
chapter 7), scopolamine (0.25 mg/kg, i.p.,) or vehicle (0.9% saline, i.p.) was
administered 30 min prior to testing (see table 7.1). Rats used in the acute studies
were given a 1-week washout period in-between experiments (see section 7.2.1). The
rats used in the sub-chronic PCP study were also tested following a 1-week washout

period.

2.1.8.4 Behavioural assessment

The number of visits to each hole and the time (latency) taken to find and eat all the
food pellets (i.e. complete the task) were recorded manually by an experimenter
blind to drug treatment. Rats that failed to complete the task in less than 2 min were
removed from the 16-holeboard maze before being replaced back into the arena for

the next trial.

2.1.8.4.1 Food hole and non-food hole visits

A visit to a hole was recorded when a rat placed its nose into a hole.
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2.1.8.4.2 Working memory score (WMS)

This was adapted from Oades et al (1981) and calculated by the number of visits to
the food holes that contain food (i.e. 4) / total number of hole visits (food holes +
non food hole visits) with the maximum achievable score being 1 (i.e. 4/4 =1). In
this study, for example, on day 9 of training (figure 7.1) the rats visited all the 4 food
holes (ate the food pellets) and either re-visited the food holes or visited the non-food
holes approximately a further 4 times to gain a total number of hole visits of 8.

Therefore total number of hole visits = 8. 4/8 = WMS would be 0.5.

With further training sessions on the 16-holeboard maze a higher WMS may be
obtained but it was observed that even when rats had learnt the pattern of food holes
(ie. Al, B3, C2 and D4; figure 2.6(b) they were likely to explore a hole as they

passed by to complete the task.

2.1.8.4.3 Latency

Time (s) taken to complete the task.

2.1.8.5 Statistical Analysis

All data are expressed as the mean + S.E.M. The training data (WMS and latency)
was analysed by a one-way ANOVA followed by post-hoc Dunnett’s t-test.
Following drug treatments, the WMS and latency was analysed by a repeated
measures two-way ANOVA. This detected the main effect of drug treatment, main
effect of the trial and the interaction between drug treatment and the trial (1-10).
Planned further analysis by unpaired Student’s t-test was carried out to compare
differences in WMS or latency between drug groups and vehicle control over the 10

trials.
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CHAPTER 3 - Initial validation of the NOR test:
Investigation of object preference and varying inter-

trial intervals
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3.1 Introduction

Cognitive deficits from many domains are observed in schizophrenia patients, and
appear to be the main determinants of the patients’ functional outcome (Bowie &
Harvey, 2006). Furthermore, there are a number of studies demonstrating deficits in
recognition memory in schizophrenia patients (Pelletier et al, 2005; Calkins et al,
2005; Gruzelier, 1999). Additionally, schizophrenia patients are more susceptible to
distraction during visual memory tests when compared to control subjects (Anticevic

et al, 2011).

The MATRICS initiative has highlighted seven key cognitive domains that are
disrupted in schizophrenia, and recommended a battery of neuropsychological tests
(Green et al, 2004). Given that rodents are primarily selected as subjects for pre-
clinical tests, paradigms are required to assess the learning and memory deficits

associated with schizophrenia in these animals.

The need to design and develop paradigms to assess the various cognitive domains
that are disrupted in schizophrenia is vitally important since as yet, no medication
has been licensed to treat these symptoms. The NOR test was selected and mapped
on to the MATRICS test battery and described as measuring visual learning and
memory. The NOR test is ethologically relevant and uses rodents’ natural affinity for
novelty, i.e. rats explore a novel object compared with a familiar one (see chapter 1).
This spontaneous preference for novelty ensures no training is needed which
manifests in the speed of the test to generate results. The NOR test is non-aversive
and does not require the animals to be food restricted; therefore no confounding

effects of food deprivation induced-stress on the data are produced. The ITI period,
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between the acquisition and retention trial, can be manipulated to modify the
cognitive load and determine the specific brain region of interest (see review by Dere

et al, 2007).

Previous research in our laboratory (Abdul-Monim et al, 2006) and others
(Hashimoto et al, 2005; Rodefer et al, 2008; Egerton et al, 2008) have shown that the
sub-chronic PCP dosing regimen induces impairments in cognitive function in

rodents.

The main focus of the studies in this thesis have been to validate and characterize the
NOR test and object recognition deficits induced by PCP following a 1 min ITI.
Preliminary methododological validation studies are important when creating and

developing animal tests to ensure results are meaningful and reproducible.

The aim of these studies was to establish a set of objects with equal preference in
control and sub-chronic PCP treated rats that could be used hereafter to study NOR
deficits in the NOR test. Furthermore the ITI was investigated in an attempt to
determine the effects of manipulations (such as time and location of the rats) during
the ITI period on the cognitive impairments following sub-chronic PCP treatment in

the NOR test.

3.2 Materials and Methods

3.2.1 Experimental Animals and Design

The initial object preference study used a total of 50 adult female hooded-L.ister rats
(Charles River, UK) weighing 190-240 g at the start of the experiment (cohort 1; see

table 2.1).
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The differential ITI experiments used all the same rats as described above (cohort 1)
and weighed 200-250 g at the start of this experiment. For housing conditions see

section 2.1.1.

3.2.2 Sub-chronic PCP dosing regimen

Half of the rats (n=25) were treated with PCP hydrochloride and half (n=25) treated
with vehicle (distilled water). For details of the sub-chronic PCP dosing regimen see
section 2.1.3. Since the aim of these studies was to validate the sub-chronic PCP
treatment regimen in NOR, both control and sub-chronic PCP treatment groups were
used to determine object preference. For details of the drugs used in this study, see

table 2.2

3.2.3 Apparatus

For information regarding the NOR apparatus see section 2.1.4.

3.2.4 Object preference and differential ITI testing

3.2.4.1 Habituation

For information regarding habituation procedure see section 2.1.5.1.

3.2.4.2 Object preference testing

A further 3-min habituation session in the NOR box preceded the experimental trials

on the day of testing.

Ten different combinations of the objects were tested in the acquisition and retention
trials of the NOR test (see table 3.1). Rats were habituated to the NOR test box and

tested as described earlier.

75



Figure 3.1 Objects (available in
triplicate) that were used in
experimental procedure 1. From
left to right: Frijj© bottle, Coke©
can, wood cone, plastic cone and
water bottle.

Each object was compared to each other, with 10 possible combinations of objects.
The individual object preference experiments were separated by 3 days (i.e. tested on
Monday and Friday), rats were tested twice (i.e. the rats tested on Monday were re-
tested on Friday using different object combinations; n=5 per combination) and the
study took 1 week to complete. Rats were placed into the NOR apparatus to explore
the objects for a period of 3 min. The location of the objects within the NOR
apparatus was randomly assigned for each rat using a pseudorandom schedule. The
pseudorandom sequences followed the criteria suggested by Gellerman, 1933, and
thus reduced any effects of object location (left or right) within the NOR box upon
object preference. Following the 3 min test period, objects were removed; the entire
box and objects was cleaned with an ethanol solution (10% v/v) and dried with paper
towels to remove any lingering olfactory trails. All experiments were video recorded

for subsequent behavioural analysis by an experimenter, blind to treatment.
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Experiment order Objects

1 Coke can cf. Wood cone

2 Coke can cf. Frijj bottle

3 Coke can cf. Plastic cone
4 Coke can cf. Water bottle
5 Wood cone cf. Frijj bottle
6 Wood cone cf. Plastic cone
7 Wood come cf. Water bottle
8 Frijj bottle cf. Plastic cone
9 Frijj bottle cf. Water bottle
10 Plastic cone cf. Water bottle

Table 3.1 Experimental order and object combinations used in the object preference study

3.2.4.3 Differential ITI testing

The differential ITI experiments were separated by 3 days (i.e tested on Monday and

Friday), rats were tested twice and the study took 1 week to complete.

A further 3-min habituation session to the NOR box preceded the experimental trials
on the day of testing. Testing consisted of a 3-min acquisition trial whereby rats
explored two identical objects followed by a differential ITI period and location
(NOR box or home cage). All combinations of objects (see table 3.1), except the
wooden cone, were randomly selected as pairs for these experiments and all
subsequent NOR experiments. The five ITI experiments were selected in an attempt
to determine the effects of manipulations (such as time and location of the rats)
during the ITI period as shown below (table 3.2), on the cognitive impairments

following sub-chronic PCP treatment in the NOR test. In experiment 4 (0 min ITI in
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the NOR box), following the acquisition trial, the identical objects were removed
when the rat was facing the wall of the NOR box and the novel and familiar objects
were replaced immediately for the retention trial. For experiment 5, the distracter
object was placed in the centre of the NOR box during the 1 min ITI and was quietly
removed prior to the retention trial. The distracter object was carefully selected on
the basis that rats found it highly interesting, based on previous studies showing that
time spent exploring the wooden cone was significantly greater compared to some of
the other objects (see summary table 3.4). Following the differential ITls, the objects
were cleaned with an ethanol solution (10% v/v) and dried with paper towels to
remove any lingering olfactory trails. For details of the retention trial see section

2.1.5.2.3 and for details of animal batches used see table 2.1.

Experiment Initial Number .
order number of rats ITI and location
of rats | excluded

1 min ITI in the home cage (normal

1 5 0 .
conditions)

2 5 0 10 s ITI in the home cage
3 5 0 1 min ITI in the NOR test box
4 5 0 0 min ITI in the NOR test box

1 min ITI in the NOR test box with a
5 5 0 .

distracter

Table 3.2 Experimental order and the selected ITIs used for to assess the role of distraction

in vehicle and sub-chronic PCP treated rats.
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3.2.5 Statistical analysis

Object preference data are expressed as the mean £ S.E.M. (Veh; n=5 and PCP; n=5).
Student’s paired t-test was used to compare the time spent exploring the different

objects. For statistical analysis of the differential ITI see 2.1.5.4.

3.3 Results

3.3.1 Determination of object preference for the NOR test

Student’s paired t-test revealed a significant (t(5)=2.9; P<0.05; figure 3.2) increase in
object preference when comparing the time spent exploring the wood cone compared
to the coke can in the sub-chronic PCP-treated rats and the time spent exploring the
wood cone compared with the water bottle in the vehicle treated rats, (t(5)=-3.06;
P<0.05; figure 3.8). There were no significant object preferences in the other pairs of

objects tested in vehicle or sub-chronic PCP treated rats.

A one way ANOVA on the overall total object exploration times totalled throughout
the series of object preference experiments in the vehicle treated rats revealed a
significant effect (F4 99=3.1, P<0.05, table 3.3). However, post-hoc analysis revealed

no significant individual effects.

A one-way ANOVA on the overall total object exploration times totalled throughout
the series of object preference experiments in sub-chronic PCP treated rats revealed a
significant effect (Fs 99=3.7, P<0.01). Post-hoc analysis revealed a significant
(P<0.01) increase in the total exploration of the wood cone when compared to the

water bottle (table 3.3).
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Independent Student’s t-test comparisons revealed no significant differences in
overall total exploration times throughout the series of object preference experiments

when comparing the vehicle and sub-chronic PCP treated rats (table 3.3).

PCP

60 - Vehicle

Exploration time (s)

coke can wood cone coke can wood cone

Figure 3.2 Object preference comparing the time (s) spent exploring two novel objects
(coke can and wood cone) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline (veh,
i.p.) twice daily for 7 days. Data are expressed as the mean + S.E.M. (n=5 per group).

*P<0.05; significant increase in object exploration time.

60 - Vehicle PCP

Exploration time (s)

coke can frijj bottle coke can frijj bottle

Figure 3.3 Object preference comparing the time (s) spent exploring two novel objects
(coke can and Frijj bottle) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline (veh,
i.p.) twice daily for 7 days. Data are expressed as the mean £ S.E.M. (n=5 per group).
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60 - Vehicle PCP

Exploration time (s)

coke can plastic cone coke can plastic cone

Figure 3.4 Object preference comparing the time (s) spent exploring two novel objects
(coke can and plastic cone) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline

(veh, i.p.) twice daily for 7 days. Data are expressed as the mean £ S.E.M. (n=5 per group).

60+ Vehicle PCP

Exploration time (s)

coke can water bottle coke can water bottle

Figure 3.5 Object preference comparing the time (s) spent exploring two novel objects
(coke can and water bottle) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline

(veh, i.p.) twice daily for 7 days. Data are expressed as the mean £ S.E.M. (n=5 per group).
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60+ Vehicle PCP

Exploration time (s)

wood cone frijj bottle wood cone frijj bottle

Figure 3.6 Object preference comparing the time (s) spent exploring two novel objects
(wood cone and Frijj bottle) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline

(veh, i.p.) twice daily for 7 days. Data are expressed as the mean £ S.E.M. (n=5 per group).

60+ Vehicle PCP

Exploration time (s)

wood cone plastic cone wood cone plastic cone

Figure 3.7 Object preference comparing the time (s) spent exploring two novel objects
(wood cone and plastic cone) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline

(veh, i.p.) twice daily for 7 days. Data are expressed as the mean £ S.E.M. (n=5 per group).
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wood cone water bottle wood cone water bottle

Figure 3.8 Object preference comparing the time (s) spent exploring two novel objects
(wood cone and water bottle) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline
(veh, i.p.) twice daily for 7 days. Data are expressed as the mean £ S.E.M. (n=5 per group).

*P<0.05; significant increase in object exploration.

60+ Vehicle PCP

Exploration time (s)

frijj bottle plastic cone frijj bottle plastic cone

Figure 3.9 Object preference comparing the time (s) spent exploring two novel objects (frijj
bottle and plastic cone) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline (veh,

i.p.) twice daily for 7 days. Data are expressed as the mean + S.E.M. (n=5 per group).
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60- Vehicle PCP

Exploration time (s)

frijj bottle water bottle frijj bottle  water bottle

Figure 3.10 Object preference comparing the time (s) spent exploring two novel objects
(frijj bottle and water bottle) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline

(veh, i.p.) twice daily for 7 days. Data are expressed as the mean + S.E.M. (n=5 per group).

60+ Vehicle PCP

Exploration time (s)

plasticcone  water bottle plastic cone water bottle

Figure 3.11 Object preference comparing the time (s) spent exploring two novel objects
(plastic cone and water bottle) in female rats treated with PCP (2mg/kg, i.p.) or 0.9% saline

(veh, i.p.) twice daily for 7 days. Data are expressed as the mean £ S.E.M. (n=5 per group).
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Comparisons between Vehicle Sub-chronic PCP
objects Exploration time (s) Exploration time (s)
Coke can 284+19 246 +2.0
Wood cone 37.0+28 33.6 £3.2*%*
Frijj bottle 284 +2.1 27.0+26
Plastic cone 29+1.6 258+ 1.6
Water bottle 28.7+2.0 25424

Table 3.3 The effect of treatment with PCP (2 mg/kg, i.p., twice daily for 7 days) or 0.9%
saline (veh, i.p.) on the total (mean of 4 object preference experiments) object exploration
time throughout the series of object preference experiments (n=20). Data were expressed as
the mean + S.E.M. and analysed by one-way ANOVA followed by Dunnett’s t-test.

**P<0.01; significant increase in total exploration time compared to the water bottle.

Obiject preference: Obiject preference:

Object Comparisons
Vehicle Sub-chronic PCP

Coke can cf. Wood cone No Yes *
Coke can cf. Frijj bottle No No
Coke can cf. Water bottle No No
Wood cone cf. Frijj bottle No No
Wood cone cf. Plastic cone No No
Wood cone cf. Water bottle Yes * No
Frijj bottle cf. Plastic cone No No
Frijj bottle cf. Water bottle No No

Table 3.4 Summary table showing the effect of treatment with 0.9% saline (veh, i.p.) or sub-
chronic PCP (2 mg/kg, i.p., twice daily for 7 days) on the object preference throughout the
series of experiments. Significant increase (*P<0.05) in object preference for the wood cone

compared to the comparator object.
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3.3.2 Effect of sub-chronic PCP treatment in the acquisition trial in

female rats in the 1 min ITI in the home cage

A two-way ANOVA revealed that treatment with sub-chronic PCP did not produce
any significant effect on object exploration in the acquisition trial of the NOR test
(F1, 18=2.6, NS; figure 3.12). Rats from both treatment groups spent similar times
exploring both objects. An unpaired Student’s t-test on the total exploration time in

the acquisition trial revealed no significant effect of drug treatment (table 3.5).

3.3.3 Effect of sub-chronic PCP treatment in the retention trial in female

rats following a 1 min ITI in the home cage

The two way ANOVA revealed that treatment with sub-chronic PCP did not produce
a significant effect on object exploration time in the retention trial of the NOR test
(F1, 18=2.2, NS; figure 3.13). Further, planned post-hoc comparisons revealed that
vehicle control rats spent significantly (P<0.001) more time exploring the novel
object during the retention trial following the 1 min ITI within the home cage. This
significant preference in the vehicle treated rats for the novel object was not
observed in the rats treated with sub-chronic PCP, i.e. these rats spent a similar
amount of time exploring both objects. Analysis of the total exploration times in the
retention trial by an unpaired Student’s t-test revealed no significant effect of drug

treatment (table 3.5).
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3.3.4 Effect of sub-chronic PCP treatment on the DI in female rats

following a 1 min ITI in the home cage

An unpaired Student’s t-test on the DI data showed a significant (P<0.05) effect of
sub-chronic PCP treatment compared to vehicle control on the rats’ ability to
discriminate between the familiar and the novel objects following a 1- min ITI

within the home cage (figure 3.14).

3.3.5 Effect of sub-chronic PCP treatment on the number of line crossings

in female rats in the 1 min ITI in the home cage

Figure 3.15 shows the effect of sub-chronic PCP treatment on the total number of
line crossings of the rats during the acquisition and retention trials in the NOR test.

An unpaired Student’s t-test revealed no significant effect.

1 min ITI in the home cage: Acquisition trial
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Veh PCP
Treatment

Figure 3.12 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration times (s) of two identical objects in the 3 min acquisition

trial of the NOR test in female rats. Data are shown as the mean = S.E.M. (n=10 per group).
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1 min ITlin the home cage: Retention trial
25+

20 Bl Familiar

@3 Novel
15+

10+

Exploration time (s)

Veh PCP

Treatment

Figure 3.13 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration time (s) of a familiar object and a novel object in the 3 min
retention trial of the NOR test in female rats following a 1 min ITI in the home cage. Data
are shown as the mean = S.E.M. (n=10 per group). ***P<0.01; significant increase in the

time spent exploring the novel compared with the familiar object.

1 min ITl in the home cage: DI

Discrimination Index

Veh PCP

Treatment

Figure 3.14 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the DI following a 1 min ITI in the home cage of the NOR test in female
rats. Data are shown as the mean = S.E.M. (n=10 per group) *P<0.05; significant reduction

in DI when compared to vehicle.
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1 min ITI in the home cage: Line crossings
140

120+
100+
80+
60-
40-
20+
0-

Line crossings

Veh PCP

Treatment

Figure 3.15 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the total number of line crossings in the acquisition and retention trials
of the NOR test in female rats following a 1 min ITI in the home cage. Data are shown as the

mean = S.E.M. (n=10 per group).

Total exploration time (s)
Treatment
Acquisition trial Retention trial
Vehicle 26.0 +3.3 175+ 20
PCP 29.7+3.2 285+5.2

Table 3.5 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9% saline
(veh, i.p.) on the total exploration time (s) in the acquisition and retention trials of the NOR
test in female rats following a 1 min ITI in the home cage. Data are shown as the mean +
S.E.M. (n=10 per group).
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3.3.6 Effect of sub-chronic PCP treatment in the acquisition trial in

female rats in the 10 s ITI in home cage

A two-way ANOVA revealed that treatment with sub-chronic PCP did not produce
any significant effect on object exploration in the acquisition trial of the NOR test
(F1, 18=1.7, NS; figure 3.16). Rats from both treatment groups spent similar times
exploring both the objects. An unpaired Student’s t-test on the total exploration times

in the acquisition trial revealed no significant effect of drug treatment (table 3.6).

3.3.7 Effect of sub-chronic PCP treatment in the retention trial in female

rats following a 10 s ITI in the home cage

An overall two-way ANOVA revealed that treatment with sub-chronic PCP did not
produce a significant effect on object exploration in the retention phase of the NOR
test (F1,1s=1.3, NS; figure 3.17). Planned post-hoc comparisons revealed that vehicle
control rats spent significantly (P<0.05) more time exploring the novel objects
during the retention trial following a 10 s ITI within the home cage. This significant
preference in the vehicle treated rats for the novel object was not observed in the rats
treated with sub-chronic PCP, i.e. these rats spent a similar amount of time exploring
both objects. Analysis of the total exploration times in the retention trial by an

unpaired Student’s t-test revealed no significant effect of drug treatment (table 3.6).
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3.3.8 Effect of sub-chronic PCP treatment on the DI in female rats

following a 10 s ITI in the home cage

An unpaired Student’s t-test on the DI data showed that although there was a
decrease in the DI following sub-chronic PCP treatment, it did not reach statistical

significance following a 10 s inter-trial interval in the home cage (figure 3.18).

3.3.9 Effect of sub-chronic PCP treatment on the number of line crossings

in female rats (10 s ITI in the home cage)

Figure 3.19 shows the effect of sub-chronic PCP treatment on the total number of
line crossings of the rats during the acquisition and retention trials in the NOR test.

An unpaired Student’s t-test revealed no significant effect.

10 s ITl in the home cage: Acquisition trial

@ Object A
15+ @@ Object B

Exploration time (s)

Veh PCP

Treatment

Figure 3.16 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration times (s) of two identical objects in the 3 min acquisition

trial of the NOR test in female rats. Data are shown as the mean £ S.E.M. (n=10 per group).

91



10 s ITIin the home cage: Retention trial

254 ol @8 Familiar
20 B8 Novel

Exploration time (s)

Veh PCP

Treatment

Figure 3.17 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration time (s) of a familiar object and a novel object in the 3 min
retention trial in the NOR test in female rats following a 10 s ITI in the home cage. Data are
shown as the mean = S.E.M. (n=10 per group). *P<0.05; significant increase in the time

spent exploring the novel compared with the familiar object.

10 s ITI in the home cage: DI
0.6

0.5
0.4+
0.34
0.2+

Discrimination Index
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Veh PCP

Treatment

Figure 3.18 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the DI in the NOR test in female rats following a 10 s ITI in the home

cage. Data are shown as the mean + S.E.M. (n=10 per group).
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10 s ITl in the home cage: Line crossings
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100+
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Figure 3.19 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the total number of line crossings in the acquisition and retention trials
of the NOR test in female rats following a 10 s ITI in the home cage. Data are shown as the

mean = S.E.M. (n=10 per group).

Total exploration time (s)
Treatment
Acquisition trial Retention trial
Vehicle 29.7+28 31.9+5.1
PCP 33.2+46 33.1+27

Table 3.6 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9% saline
(veh, i.p.) on the total exploration time (s) in the acquisition and retention trials of the NOR
test in female rats following a 10 s ITI in the home cage. Data are shown as the mean +
S.E.M. (n=10 per group).
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3.3.10 Effect of sub-chronic PCP treatment in the acquisition trial in

female rats inthe 1 min ITI in the NOR test box

A two-way ANOVA revealed that treatment with sub-chronic PCP did not produce
any significant effect on object exploration in the acquisition trial of the NOR test
(F1, 18=0.3, NS; figure 3.20). Rats from both treatment groups spent similar times
exploring both the objects. An unpaired Student’s t-test on the total exploration times

in the acquisition trial revealed no significant effect of drug treatment (table 3.7).

3.3.11 Effect of sub-chronic PCP treatment in the retention trial in female

rats following a 1 min ITI in the NOR test box

A two-way ANOVA revealed that treatment with sub-chronic PCP did not produce a
significant effect on object exploration in the retention trial of the NOR test (F;
18=0.9, NS; figure 3.21). However, planned post-hoc comparisons revealed that both
treatment groups of rats spent significantly (P<0.05 - P<0.01) more time exploring
the novel objects during the retention trial following a 1 min ITI within the NOR test
box. Analysis of the total exploration times in the retention trial by an unpaired

Student’s t-test revealed no significant effect of drug treatment (table 3.7).

3.3.12 Effect of sub-chronic PCP treatment on the DI in female rats

followinga 1 min ITI in the NOR test box

An unpaired Student’s t-test on the DI data showed no significant effect of sub-
chronic PCP treatment on the rats’ ability to discriminate between the familiar and

novel objects following a 1 min ITI within the NOR test box (figure 3.22).
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3.3.13 Effect of sub-chronic PCP treatment on the number of line

crossings in female rats following a 1 min ITI in the NOR test box

Figure 3.23 shows the effect of sub-chronic PCP treatment on the total number of
line crossings of the rats during the acquisition and retention trials in the NOR test.

An unpaired Student’s t-test revealed no significant effect.

1 min ITIin the NOR test box: Acquisition trial
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Figure 3.20 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration times (s) of two identical objects in the 3 min acquisition

trial of the NOR test in female rats. Data are shown as the mean £ S.E.M. (n=10 per group).
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Figure 3.21 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration time (s) of a familiar object and a novel object in the 3 min
retention trial in the NOR test in female rats following 1 min ITI in the NOR test box. Data
are shown as the mean = S.E.M. (n=10 per group). *P<0.05-**P<0.01; significant increase

in the time spent exploring the novel compared with the familiar object.
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Figure 3.22 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the DI in the NOR test in female rats following a 1 min ITI in the test

box. Data are shown as the mean + S.E.M. (n=10 per group).
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Figure 3.23 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the total number of line crossings in the acquisition and retention trials
of the NOR test in female rats following a 1 min IT1 in the test box. Data are shown as the

mean = S.E.M. (n=10 per group).

Total exploration time (s)
Treatment
Acquisition trial Retention trial
Vehicle 321+24 354145
PCP 29.7+ 3.0 32.1+ 4.3

Table 3.7 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9% saline
(veh, i.p.) on the total exploration time (s) in the acquisition and retention trials of the NOR
test in female rats following a 1 min ITI in the test box. Data are shown as the mean + S.E.M.

(n=10 per group).
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3.3.14 Effect of sub-chronic PCP treatment in the acquisition trial in

female rats in the O min ITI in the NOR test box study

A two-way ANOVA revealed that treatment with sub-chronic PCP did not produce a
significant effect on object exploration in the acquisition trial of the NOR test (F;,
14=1.6, NS). Rats from both treatment groups spent similar times exploring both the
objects (figure 3.24). An unpaired Student’s t-test on the total exploration times in

the acquisition trial revealed no significant effect of drug treatment (table 3.8).

3.3.15 Effect of sub-chronic PCP treatment in the retention trial in female

rats following a O min ITI in the NOR test box

A two-way ANOVA revealed that treatment with sub-chronic PCP did not produce a
significant effect on object exploration in the retention trial of the NOR test (F;
14=3.9, P=0.07, NS; figure 3.25). However, planned post-hoc comparisons revealed
that both treatment groups of rats spent significantly (P<0.001) more time exploring
the novel objects during the retention trial following a 0 min ITI within the NOR test
box. Analysis of the total exploration times in the retention trial by an unpaired

Student’s t-test revealed no significant effect of drug treatment (table 3.8).

3.3.16 Effect of sub-chronic PCP treatment on the DI in female rats

following a 0 min ITI in the test box

An unpaired Student’s t-test on the DI data showed no significant effect of sub-
chronic PCP treatment on the rats’ ability to discriminate between the familiar and

novel objects following a 0 min ITI within the NOR test box (figure 3.26).
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3.3.17 Effect of sub-chronic PCP treatment on the number of line

crossings in female rats in the 0 min ITI in the NOR test box study

Figure 3.27 shows the effect of sub-chronic PCP treatment on the total number of
line crossings of the rats during the acquisition and retention trials of the NOR test.

An unpaired Student’s t-test revealed no significant effect.
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Figure 3.24 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration times (s) of two identical objects in the 3 min acquisition

trial of the NOR test in female rats. Data are shown as the mean + S.E.M. (n=8 per group).
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Figure 3.25 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on exploration of a familiar object and a novel object in the 3 min retention
trial of the NOR test in female rats following a O min ITI in the NOR test box. Data are
shown as the mean £ S.E.M. (n=8 per group). ***P<0.001; significant increase in the time

spent exploring the novel compared with the familiar object.
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Figure 3.26 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the DI in the NOR test in female rats following a O min IT1 in the NOR
test box. Data are shown as the mean + S.E.M. (n=8 per group).
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Figure 3.27 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9%
saline (veh, i.p.) on the total number of line crossings in the acquisition and retention trials
of the NOR test in female rats following a 0 min ITI in the NOR test box. Data are shown as

the mean = S.E.M. (n=8 per group).

Total exploration time (s)
Treatment
Acquisition trial Retention trial
Vehicle 19.1+1.6 24.0 £2.2
PCP 20.0 £ 3.7 19.6 £ 3.2

Table 3.8 The effect of sub-chronic (PCP treatment (2 mg/kg, i.p. for 7 days) or 0.9% saline
(veh, i.p.) on the total exploration time (s) in the acquisition and retention trials of the NOR
test in female rats following a O min ITI in the home cage. Data are shown as the mean *

S.E.M. (n=8 per group).
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3.3.18 Effect of sub-chronic PCP treatment in the acquisition trial in
female rats in the 1 min ITI in the NOR test box with a distracter object

study

A two-way ANOVA revealed that treatment with sub-chronic PCP did not produce
any significant effect on object exploration in the acquisition trial of the NOR test
(F1, 18=2.2, NS; figure 3.28). Rats from both treatment groups spent similar times
exploring both the objects. An unpaired Student’s t-test on the total exploration times

in the acquisition trial revealed no significant effect of drug treatment (table 3.9).

3.3.19 Effect of sub-chronic PCP treatment in the retention trial in female

rats following a 1 min ITI in the NOR test box with a distracter object

An overall two-way ANOVA revealed that treatment with sub-chronic PCP did not
produce a significant effect on object exploration in the retention trial of the NOR
test (F1, 18=2.6, NS; figure 3.29). Planned post-hoc comparisons revealed that
vehicle control rats spent significantly (P<0.001) more time exploring the novel
objects during the retention trial following a 1 min ITI within the NOR test box with
a distracter object. This significant preference in the vehicle treated rats for the novel
object was not observed in the rats treated with sub-chronic PCP, i.e. these rats spent
a similar amount of time exploring both objects. Analysis of the total exploration
times in the retention trial by an unpaired Student’s t-test revealed no significant

effect of drug treatment (table 3.9).
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3.3.20 Effect of sub-chronic PCP treatment on the DI in female rats

following a 1 min ITI in the NOR test box with a distracter object

An unpaired Student’s t-test on the DI data showed a significant (P<0.05) effect of
sub-chronic PCP treatment compared to vehicle control on the rats’ ability to
discriminate between the familiar and novel objects following a 1 min ITI within the

NOR test box with a distracter object (figure 3.30).

3.3.21 Effect of sub-chronic PCP treatment on the number of line
crossings in female rats in the 1 min ITI in the NOR test box with a

distracter object

Figure 3.31 shows the effect of sub-chronic PCP treatment on the total number of
line crossings of the rats during the acquisition and retention trial in the NOR test.

An unpaired Student’s t-test revealed no significant effect.
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Figure 3.28 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days followed by 7
day washout period) or 0.9% saline (veh, i.p.) on exploration times (s) of identical objects in
the 3 min acquisition trial in the NOR test in female rats. Data are shown as the mean +
S.E.M. (n=10 per group).
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Figure 3.29 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days followed by 7
day washout period) or 0.9% saline (veh, i.p.) on exploration time (s) of a familiar object
and a novel object in the 3 min retention trial in the NOR test in female rats following 1 min
ITI in the test box with a distracter object. Data are shown as the mean + S.E.M. (n=10 per
group). ***P<0.001; significant difference between the time spent exploring the familiar

compared with the novel object, Student’s t-test.
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Figure 3.30 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days followed by 7
day washout period) or 0.9% saline (veh, i.p.) on the discrimination index in the NOR test in
female rats following a 1 min ITI in the NOR test box with a distracter object. Data are
shown as the mean + S.E.M. (n=10 per group). *P<0.05; significant reduction in DI when

compared to vehicle.
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Figure 3.31 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days followed by 7

day washout period) or 0.9% saline (veh, i.p.) on the total number of line crossings in the

acquisition and retention trial in the NOR test in female rats following a 1 min ITI in the

NOR test box with a distracter object.

Data are shown as the mean £ S.E.M. (n=10 per

group).
Total exploration time (s)
Treatment
Acquisition trial Retention trial
Vehicle 22.8+3.8 16.4+2.1
PCP 25.0+35 20.3+4.1

Table 3.9 The effect of sub-chronic PCP treatment (2 mg/kg, i.p. for 7 days followed by 7

day washout period) or 0.9% saline (veh, i.p.) on the total exploration time (s) in the

acquisition and retention trial of the NOR test in female rats following a 1 min ITI in the

NOR test box with a distracter object. Data are expressed as the mean = S.E.M. (n=10 per

group).
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Deficit in ici Effect on
:;I)-clat?cr)]r(iI the irllD terftlacgl e total
Treatments . line .
retention craEsiEe explorati
trial 9 on time
Sub-chronic 1 min home
PCP cage Yes Yes No No
Sub-chronic 10 s home
PCP cage Yes Yes (NS) No No
Sub-chronic 1 min NOR
PCP B No No No No
Sub-chronic 0 min ITI
PCP NOR box NG No No No
Sub-chronic 1 min ITI
PCP (with Yes Yes No No
distracter)

Table 3.10 Summary table showing the effect of location (home cage or NOR test box)
during differential 1Tls in rats treated with sub-chronic PCP (2 mg/kg, i.p. twice daily for 7
days).

3.4 Discussion

3.4.1 Object Preference

During the initial object preference experiment, rats treated sub-chronically with
PCP or vehicle, exhibited an increased exploration time of one of the potential NOR
test objects compared with all the other selected objects. The object that induced
increased exploration time was a wooden cone and subsequently discarded from
further NOR experiments. The wooden cone object was explored more, possibly
because it absorbed olfactory trails and was attractive because of its susceptibility to
induce chewing. In contrast, the other objects were made from non-porous, less

chewable materials which were more easily cleaned. This demonstrates the
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importance of essential pilot studies before embarking on any behavioural
experiments. A careful object selection process is required prior commencing NOR

testing to avoid object bias confounding the subsequent data analysis.

3.4.2 Differential ITI

Results presented in this thesis show that rats treated sub-chronically with the
NMDA receptor antagonist PCP, under certain conditions exhibit NOR deficits in
visual recognition memory as assessed by the NOR test. It has been consistently
shown that schizophrenia patients are impaired in recognition memory for familiar
faces, these patients also show impairments in recognition memory tests for words
and patterns (Conklin et al, 2002). Memory deficits observed in schizophrenia
severely influence outcome (Ragland et al, 2009). When trying to remember
information about prior experiences, internal selection processes are engaged to
focus cognitive resources on the retrieval effort. Consequently, environmental
stimulation that inundates our senses with information irrelevant to our memory

goals can induce distraction during recall (Wais and Gazzaley, 2011).

The current studies have demonstrated the sub-chronic PCP treated rats’
susceptibility to distraction during a short ITI period in the NOR test which is
consistent with clinical findings in patients with schizophrenia (Cellard et al, 2007).
Control rats were able to differentiate between the novel and familiar objects
throughout all the differential ITI periods and their recognition of the previously
encountered object was unaffected by the distraction of handling, ITI location and
distracter object. However, the sub-chronic PCP treated rats were highly susceptible
to the effect of distraction during the ITI of the NOR test. The ‘normal’ testing

conditions following sub-chronic PCP treatment in the NOR test in our laboratory
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utilises a short 1 min ITI, whereby the test rats are removed from the test box and
placed back into the home cage with their cage mates. Following this 1 min ITI
period, sub-chronic PCP treated rats are unable to discriminate between the novel
and familiar object whereas vehicle treated rats can. A series of differential ITI
experiments were conducted in this chapter to help provide an explanation for the
sub-chronic PCP treated rats’ inability to recognise the familiar object following
such a short ITI. The results indicate that it is not only the ITI period that induces the
deficits in object recognition observed in this test, since sub-chronic PCP treated rats
were capable of discriminating between novel and familiar objects during a 1 min
ITI period when they remained un-touched by the experimenter in the NOR test box.
Furthermore, the sub-chronic PCP treated rats were still unable to differentiate
between the novel and familiar objects when the ITI period was substantially
reduced to 10 s in the home cage. The use of the highly ‘interesting’ wooden cone
object as the distracter in the NOR test box during the 1 min ITI was important in
providing further evidence for the role of distraction during the 1 min ITI. In
summary, results suggest that distraction produced either by the experimenter
handling the rats/home cage social interaction or interaction with the distracter object,
produces distraction-induced object recognition deficits in sub-chronic PCP treated
rats but not in control rats. This finding is in support of the clinical data showing that
patients with schizophrenia are more susceptible to impairments in short term
memory tests when subjects are presented with distracters during a computerised
visual spatial task (Spring et al, 1991; Cellard et al, 2007). The distracter regimen

selected for all subsequent studies in this thesis was a 1-min ITI in the home cage.
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CHAPTER 4 - Effects of sex on deficits in recognition
memory induced by acute d-amphetamine, PCP and
sub-chronic PCP in the NOR test
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4.1 Introduction

Gender differences in schizophrenia have provided much interest for researchers for
many years. Schizophrenia affects both men and women, systematic independent
reviews have concluded that the incidence of schizophrenia is significantly higher in
men compared to women (Aleman et al, 2003; McGrath et al, 2004). A meta-
analysis revealed that the average age of onset of schizophrenia peaks earlier in men,
usually between 10-25 years, compared to women where the peak is observed at 25-
35 years (Buchanan & Carpenter, 2005). Another peak occurs, particularly in women
in mid life; with 23% of people with schizophrenia experiencing their first episode
after the age of 40 (Salokangas et al, 2003). This second peak of incidence of
schizophrenia coincides with the decrease in oestrogen observed during the
menopause in women and supports the theory that oestrogen may provide some

protection against schizophrenia in women (Seeman, 2012).

The literature regarding gender differences with respect to cognition in schizophrenia
remains equivocal. Some researchers suggest that male schizophrenia patients are
more impaired than female subjects (Goldstein et al, 1998; Seidman et al, 1997), and
others report women to be more impaired than men (Goldberg et al, 1995; Lewine et
al, 1996), whereas some report no significant sex differences on cognitive function

(Bozikas et al, 2010; Hoff et al, 1998).

Sex differences have also been observed following administration of
psychotomimetics to humans. Work presented in the literature suggests that female
anaesthesia patients are more sensitive to the psychotomimetic effects of the NMDA

receptor antagonist ketamine compared to male patients (Bovill et al, 1971).
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Conversely, men showed a greater vulnerability to the amnesic effects of ketamine

than women (Morgan et al, 2006).

As discussed earlier in chapter 1, it is well known that treatment with PCP or d-
amphetamine can induce a model psychosis that mimics the positive symptoms of
schizophrenia, but only PCP also mimics the negative symptoms (Sams-Dodd, 1998).
There has been a surge of interest into the cognitive effects of these psychotomimetic
agents. Research in our laboratory has demonstrated that acute and sub-chronic
treatment with both PCP and acute d-amphetamine induces selective cognitive
deficits in the reversal learning paradigm in female rats (Neill et al, 2010). In another
study, acute treatment with d-amphetamine disrupted both reference and working
memory in male rats on a baited 6-arm radial maze (Beatty et al, 1984). Furthermore,
Jentsch & Taylor (2001) showed impairments when acquiring the reversal of a

previously-learned stimulus-reward in male rats treated with acute PCP.

It is important when developing and validating a paradigm in the rat to model a
human disease which affects both sexes, such as the cognitive impairments
associated with schizophrenia, that the model can detect cognitive deficits in both

male and female rats.

The principle aim of this work is to compare the performance of both male and
female rats in the NOR test following treatment with acute d-amphetamine and both

acute and sub-chronic treatment with PCP.
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4.2 Materials and methods

4.2.1 Experimental Animals and Design

A total of 100 female and 82 male, adult, rats were used in these studies. See section

2.1.1 for housing conditions.

Doses Cohort Male n= Female n=
Treatment (mg/kg) and weight (g) | and weight (g)
U 10 2 (females)
Acute PCP 1.5, 2.0, 30 (290-320) 40 (180-210)
3 (males)
2.5,5.0
Acute 0.1,0.5, | 2 (females) i i
d-amph 10,25 4 (males) 32 (260-290) 40 (180-215)
Sub-chronic 5 (females) i i
PCP 2.0 6 (males) 20 (270-310) 20 (220-240)
Total n= 82 100

Table 4.1 showing the treatments, rat weights and cohorts used in this study.

4.2.2 Drugs

For drugs used in this study see tables 4.1 and 2.2 and for the number of rats used in

each treatment group, see tables 4.2 - 4.5. Due to lack of efficacy of the lower dose

range of PCP to produce a NOR deficit in male rats, a second experiment was carried

in the male rats using a higher dose range (2.5-5.0 mg/kg) of PCP (see table 4.3).
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Dose of PCP ~ Male ~ Female
(ma/kg) Initial Number of rats Initial Number of rats
number number
excluded excluded
of rats of rats
Veh 7 0 10 2
0.5 10 4
1.0 7 1 10 2
15 8 2 10 2
2.0 8 2 10 1

Table 4.2 The number of male and female rats excluded from the study following acute

administration of PCP (0.5-2.0 mg/kg, i.p.) or vehicle (0.9% saline, i.p.).

Dose of PCP Male

(mg/kg) Initial number of rats Number of rats excluded
Veh 7 1

1.0 7 1

2.5 8 2

5.0 8 1

Table 4.3 The number of male rats excluded from the NOR study following acute

administration of a higher dose range PCP (1.0-5.0 mg/kg, i.p.) or vehicle (0.9% saline, i.p.).

Dose of d-amph _ Male ~ Female
(mg/kg) Initial Number of Initial Number of
number of number of
rats excluded rats excluded
rats rats
Veh 8 0 10 0
0.1 8 0 10 0
0.5 8 0 10 0
1.0 8 0 10 0
2.5 8 0

Table 4.4 The number of male and female rats excluded from the NOR study following

acute administration of d-amphetamine (0.1-2.5 mg/kg, i.p.) or vehicle (0.9% saline, i.p.).
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Dose of PCP _ Male _ Female
(mg/kg) Initial Number of Initial Number of
number of number of
rats excluded rats excluded
rats rats
Veh 10 0 10 1
2.0 10 0 10 0

Table 4.5 The number of male and female rats excluded from the study following acute
administration of PCP (2.0 mg/kg, i.p.) or vehicle (0.9% saline, i.p.).

4.2.3 NOR Apparatus

For details regarding the NOR apparatus see section 2.1.3.

4.2.4 NOR testing

4.2.4.1 Habituation

Rats were habituated to the NOR apparatus (see section 2.1.5.1).

4.2.4.2 Behavioural testing

For details regarding acquisition, ITI and retention trials see section 2.1.5.2.

4.2.4.3 Behavioural assessment

For details regarding behavioural assessment see section 2.1.5.3.

4.2.5 Statistical analysis

4.2.5.1 Acute PCP and d-amph

For details regarding statistical analysis see section 2.1.5.4.
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4.2.5.2 Sub-chronic PCP

Male and female comparisons in total exploration time and DI were analysed by a
repeated measures two-way ANOVA. This detected the main effect of drug
treatment, main effect of sex (male and female) and the interaction between drug
treatment and sex. Further planned analysis by unpaired Student’s t-test was carried
out to compare males with females on the total exploration time during the
acquisition or retention trials. Paired Student’s t-test was carried out to compare

males with females on the DI.

4.3 Results

4.3.1 Effect of acute PCP treatment in the acquisition trial in female rats

A two-way ANOVA revealed that acute treatment with PCP did not produce any
significant effect on object exploration in the acquisition trial of the NOR test (F4
35=0.78, NS). Rats from all treatment groups spent similar times exploring both the
objects (figure 4.1). A small reduction in total exploration of the identical objects
was observed at the two highest doses of PCP (1.5 and 2.0 mg/kg), however a one-
way ANOVA on the total exploration times revealed no significant effect (F4,

39=0.67, NS; table 4.6).

4.3.2 Effect of acute PCP treatment in the retention trial in female rats

An overall two-way ANOVA revealed that treatment with acute PCP produced a
significant effect on object exploration in the retention trial of the NOR test (F4
35=4.29, P<0.01; figure 4.2). Post-hoc analysis revealed that vehicle control rats had

a significant preference for the novel compared with the familiar object (P<0.05).
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This preference in the vehicle treated rats for the novel object was not observed in
the acute PCP treated rats at any of the doses tested (0.5 — 2.0 mg/kg), i.e. these rats
spent similar amount of time exploring both objects i.e. rats lost the ability to
discriminate the familiar object from the novel object. Analysis of the total
exploration time of the objects in the retention trial by a one-way ANOVA revealed

no significant effect of drug treatment (F4,39=0.53, NS; table 4.6).

4.3.3 Effect of acute PCP treatment on Discrimination Index (DI) in

female rats

One-way ANOVA on the DI data showed a significant effect of PCP treatment on
the rats’ ability to discriminate between the familiar and novel objects (F4, 39=3.48,
P<0.05). Further post-hoc analysis revealed that rats treated with 1.5 mg and 2.0
mg/kg of acute PCP showed a significant (P<0.05) reduction in DI when compared

with the vehicle control group (Figure 4.3).

4.3.4 Effect of acute PCP treatment on the number of line crossings in the

NOR test in female rats

Figure 4.4 shows the effect of acute PCP treatment on the total number of line
crossings during the acquisition and retention trials of the NOR test. One-way
ANOVA revealed no significant effect of acute PCP on line crossings (Fs4, 39=0.59,

NS).
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Figure 4.1 The effect of acute PCP (0.5-2.0 mg/kg, i.p.) on exploration times (s) of two
identical objects in the 3 min acquisition trial in a NOR test in female rats. Data are shown

as mean £ S.E.M. (n=6-10 per group).
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Figure 4.2 The effect of acute PCP (0.5-2.0 mg/kg, i.p.) on exploration times (s) of a
familiar and a novel object in the 3 min retention trial in the NOR test in female rats. Data

are shown as mean = S.E.M. (n=6-10 per group) *P<0.05, significant increase in time spent

exploring the novel compared with the familiar object.
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Female acute PCP: DI

Discrimination Index

*

*

vehicle 0.5 1.0 15 2.0

0.4

Dose (mg/kg)
Figure 4.3 The effect of acute PCP (0.5-2.0 mg/kg, i.p.) on the DI in the NOR test in female

rats. Data are expressed as mean £+ S.E.M. (n=6-10 per group). *P<0.05 significant reduction

compared to vehicle.
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Figure 4.4 The effect of acute PCP (0.5-2.0 mg/kg, i.p.) on the total number of line

crossings in the acquisition and retention trials of the NOR test in female rats. Data are

expressed as mean £ S.E.M. (n=6-10 per group).
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Total exploration time (s)
PCP (mg/kg)

Acquisition trial Retention trial
veh 23.1+£3.9 18.1+4.3
0.5 24.8+2.9 148 £1.7
1.0 229+ 3.6 156 +2.9
1.5 16.3+1.2 16.9 £3.6
2.0 142+2.3 116 £2.3

Table 4.6 The effect of acute PCP (0.5-2.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on
the total exploration time in the acquisition and retention trials of the NOR test in

female rats. Data are expressed as the mean + S.E.M. (n=6-10 per group).

4.3.5 Effect of acute PCP treatment (1.0-2.0 mg/kg) in the acquisition trial

in male rats

A two-way ANOVA revealed that treatment with PCP (0.5-2.0 mg/kg) did not
produce any significant effect on object exploration in the acquisition trial of the
NOR test (Fs 21=0.35, NS). Rats from all treatment groups spent similar times
exploring both the objects (figure 4.5). Analysis of the total exploration of the
objects in the acquisition trial by a one-way ANOVA revealed no significant effect

of drug treatment (F3, 24=0.75, NS; table 4.7).

4.3.6 Effect of acute PCP treatment (1.0-2.0 mg/kg) in the retention trial

in male rats

An overall two-way ANOVA revealed that treatment with PCP (0.5-2.0 mg/kg) did
not produce a significant effect on object exploration in the retention trial of the

NOR test (F3 21=2.07, NS; figure 4.6). However, planned post-hoc analysis revealed
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a significant preference for the novel object when compared with the familiar object
following treatment with vehicle (P<0.001), 1.0 mg/kg of PCP (P<0.001) and 2.0
mg/kg PCP (P<0.01). Rats treated with the middle dose of PCP (1.5 mg/kg) failed to
demonstrate a preference for the novel compared to familiar object. Acute treatment
with PCP (1.0-2.0 mg/kg) did not produce any clear cognitive deficit in male rats;
hence a higher dose range was selected (see section 4.3.10). Analysis of the total
exploration time of the objects in the retention trial by a one-way ANOVA revealed

no significant effect of drug treatment (F3, 24=1.57, NS; table 4.7).

4.3.7 Effect of acute PCP treatment (1.0-2.0 mg/kg) on the Discrimination

Index (DI) in male rats

One-way ANOVA on the DI data showed no significant effect of acute PCP
treatment on the male rats’ ability to discriminate between the familiar and novel

objects (Fs, 24=1.56, NS; Figure 4.7).

4.3.8 Effect of acute PCP treatment (1.0-2.0 mg/kg) on the number of line

crossings in the NOR test in male rats

Figure 4.8 shows the effect of acute PCP treatment on the total number of line
crossings during the acquisition and retention trial of the NOR test. One-way

ANOVA revealed no significant effect of PCP on line crossings (F3 24=0.35, NS).

120



Male acute PCP: Acquisition trial

N
o1
I

N
o
L

@l left object
@@ right object

[N
(€21
A

'_\
o
A

Exploration time (s)

ol
1

o
L

veh 1.0 15 2.0
Dose (mg/kg)
Figure 4.5 The effect of acute PCP (1.0-2.0 mg/kg, i.p.) on exploration times (s) of two

identical objects in the 3 min acquisition trial in the NOR test in male rats. Data are shown

as mean £ S.E.M. (n=6-7 per group).
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Figure 4.6 The effect of acute PCP (1.0-2.0 mg/kg, i.p.) on exploration times (s) of a
familiar and a novel object in the 3 min retention trial of the NOR test in male rats. Data are
shown as mean + S.E.M. (n=6-7 per group) **P<0.01-***P<0.001, significant increase in

time spent exploring the novel compared with the familiar objects.
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Male acute PCP: DI
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Figure 4.7 The effect of acute PCP (1.0-2.0 mg/kg, i.p.) on the DI in the NOR test in male

rats. Data are expressed as mean + S.E.M. (n=6-7 per group).
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Figure 4.8 The effect of acute PCP (1.0-2.0 mg/kg, i.p.) on the total number of line
crossings in the acquisition and retention trials of the NOR test in male rats. Data are

expressed as mean + S.E.M. (n=6-7 per group).
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Total exploration time (s)
PCP (mg/kg)
Acquisition trial Retention trial
Veh 36.0£3.3 35.6 £3.2
1.0 34.8+6.0 36.8 +4.6
1.5 33.6+4.4 30.7 £5.1
2.0 335 £33 43.0+£2.9

Table 4.7 The effect of acute PCP (1.0-2.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the total
exploration time in the acquisition and retention trials of the NOR test in male rats. Data are

expressed as the mean + S.E.M. (n=6-7 per group).

4.3.9 Effect of acute PCP treatment (1.0-5.0 mg/kg) on the acquisition

trial in male rats

A two-way ANOVA revealed that treatment with PCP (1.0-5.0 mg/kg) did not
produce any significant effect on object exploration in the acquisition trial of the
NOR test (Fs 21=0.66, NS). Rats from all treatment groups spent similar times
exploring both the objects (figure 4.9). Analysis of the total exploration of the
objects in the acquisition trial by a one-way ANOVA showed a significant effect of
drug treatment (Fs 24=5.5, P<0.01). Further post-hoc analysis revealed that the
highest dose of PCP (5.0 mg/kg) produced a significant (P<0.01) reduction in total
object exploration time in the acquisition trial when compared with vehicle treated

rats (table 4.8).

4.3.10 Effect of acute PCP treatment in the retention trial in male rats

(higher dose range)

An overall two-way ANOVA revealed that treatment with PCP (1.0-5.0 mg/kg) did

not produce any significant effect on object exploration in the retention trial of the
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NOR test (Fs 21=0.83, NS; figure 4.10). Planned post-hoc analysis revealed
significant preferences for the novel object when compared with the familiar object
following treatment with vehicle (P<0.05) and 5.0 mg/kg of PCP (P<0.05). Rats
treated with the low dose of PCP (1.0 mg/kg) and middle dose of PCP (2.5 mg/kg)
demonstrated a trend towards a preference for the novel compared to familiar object
(P=0.08 and P=0.09 respectively). Analysis of the total exploration time of the
objects in the retention trial by a one-way ANOVA revealed no significant effect of

drug treatment (Fs 24=1.44, NS; table 4.8).

4.3.11 Effect of acute PCP treatment on the DI in the NOR test in male

rats (higher dose range)

One-way ANOVA on the DI data showed no significant effect of PCP treatment on

the rats’ ability to discriminate between the familiar and novel objects (F3, 24=0.49,

NS; figure 4.11).

4.3.12 Effect of acute PCP treatment on the total number of line crossings

in the NOR test male rats (high dose range)

One-way ANOVA on the line crossings data showed a significant effect of PCP
treatment (F3, 24=5.22, P<0.01; figure 4.12). However, post-hoc analysis failed to

demonstrate any individual treatment effects.
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Male acute PCP: Acquisition trial
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Figure 4.9 The effect of PCP (1.0-5.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on exploration
times (s) of two identical objects in the 3 min acquisition trial of the NOR test in male rats.

Data are shown as mean + S.E.M. (n=6-7 per group).

Male acute PCP: Retention trial
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Figure 4.10 The effect of PCP (1.0-5.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on exploration
times (s) of a novel and familiar objects in the 3 min retention trial of the NOR test in male
rats. Data are shown as mean + S.E.M. (n=6-7 per group) *P<0.05, significant increase in

time spent exploring the novel compared with the familiar object, Student’s t-test.
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Male acute PCP: DI
0.6

0.4+

Dl

0.24

veh 1.0 2.5 5.0

Dose (mg/kg)

Figure 4.11 The effect of PCP (1.0-5.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the DI of

the NOR test in male rats. Data are expressed as mean + S.E.M. (n=6-7 per group).
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Figure 4.12 The effect of acute PCP (1.0-5.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the
total number of line crossings in the acquisition and retention trials of the NOR test in male

rats. Data are expressed as mean = S.E.M. (n=6-7 per group).
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Total exploration time (s)
PCP (mg/kg)
Acquisition trial Retention trial
Veh 27.0+4.2 23.3+4.8
1.0 22.7+2.8 20.7+4.2
2.5 18.2+3.1 152+ 3.8
5.0 9.3+29** 12.6 £ 4.1 (P=0.17)

Table 4.8 The effect of acute PCP (1.0-5.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the total
exploration times in the acquisition and retention trial of the NOR test in male rats. Data are
expressed as the mean + S.E.M. (n=6-7 per group). **P<0.01; significant reduction in total

exploration time when compared to vehicle control.

4.3.13 Effect of acute d-amph treatment in the acquisition trial in female

rats

A two-way ANOVA revealed that treatment with d-amph did not produce any
significant effect on object exploration in the acquisition trial of the NOR (F3
36=1.06, NS). Rats from all treatment groups spent similar times exploring both the
objects (figure 4.13). A one-way ANOVA on the total exploration times in the
acquisition trial revealed a significant effect (F3 39=2.97, P<0.05). Post-hoc analysis
showed that the highest dose of d-amph (1.0 mg/kg) significantly (P<0.05) reduced
the total exploration times of the identical objects when compare to vehicle control

(table 4.9).

4.3.14 Effect of acute d-amph treatment in the retention trial in female

rats

An overall two-way ANOVA revealed that treatment with d-amph did not produce a

significant effect on object exploration in the retention trial of the NOR test (F3
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36=1.79, NS; figure 4.14). However, planned post-hoc comparisons revealed that rats
spent significantly (P<0.05) more time exploring the novel objects during the
retention trial in the vehicle control group and at the lowest dose of d-amph (0.1
mg/kg). This significant preference in the vehicle and lowest dose of d-amph (0.1
mg/kg) treated rats for the novel object was not observed in the rats treated with the
higher doses of d-amph (0.5 — 1.0 mg/kg), i.e. these rats could not discriminate
between the objects. Analysis of the total exploration time of the objects in the
retention trial by a one-way ANOVA revealed no significant (Fs 39=2.68, NS) effect
of drug treatment. However, planned post-hoc analysis revealed that the highest dose
of d-amph (1.0 mg/kg) significantly (P<0.05) reduced the total exploration time of

the objects when compared to vehicle control (table 4.9).

4.3.15 Effect of acute d-amph treatment Discrimination Index (DI) in

female rats

One-way ANOVA on the DI data showed no significant effect of d-amph treatment
on the rats’ ability to discriminate between the familiar and novel objects (F3 36=2.42,
NS). Rats treated with the highest doses of d-amph (0.5-1.0 mg/kg) displayed a

reduction in DI; however this failed to reach statistical significance (figure. 4.15).

4.3.16 Effect of acute d-amph treatment on line crossings in female rats

Figure 4.16 shows the effect of acute d-amph treatment on total line crossings of the
rats during the acquisition and retention trials in the NOR test. One-way ANOVA
revealed a significant effect of d-amph on line crossings (Fs 39=8.46, P<0.001).

Further post-hoc analysis of the total line crossings revealed that the two highest
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doses of d-amph (0.5 and 1.0 mg/kg) induced a significant (P<0.01 and P<0.05

respectively) increase in line crossings.

Female acute d-amphetamine: Acquisition trial
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Figure 4.13 The effect of acute d-amph (0.1-1.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on
exploration times (s) of two identical objects in the 3 min acquisition trial in the NOR test in

female rats. Data are shown as mean + S.E.M. (n=10 per group).
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Figure 4.14 The effect of acute d-amph (0.1-1.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on
exploration times (s) of a novel and familiar object in the 3 min retention trial in the NOR
test in female rats. Data are shown as mean £ S.E.M. (n=10 per group). *P<0.05; significant

increase in time spent exploring the novel compared with the familiar object.
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Female acute d-amphetamine: DI
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Figure 4.15 The effect of acute d-amph (0.1-1.0mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the

Dl in female rats. Data are expressed as mean = S.E.M. (n=10 per group).
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Figure 4.16 The effect of acute d-amph (0.1-1.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the
total number of line crossings in the acquisition + retention trial in the NOR task in female
rats. Data are expressed as mean + S.E.M. (n=10 per group). *P<0.05-**P<0.01; significant

increase in line crossings compared to vehicle.
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d-amph Total exploration time (s)

(ma/kg) Acquisition trial Retention trial
Vehicle 33.5+33 27.9 +2.2
0.1 28.1+4.2 26.6+4.4
0.5 22.8 £ 2.0 (P=0.058) 24541
1.0 21.5+3.3* 14.9 + 3.6*

Table 4.9 The effect of acute treatment with d-amph (0.5-1.0 mg/kg, i.p.) and 0.9% saline
(veh, i.p.) on the total exploration time in the acquisition and retention trial of the NOR test
in female rats. Data are expressed as the mean £ S.E.M. (n=10 per group). *P<0.05,

significant reduction in total exploration time when compared to vehicle control.

4.3.17 Effect of acute d-amph treatment in the acquisition trial in male

rats

A two-way ANOVA revealed that treatment with d-amph did not produce any
significant effect on object exploration in the acquisition trial of the NOR (Fs3
28=0.59, NS). Rats from all treatment groups spent similar times exploring both the
objects (figure 4.17). A one-way ANOVA on the total exploration times in the
acquisition trial revealed a significant effect (Fs, 31=3.3, P<0.05). Post-hoc analysis
showed that the highest dose of d-amph (2.5 mg/kg) significantly (P<0.05) reduced
the total exploration times of the identical objects when compare to vehicle control

(table 4.10).

4.3.18 Effect of acute d-amph treatment in the retention trial in male rats

An overall two-way ANOVA revealed that treatment with d-amph produced a

significant effect on object exploration in the retention trial of the NOR test (F3
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28=2.9, P<0.05; figure 4.18). Planned post-hoc comparisons revealed that rats spent
significantly (P<0.05) more time exploring the novel objects during the retention
trial in the vehicle control group and following treatment with the lowest dose of d-
amph (0.5 mg/kg). This significant preference in the vehicle and lowest dose of d-
amph (0.5 mg/kg) treated rats for the novel object was not observed in the rats
treated with the higher doses of d-amph (1.0 — 2.5 mg/kg), i.e. these rats could not
discriminate between the objects. Analysis of the total exploration time of the objects
in the retention trial by a one-way ANOVA revealed no significant (F3 3;=1.08, NS)

effect of drug treatment (table 4.10).

4.3.19 Effect of acute d-amph treatment Discrimination Index (DI) in

male rats

One-way ANOVA on the DI data showed a significant effect of d-amph treatment on
the rats’ ability to discriminate between the familiar and novel objects (F3 31=3.0,
P<0.05). Rats treated with the highest dose of d-amph (2.5 mg/kg) displayed a

significant reduction in DI (figure. 4.19).

4.3.20 Effect of acute d-amph treatment on the line crossings in male rats

Figure 4.20 shows the effect of acute d-amph treatment on total line crossings of the
rats during the acquisition and retention trials in the NOR test. One-way ANOVA
revealed a significant effect of d-amph on line crossings (Fs 3;=18.2, P<0.001).
Further post-hoc analysis of the total line crossings revealed that the two highest
doses of d-amph (1.0 and 2.5 mg/kg) induced a significant (P<0.01 and P<0.001

respectively) increase in line crossings.

132



Male acute d-amphetamine: Acquisition trial
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Figure 4.17 The effect of acute d-amph (0.5-1.0 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on
exploration times (s) of two identical objects in the 3 min acquisition trial in the NOR test in

male rats. Data are shown as mean + S.E.M. (n=8 per group).
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Figure 4.18 The effect of acute d-amph (0.5-2.5 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on
exploration times (s) of a novel and familiar objects in the 3 min retention trial in the NOR
test in male rats. Data are shown as mean = S.E.M. (n=8 per group). *P<0.05-**P<0.01;

significant increase in time spent exploring the novel compared with the familiar object.
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Male acute d-amphetamine: DI
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Figure 4.19 The effect of acute d-amph (0.5-2.5 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the
DI in male rats. Data are expressed as mean + S.E.M. (n=8 per group). P<0.05; significant

reduction in DI compared to vehicle.
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Figure 4.20 The effect of acute d-amph (0.5-2.5 mg/kg, i.p.) or 0.9% saline (veh, i.p.) on the
total number of line crossings in the acquisition + retention trial in the NOR test in male rats.
Data are expressed as mean + S.E.M. (n=8 per group). **P<0.01-**P<0.001; significant

increase in line crossings compared to vehicle.
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d-amph Total exploration time (s)

(mg/kg) Acquisition trial Retention trial
veh 30.0+2.8 21.4+4.0
0.5 28.9+3.2 254+ 2.7
1.0 22635 23.1+3.9
2.5 18.8+18* 16.9+3.1

Table 4.10 The effect of acute treatment with d-amph (0.5-2.5 mg/kg, i.p.) and 0.9% saline
(veh, i.p.) on the total number of line crossings in the acquisition and retention trial of the
NOR test in female rats. Data are expressed as the mean £ S.E.M. (n=8 per group). *P<0.05;

significant reduction in total exploration time when compared to vehicle control.

4.3.21 Effect of sub-chronic PCP treatment in the acquisition trial in

female rats

A two-way ANOVA revealed that sub-chronic treatment with PCP did not produce
any significant effect on object exploration in the acquisition trial of the NOR test
(F1,17=0.89, NS). Rats from both treatment groups spent similar times exploring both
the objects (figure 4.21). Post-hoc analysis of the total exploration of the objects in
the acquisition trial by unpaired Student’s t-test revealed no significant effect of drug

treatment (table 4.11)

4.3.22 Effect of sub-chronic PCP treatment in the retention trial in female

rats

An overall two-way ANOVA revealed that treatment with sub-chronic PCP
produced a significant effect on object exploration in the retention trial of the NOR
test (F1, 17=17.94, P<0.001) (figure 4.22). Post-hoc analysis revealed that vehicle

control rats had a significant preference for the novel compared with the familiar
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object, P<0.05. This preference in the vehicle treated rats for the novel object was
not observed in the sub-chronic PCP treated rats, i.e. these rats spent similar amount
of time exploring both objects. Analysis of the total exploration of the objects in the
retention trial by unpaired Student’s t-test revealed a significant (P<0.05) increase in

sub-chronic PCP treated rats compared with the vehicle control group (table 4.11).

4.3.23 Effect of sub-chronic PCP treatment on Discrimination Index (D)

in female rats

Following treatment with sub-chronic PCP, an unpaired Student’s t-test revealed a

significant (P<0.001) reduction in DI compared with the vehicle group. (figure 4.23).

4.3.24 Effect of sub-chronic PCP treatment on total number of line

crossings in the NOR test in female rats

Figure 4.24 shows the effect of sub-chronic PCP treatment on the total number of
line crossings during the acquisition and retention trials of the NOR test. Unpaired
Student’s t-test revealed no significant effect of sub-chronic PCP treatment on line

crossings.
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Female sub-chronic PCP: Acquisition trial
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Figure 4.21 The effect sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) or
0.9% saline (veh, i.p.) on exploration of two identical objects in the 3 min acquisition trial of

the NOR test in female rats. Data are shown as mean £ S.E.M. (n=9-10 per group).
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Figure 4.22 The effect sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) or
0.9% saline (veh, i.p.) on exploration of a novel and a familiar object in the 3 min retention
trial in a NOR test in female rats. Data are shown as mean £ S.E.M. (n=9-10 per group).
*P<0.05; significant difference between the time spent exploring the familiar compared with

the novel object.
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Figure 4.23 The effect of sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) or
0.9% saline (veh, i.p.) on the DI in female rats. Data are expressed as the mean + S.E.M.

(n=9-10 per group). *** P<0.001; significant reduction in DI when compared with vehicle.
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Figure 4.24 The effect sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) or
0.9% saline (veh, i.p.) on the total number of line crossings in the acquisition and retention

phase in the NOR test in female rats. Data are expressed as the mean + S.E.M. (n=9-10 per

group).
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Total exploration time (s)
Treatment
Acquisition trial Retention trial
Veh 327145 178+ 3.4
PCP 30.4+£6.7 30.3 £6.8*

Table 4.11 The effect of sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) on
the total exploration time in the acquisition and retention trial of the NOR test in female rats.
Data are expressed as the mean = S.E.M. (n=9-10 per group). *P<0.05; significant increase

in total exploration time compared to vehicle.

4.3.25 Effect of sub-chronic PCP treatment in the acquisition trial in male

rats

A two-way ANOVA revealed that sub-chronic treatment with PCP did not produce
any significant effect on object exploration in the acquisition trial of the NOR test
(F1,18=2.42, NS). Rats from both treatment groups spent similar times exploring both
the objects (figure 4.25). Post-hoc analysis of the total exploration of the objects in
the acquisition trial by unpaired Student’s t-test revealed no significant effect of drug

treatment (table 4.12).

4.3.26 Effect of sub-chronic PCP treatment in the retention trial in male

rats

An overall two-way ANOVA revealed that treatment with sub-chronic PCP
produced no significant effect on object exploration in the retention trial of the NOR
test (F1,1s=1.00, NS) (figure 4.26). However, planned post-hoc analysis revealed that
vehicle control rats had a significant preference for the novel compared with the

familiar object, P<0.05. This significant preference in the vehicle treated rats for the
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novel object was not observed in the sub-chronic PCP treated rats, i.e. these rats
spent equivalent amount of time exploring both objects. Post-hoc analysis of the total
exploration of the objects in the retention trial by unpaired Student’s t-test revealed

no significant effect of drug treatment (table 4.12).

4.3.27 Effect of sub-chronic PCP treatment on Discrimination Index (DI)

in male rats

Following treatment with sub-chronic PCP, an unpaired Student’s t-test revealed no

significant difference in DI compared with the vehicle group (Figure 4.27).

4.3.28 Effect of sub-chronic PCP treatment on total number of line

crossings in the NOR test in male rats

Figure 4.28 shows the effect of sub-chronic PCP treatment on the total number of
line crossings during the acquisition and retention trials of the NOR test. Unpaired
Student’s t-test revealed no significant effect of sub-chronic PCP treatment on line

crossings.
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Male sub-chronic PCP: Acquisition trial
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Figure 4.25 The effect sub-chronic PCP treatment (2mg/kg i.p. twice daily for 7-days) or
0.9% saline (veh, i.p.) on exploration of two identical objects in the 3 min acquisition trial in

the NOR test in male rats. Data are shown as mean + S.E.M. (n=10 per group).
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Figure 4.26 The effect sub-chronic PCP treatment (2mg/kg i.p. twice daily for 7-days) or
0.9% saline (veh, i.p.) on exploration of a novel and a familiar object in the 3 min retention
trial in the NOR test in male rats. Data are shown as mean + S.E.M. (n=10 per group).
*P<0.05; significant increase in time spent exploring the novel compared with the familiar

object.
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04 Male sub-chronic PCP: DI

0.34

0.24

0.14

Discrimination Index

Veh PCP

Treatment
Figure 4.27 The effect sub-chronic PCP treatment (2mg/kg i.p. twice daily for 7-days) or

0.9% saline (veh, i.p.) on the DI in male rats. Data are expressed as the mean £ S.E.M.

(n=10 per group).

Male sub-chronic PCP: Line crossings

Line Crossings

Veh PCP
Treatment
Figure 4.28 The effect sub-chronic PCP treatment (2mg/kg i.p. twice daily for 7-days) or

0.9% saline (veh, i.p.) on the total number of line crossings in the acquisition and retention

trials in the NOR test in male rats. Data are expressed as the mean + S.E.M. (n=10 per

group).
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Total exploration time (s)
Treatment
Acquisition trial Retention trial
Veh 13.4+2.4 18.6 £2.8
PCP 18.3+21 16.6 £ 3.3

Table 4.12 The effect of sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) on
the total exploration time in the acquisition and retention trial of the NOR test in male rats.
Data are expressed as the mean + S.E.M. (n=10 per group).

4.3.29 Male versus female comparisons

4.3.29.1 Acquisition trial (males v females; total exploration)

A two-way ANOVA revealed that sub-chronic treatment with PCP did not produce
any significant effect when comparing males to females on total object exploration in
the acquisition trial of the NOR test (F1,15=0.89, NS, table 4.12). However, planned
post-hoc analysis using unpaired Student’s t-test revealed a significant (P<0.01)
decrease in total exploration time in the vehicle group of male rats when compared to

female rats in the acquisition trial.

4.3.29.2 Retention trial (males v females; total exploration)

A two-way ANOVA revealed that sub-chronic treatment with PCP did not produce
any significant effect when comparing males to females on total object exploration in

the retention trial of the NOR test (F1 15=0.89, NS; table 4.12).
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4.3.29.3 DI (males v females)

A two-way ANOVA revealed that sub-chronic treatment with PCP produced a
significant effect when comparing males to females on DI in the NOR test (F;,
18=25.0, P<0.001). Planned post-hoc analysis using unpaired Student’s t-test on the
vehicle treated rats revealed a significant reduction in DI in the male compared to

female rats, suggesting reduced object discrimination (table 4.13).

Sub- Female Male
chronic Total exploration time (S) Total exploration time (S)
treatment Acqtli :letlon Retention trial | Acquisition trial | Retention trial
Veh 32.7+45 17.8+3.4 13.4 £ 2.4 ## 18.6 £ 2.8
16.6 £ 3.3 (P=
PCP 30.4 +£6.7 30.3+6.8 18.3+2.1 0.08 male v
female)

Table 4.13 The effect of sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) on
the total exploration time in the acquisition and retention trial of the NOR test in male and
female rats. Data are expressed as the mean + S.E.M. (n=10 per group). ##P<0.01;
significant decrease in total exploration time in males when compared to female in the

acquisition trial.

Sub- ) Female Male
chronic

DI DI
treatment
Veh 0.67 £0.12 0.26 £ 0.08
PCP -0.28 + 0.12 0.13 £0.07

Table 4.14 The effect of sub-chronic PCP treatment (2 mg/kg i.p. twice daily for 7-days) on
the DI of the NOR test in male and female rats. Data are expressed as the mean + S.E.M.

(n=10 per group).
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Deficit in Deficit
Doses the in the Effect on Effect on total
Treatment tested retention DI line exploration.
(markg) trial. Doée crossings. Dose
gkg Dose Dose (mg/kg) (mg/kg)
(mglkg (mg/kg)

Females Yes

Acute 255 12'%’ 05,1015, | /% No No

PCP D 2.0 o

Males

Acute 0155 12% \1(653 No No No

PCP 5, 2. :

Males L

Acute | 10,25, | L0P=008, | \o RO

higher 5.0 2.5 P=0.09 o ’
( doges) 5.0, P=0.17)
Females #(acquisition;1
Acute d- 0'11’ 8'5’ 0 gei 0 No *0.5,1.0 .0, retention;

amph ‘ D 1.0)
A'\c/luatleesd- 0.5, 1.0, Yes Yes “10 25 #(acquisition;1

amph 2.5 1.0,25 2.5 B .0)

Table 4.15 Summary table showing the effect of acute treatment with PCP (0.5-2.0 mg/Kkg;
female and 0.5-5.0 mg/kg; male rats) and d-amph (0.1-1.0 mg/kg, i.p.; female and 0.5-2.5
mg/kg, i.p.; male rats) on performance in the NOR test. Significant increase* or decrease#

(P<0.05-P<0.01) compared to the vehicle treated group.
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Doses Deficit in Deficit in Effect on Effect on total
Treatment the : )
tested : the DI line exploration
(ma/kg) retention crossings
trial
Sub-
chronic
PCP: 2.0 Yes Yes No No
Females
Sub-
chronic
PCP: 2.0 Yes No No No
Males

Table 4.16 Summary table showing the effect of sub-chronic PCP treatment (2 mg/kg, i.p.

twice daily for 7 days) on the on performance of males and female rats in the NOR test.

4.4 Discussion

4.4.1 Acute PCP (males v females)

Following acute treatment with PCP a cognitive impairment was observed in female
rats at all of the doses tested in the NOR test, however the efficacy of acute PCP to
impair recognition memory in male rats was reduced, such that a higher dose range
of PCP was selected albeit with inconsistent results. The male rats appeared to be
somewhat insensitive to the selective cognitive impairment observed in the female
rats following acute PCP treatment. The acute treatment with PCP in female rats
produced selective impairments in recognition memory as measured in the retention
trial, without any non-specific effects in the acquisition trial or an effect on the
number of line crossings or total exploration times. However, the male rats’ lack of

sensitivity to PCP was evident, even at 10x the effective dose of PCP needed to
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produce a cognitive deficit in female rats; the male rats could still effectively
discriminate between the novel and familiar objects in the retention trial. The
increased sensitivity to PCP observed in female is in agreement with studies
demonstrating that female rats are more sensitive to the neurotoxic and to the
locomotor stimulation effect of acute PCP treatment (Johnson et al, 1998). These
results may be explained in part by PCP metabolism studies comparing male and
female rats. Shelnut and colleagues (1999) demonstrated that female rats from three
different strains showed a significantly reduced ability to metabolise PCP compared
to males. Furthermore, pharmacokinetic studies in Sprague-Dawley rats showed
females to be significantly more sensitive to PCP (Nabeshima et al, 1984). Gartlon et
al (2006) found higher levels of PCP in the plasma and brain tissue of female rats,
following the same dose of PCP as male rats, which may explain the differential
effects of acute PCP treatment in the NOR test. Because of the serious potential to
produce adverse reactions to PCP in humans, clinical studies administering PCP at
active pharmacological doses have not been conducted in 50 years (Domino, 1992).
However, gender differences have been studied following the administration of
ketamine (Lahti et al, 2001), which is an NMDA receptor antagonist like PCP with
similar chemical structure and mechanism of action. The effects of ketamine are
similar to PCP, but ketamine is less potent with effects of much shorter duration
(Hevers et al, 2008). In agreement with the acute PCP studies, female rats have been
shown to be more vulnerable to the neurotoxic effects of ketamine when compared
to male rats (Jevtovic-Todorovic et al, 2001) and more susceptible to certain
behavioural effects (Winters et al, 1986). The animal data is supported by an early
clinical study in the 1970s which suggested that female surgical patients were more

sensitive to the psychotomimetic effects of acute ketamine administration than males
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(Bovill et al, 1971). However, clinical studies examining the effect of gender on the
cognitive effects of ketamine have shown contradictory results to those of animal
studies. A meta-analysis has shown that men are more sensitive to the memory
impairing effects of ketamine than women (Morgan et al, 2006), particularly in a

verbal recall test.

4.4.2 Acute d-amphetamine (males v females)

The effect of d-amphetamine in male and female rats in the NOR test has
demonstrated an enhanced sensitivity to induce recognition deficits in females. A
higher dose of amphetamine was required in male rats to induce the recognition
memory impairment that was observed in the female rats. Furthermore, there was a
lack of effect of d-amphetamine in male rats to induce a disruption in the DI which
suggests a lack of effect of d-amphetamine in males. In both males and females, the
lack of effect of d-amphetamine in the acquisition trial of the NOR test suggests
selectivity for the retention trial, however the impairment in recognition memory
induced by d-amphetamine was not observed without a significant increase in the
total number of line crossings, which is a measure of general activity and therefore
suggests a lack of specificity of d-amphetamine to disrupt recognition memory in
this test. In another study, aimed at determining the effect of gender on locomotor
activity response to amphetamine, it was shown that female rats were more sensitive
to amphetamine-induced hyperactivity and stereotypic behaviours (Hallé-Milesi et al,
2007). Furthermore, ovariectomised rats treated with oestrogen demonstrate an
enhanced amphetamine-induced release of dopamine from striatal tissue in-vitro

(Becker et al, 2003) and in-vivo using microdialysis techniques (Castner et al, 1993).
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In our laboratory, we have previously shown that administration of the same dose
range of d-amphetamine to female rats induces selective impairments in reversal
learning task, which can be successfully restored by haloperidol (Idris et al, 2005).
The cognitive dysfunction induced by d-amphetamine is thought to be a result of an
excessive release of dopamine in the prefrontal cortex (Mason et al, 1992; Ridley et
al, 1998) and studies in our laboratory have previously shown d-amphetamine
induced impairments in a version of the Wisconsin test modified for the marmoset

(Smith et al, 1999).

4.4.3 Sub-chronic PCP (males v females)

These data demonstrate that sub-chronic treatment with PCP impairs recognition
memory when comparing the time spent exploring the novel compared with familiar
object in the NOR test in all rats (i.e. both male and female rats). However, the
impairment appeared to be more effective in the female rats as demonstrated by the
highly significant impairment in the female rats’ ability to discriminate novel and
familiar objects. There was a lack of effect of sub-chronic PCP treatment to induce a
recognition deficit as measured by the discrimination index (DI). Interestingly, the
discrimination index (DI) data in this study indicate that female control rats were
superior at discriminating between the novel and familiar objects compared to the
male control rats. These data provide support for the results by Sutcliffe et al (2007),
whereby female rats compared to male rats, performed significantly better in the
NOR test following increasing ITIs. The impairment in object recognition memory
observed in both genders following treatment with sub-chronic PCP was selective
for the retention trial only, and was observed without any non-specific effects in the

acquisition trial, number of line crossings or the total exploration times. These
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findings of improved performance in females and increased effect of sub-chronic
PCP are in agreement with results of Snigdha and colleagues (2011), who reported
that male rats were less sensitive to sub-chronic PCP-induced deficits in the extra-

dimensional shift stage of the attentional set-shifting task compared to female rats.

The sub-chronic PCP induced recognition deficits were of similar magnitude to those

cognitive deficits observed following acute PCP treatment in the female rats.

Acute PCP treatment has been shown to enhance dopamine in the PFC
(hyperdopaminergia), whereas, sub-chronic PCP treatment, similar to the dosing
regimen used in these studies, has been shown to lead to decreased DOPAC levels in
the medial pre-frontal cortex, which may suggest a decreased dopamine utilisation in
this area, cortical dopaminergic hypoactivity and impairments in cognition (Jentsch
et al, 1998). Furthermore, recent work from our laboratory has shown that the PCP-
induced object recognition deficit is accompanied by impaired dopamine
neurotransmission in the PFC during the retention trial of the task (Snigdha et al,
2008). This result was also recently confirmed in another study in our laboratory
(McLean, unpublished observations), suggesting a critical role for prefrontal
dopamine in object recognition memory and lack of ability of sub-chronic PCP

treated rats to recognise the familiar object in the retention trail.

Female gonadal steroid hormone levels such as oestrogen and progesterone and
vaginal cytology of the female rats were not measured in this study, consequently it
is not clear which stage of the oestrous cycle the rats were in during the NOR testing.
However, it has recently been shown in our laboratory that the oestrous cycle has no
effect on performance in the NOR test (Sutcliffe et al, 2007) or reversal learning

(McLean et al, 2009).
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CHAPTER 5 - Further validation of the NOR test:
Pharmacological validation and effects of novel
cognitive enhancers to reverse PCP-induced
deficits.
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5.1 Introduction

Neurochemical animal models of schizophrenia based on the dopamine hypothesis
have been important in explaining some of the symptoms of schizophrenia,
principally the positive symptoms and developing treatment considerations (Javitt,
2010). There are limitations surrounding the dopamine hypothesis and a major flaw
is that only the positive symptoms of schizophrenia are treated with classical
antipsychotics, the negative and cognitive symptoms appear to be untreated.
Furthermore, there is no evidence to suggest that any intrinsic deficits have been
observed within the dopamine system to account for the hyperdopaminergic state

associated with schizophrenia (Javitt, 2007).

Sub-chronic treatment with PCP has been shown to produce cognitive impairments
that mimic those observed in schizophrenia patients (Javitt & Zukin, 1991; Jentsch et
al, 1997). People who repeatedly self-administer PCP or ketamine, demonstrate
robust and long lasting cognitive deficits (Cosgrove & Newell, 1991; Curran &
Morgan, 2000). Additionally, sub-chronic PCP administration has been shown to
induce cognitive impairments in the extra-dimensional shift stage of the attentional
set-shifting task in rats (McLean et al, 2008; Rodefer et al, 2008) and also selective
impairments in the reversal phase of a reversal learning task (Abdul-Monim et al,
2006). Moreover, the cognitive impairments induced by sub-chronic PCP in the
reversal learning and attentional set-shifting tasks can be reversed by atypical
antipsychotics but not classical agents (Idris et al, 2010; McLean et al, 2010). The
sub-chronic PCP model in the rat has also been shown to produce neurobiological

changes of relevance to schizophrenia such as the decrease in parvalbumin
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containing neurones found in the hippocampus (Abdul-Monim et al, 2007) and pre-

frontal cortex (McKibben et al, 2010).

There is evidence from post mortem studies suggesting a decrease in the a-7
nicotinic receptors in the hippocampus of schizophrenia patients and further
evidence substantiates the involvement by genetic linkage to the region containing
the a-7 nicotinic receptor (Freedman et al, 1995; Freedman et al 1997; Breese et al,
2000). One therapeutic target identified by the MATRICS initiative is the a-7
nicotinic acetylcholine receptor (kucinski et al, 2011). Studies have demonstrated
pro-cognitive findings of agonists of the a-7 nicotinic receptors, especially in the
domain of working memory (see review by Leiser et al, 2009). The a-7 nicotinic
receptor is less sensitive to nicotine than other nicotinic receptors, and therefore the
heavy smoking displayed by schizophrenia patients may provide evidence that they
are trying to activate this receptor, to perhaps compensate for its lower than normal
expression in schizophrenia patients (Olincy et al, 1997). Research in our laboratory
has demonstrated improvements in cognition following the administration of the a-7
nicotinic receptor full agonist PNU-282987 and the PAM (positive allosteric
modulator) of the a-7 nicotinic receptor PNU-120596 in sub-chronic PCP-induced
deficits in reversal learning (McLean et al, 2011). Additionally, clinical trials are
taking place to determine the effect of compounds that activate or modulate the a-7
nicotinic receptor in schizophrenia patients (www.biospace.com). One of these
compounds, EVP-6124 an a-7 nicotinic receptor agonist, has demonstrated positive
effects on cognition and negative symptoms in schizophrenia patients in phase 1l

clinical trials, and will be advancing into phase 111 in 2012.
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During the development of potential animal models, pharmacological specificity
must be determined so that only compounds that are clinically active in affecting
memory should be active in the behavioural test, whereas compounds of other

pharmacological classes such as antidepressants and anxiolytics should be inactive.

The main aim of the work presented in this chapter is to further validate the NOR
test in rats treated with sub-chronic PCP, comparing the classical antipsychotics with
the atypical agents, other pharmacological agents such as an anxiolytic,

antidepressant, analeptic and potential novel pro-cognitive compounds.

5.2 Materials and methods

5.2.1 Experimental Animals and Design

All experiments (using cohorts 7-13) were conducted using adult (180-255g) female
hooded-Lister rats (Harlan, UK), details are shown in the table 5.1. Experiment 6
was carried out over two separate experiments, and subsequently the data were
pooled. For housing conditions see section 2.1.1. For further information regarding

the drugs used in this study, see table 2.2.
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Experiment | Cohort Total number of rats Weight Compound

number | number used range (9) tested
1 7 42 (n=10 veh; n=32 PCP) | 190-235 Haloperidol
2 7 42 (n=10 veh; n=32 PCP) | 190-235 Clozapine
3 8 50 (n=10 veh; n=40 PCP) | 210-255 Risperidone
4 9 50 (n=10 veh; n=40 PCP) | 180-220 CDP
Fluphenazine
— - Fluoxetine
5 10 60 (n=10 veh; n=50 PCP) | 190-240 Risperidone
Modafinil
11 & _ L PNU-282987
6 19 70 (n=20 veh; n=50 PCP) | 190-220 Nicotine
7 13 50 (n=10 veh; n=40 PCP) | 180-240 PNU-120596

Table 5.1 Details of the rats used in these studies.

Six cohorts of rats, totalling 322 were randomly assigned to receive either vehicle
(n=70; 0.9% 0.9% saline twice a day, i.p.) or PCP (n=252; 2mg/kg twice a day, i.p.)
in a volume of 1 ml/kg for 7 days. Subsequently, animals were given a 7-day drug

free prior to NOR testing. For the sub-chronic PCP dosing regimen, see section 2.1.3.

In experiment 1, a total of 42 rats were used (n=10 veh; n=32 PCP, cohort 7). Ten
sub-chronically vehicle treated rats received vehicle acutely and 32 sub-chronic PCP
treated rats were randomly assigned to receive an acute injection of haloperidol (0.05
or 0.075 mg/kg, i.p.) or vehicle (distilled water) 30 min prior to NOR testing (see
table 5.2). Haloperidol (Serenace liquid; 2 mg/ml, Baker Norton) was diluted in
distilled water. The doses of haloperidol were selected on the basis of previous
studies showing that haloperidol (0.05 mg/kg) significantly attenuated the d-amph-
induced reversal learning impairment in female hooded-Lister rats (Idris et al, 2005).

Furthermore, this dose of haloperidol has been shown to occupy 50% of dopamine
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D, receptors (Kapur & Seeman, 2001, Kapur et al, 2003). For animal numbers in the

treatment groups see table 5.2.

?n?é?kz]f) haloperidol Initial number of rats | Number of rats excluded
Veh + Veh 10 0
PCP + Veh 10 3
PCP + 0.05 12 0
PCP + 0.075 10 1

Table 5.2 The number of rats excluded from the NOR study following acute administration
of haloperidol (0.05-0.075 mg/kg, i.p.) or vehicle (dH,0, i.p.) to sub-chronically PCP treated
rats (2mg/kg, i.p., twice daily for seven days).

In experiment 2, following a 1-week washout period from experiment 1, a total of 42
rats were used (n=10 veh; n=32 PCP, cohort 7), Ten sub-chronically vehicle treated
rats received vehicle acutely (distilled water, i.p.), 30 min prior to testing. The 32
sub-chronically PCP treated rats were randomly assigned to receive an acute
injection of clozapine (1 & 5 mg/kg, i.p.) or vehicle (distilled water, i.p.) 30 min
prior to NOR testing. The doses of clozapine selected in this study were based upon
previous work in the laboratory showing that 5 mg/kg of clozapine significantly
attenuated a sub-chronic PCP-induced reversal learning impairment in female
hooded-Lister rats (Abdul-Monim et al, 2006). For animal numbers in the treatment

groups see table 5.3
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Dose of clozapine N

(mg/kg) Initial number of rats Number of rats excluded
Veh + Veh 10 0

PCP + Veh 8 0

PCP +1.0 12 0

PCP +5.0 12 0

Table 5.3 The number of rats excluded from the NOR study following acute administration
of clozapine (1.0-5.0 mg/kg, i.p.) or vehicle (dH,0, i.p.) to sub-chronically PCP treated rats
(2mg/kg, i.p., twice daily for seven days).

In experiment 3, a total of 50 rats were used (n=10 veh; n=40 PCP, cohort 8). Ten
sub-chronically vehicle treated rats received vehicle acutely (saline 0.9%, i.p.), 30
min prior to testing. The sub-chronically PCP treated rats were randomly assigned to
receive an acute treatment with risperidone (0.05-0.2 mg/kg, i.p.) or vehicle (saline
0.9%, i.p.), 30 min prior to testing. The dose range of risperidone (0.05-0.2 mg/kg) is
slightly lower than the doses required for clinically comparable D, receptor
occupancy (0.5-1.0 mg/kg; Kapur & Remington, 2001, Kapur et al, 2003). However,
it has been demonstrated in operant studies that risperidone (0.2 mg/kg) is
efficacious against sub-chronic PCP and acute PCP-induced cognitive deficit

(McLean et al, 2010). For animal numbers in the treatment groups see table 5.4.
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Dose of risperidone
(mg/kg)

Initial number of rats

Number of rats excluded

Veh + Veh 9 1
PCP + Veh 11 0
PCP + 0.05 10 1
PCP +0.1 10 0
PCP +0.2 10 0

Table 5.4 The number of rats excluded from the NOR study following acute administration
of risperidone (0.05-0.2 mg/kg, i.p.) or vehicle (dH0, i.p.) to sub-chronically PCP treated

rats (2mg/kg, i.p., twice daily for seven days).

In experiment 4, a total of 50 rats were used (n=10 veh; n=40 PCP, cohort 9). Ten

sub-chronically vehicle treated rats received vehicle acutely (saline 0.9%, i.p.), 30
min prior to testing. The sub-chronically PCP treated rats were randomly assigned to

receive an acute treatment with CDP (1.25-5.0 mg/kg, i.p.) or vehicle (saline 0.9%,

i.p.), 30 min prior to testing. The doses of CDP were selected from data showing

anxiolytic-like behavioural effects in the open field test in rats at doses of 2.5-10

mg/kg (Angrini et al, 1998). For animal numbers in the treatment groups see table

5.5.

158




(Drr?;/ek(g)]; cop Initial number of rats Number of rats excluded
Veh + Veh 10 0
PCP + Veh 10 .
PCP + 1.25 10 0
PCP +2.5 10 0
PCP +5.0 10 !

Table 5.5 The number of rats excluded from the NOR study following acute administration
of CDP (1.25-5.0 mg/kg, i.p.) or vehicle (saline 0.9%, i.p.) to sub-chronically PCP treated
rats (2mg/kg, i.p., twice daily for seven days).

In experiment 5, a total of 60 rats were used (n=10 veh; n=50 PCP, cohort 10). Ten
sub-chronically vehicle treated rats received vehicle acutely (saline 0.9%, i.p.), 30
min prior to testing. The sub-chronically PCP treated rats were randomly assigned to
receive an acute treatment with fluphenazine (0.2 mg/kg, i.p.), fluoxetine (5.0 mg/kg,
i.p.), risperidone (0.2 mg/kg, i.p.), modafinil (50 mg/kg, p.o.) or vehicle (saline 0.9%,
i.p.), 30 min prior to testing. The dose of fluphenazine was chosen based on a study
showing that 0.01-2.5 mg/kg fluphenazine inhibited the hyperactivity response to
bilateral infusions of dopamine (25ug/24h for 13 days) into the nucleus accumbens
of marmosets (Costall et al, 1987). The dose of fluoxetine is based upon a
microdialysis study (Malagié et al, 2000) which demonstrated an increase in
extracellular levels of serotonin (5-hydroxytryptamine, 5-HT) in the frontal cortex,
ventral hippocampus and raphe nuclei in anaesthetised rats following treatment with
fluoxetine (1-20 mg/kg). Furthermore, acute administration of fluoxetine (5 mg/kg),
significantly reduced immobility in the tail-suspension test in wild-type mice
(Svenningsson et al, 2002). For animal numbers in the treatment groups, see table

5.6. Risperidone (0.2 mg/kg) was included in this experiment as a positive control
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comparator since we had previously demonstrated efficacy of risperidone to reverse
the sub-chronic PCP-induced cognitive deficit in NOR. The dose of modafinil was
selected based on data showing the ability of modafinil (64 mg/kg) to ameliorate the
sub-chronic PCP-induced deficit in extra-dimensional shift in the attentional set-
shifting task in the rat (Goetghebeur and Dias, 2009). Furthermore, acute modafinil
treatment 64 mg/kg dramatically improved performance on a serial reversal

discrimination task performed in a T-maze in mice (Béracochéa et al, 2003).

;I'nr]ega/ltkrg)e nt Initial number of rats Number of rats excluded
Veh + Veh 10 0
PCP + Veh 10 2
PCP + Fluphenazine 0.2 10 2
PCP + Fluoxetine 5.0 10 2
PCP + Risperidone 0.2 10 0
PCP + Modafinil 50 10 2

Table 5.6 The number of rats excluded from the NOR study following acute administration
of fluphenazine (0.25 mg/kg, i.p.), fluoxetine (5.0 mg/kg, i.p.), risperidone (0.2 mg/kg, i.p.),
modafinil (50 mg/kg, p.o.) or vehicle (saline 0.9%, i.p.) to sub-chronically PCP treated rats
(2mg/kg, i.p., twice daily for seven days).

In experiment 6, a total of 60 rats were used (n=10 veh; n=50 PCP, cohort 11 & 12).
Twenty sub-chronically vehicle treated rats received vehicle acutely (isotonic H,O
s.c.), 60 min prior to testing. The sub-chronically PCP treated rats were randomly
assigned to receive an acute treatment with PNU-282987 (10 and 20 mg/kg, s.c.),
nicotine (0.2 mg/kg, s.c.) or vehicle (isotonic H,0 s.c.), 60 & 30 min respectively,

prior to testing. The doses of PNU-282987 were selected based on operant reversal
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learning data showing efficacy to reverse a sub-chronic PCP-induced cognitive
deficit in female hooded-Lister rats (McLean et al, 2011). The dose of nicotine was
selected from studies that demonstrated enhancement of acquisition, consolidation
and restoration of the information in the NOR test, using a 24 h ITI, in male Wistar
rats following treatment with nicotine at 0.2 mg/kg (Puma et al, 2009). For animal

numbers in the treatment groups, see table 5.7.

;I'nr]ega/ltkrg)ent Initial number of rats | Number of rats excluded
Veh + Veh 20 2
PCP + Veh 20 2
PCP + PNU-282987 10 10 0
PCP + PNU-282987 20 10 0
PCP + Nicotine 0.2 10 2

Table 5.7 The number of rats excluded from the NOR study following acute administration
of PNU-282987 (10-20 mg/kg, s.c.), nicotine (0.2 mg/kg, i.p.) or vehicle (isotonic H,o0, s.c.)
to sub-chronically PCP treated rats (2mg/kg, i.p., twice daily for seven days).

In experiment 7, a total of 50 rats were used (n=10 veh; n=40 PCP, cohort 13). Ten
sub-chronically vehicle treated rats received vehicle acutely (100% PEG400), 60 min
prior to testing. The sub-chronically PCP treated rats were randomly assigned to
receive an acute treatment with PNU-120596 (5 - 10 mg/kg, p.o.) or vehicle (100%
PEG400), 60 min, prior to testing. The doses for PNU-120596 were selected on the
basis of previous work whereby administration of PNU-120596 at a dose of 3 mg/kg
improved auditory gating deficits induced by d-amph in anaesthetised rats (Hurst et

al, 2005). For animal numbers in the treatment groups, see table 5.8.
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(Drr?;/ek(g)]; PNU-120596 | | itial number of rats Number of rats excluded
Veh + Veh 10 0
PCP + Veh 10 0
PCP +5 10 0
PCP + 10 10 1
PCP + 20 10 1

Table 5.8 The number of rats excluded from the NOR study following acute administration
of PNU-120596 (5-20 mg/kg, p.o.) or vehicle (100% PEG400, p.o.) to sub-chronically PCP
treated rats (2mg/kg, i.p., twice daily for seven days).

5.2.2 NOR Apparatus

For the description of the NOR apparatus see section 2.1.4.

5.2.3 NOR testing

Rats were tested in the NOR task as described earlier see section 2.1.5.

5.2.4 Statistical analysis

Data were analysed as described earlier see section 2.1.5.4.

5.3 Results

5.3.1 Effect of acute haloperidol on sub-chronic PCP treatment in the

acquisition trial in the NOR test in female rats

A two-way ANOVA revealed that administration of haloperidol (0.05 — 0.075 mg/kg)

to rats treated with sub-chronic PCP did not produce any significant effect on object
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exploration in the acquisition trial of the NOR test (F3 34=1.4, NS). Rats from both
treatment groups spent similar times exploring both the objects (figure 5.1). A one
way ANOVA on the total exploration times in the acquisition trial revealed no

significant effect of drug treatment (F3 37=0.8, NS; table 5.9).

5.3.2 Effect of acute haloperidol on sub-chronic PCP treatment in the

retention trial in the NOR test in female rats

A two-way ANOVA revealed that administration of haloperidol (0.05 — 0.075 mg/kg)
to rats treated with sub-chronic PCP produced a significant effect on object
exploration in the retention trial of the NOR test (Fs3, 32=5.1, P<0.01; figure 5.2).
Planned post-hoc comparisons showed that rats treated sub-chronically with vehicle
spent significantly (P<0.05) more time exploring the novel object during the
retention trial. However this significant preference for the novel compared to the
familiar object was not observed in the sub-chronic PCP treated rats and the sub-
chronic PCP treated rats which were administered acute haloperidol i.e. these rats
spent equivalent amounts of time exploring both objects. A one way ANOVA on the
total exploration times in the retention trial revealed no significant effect of drug

treatment (F3, 3;=0.4, NS; table 5.9).

5.3.3 Effect of acute haloperidol on sub-chronic PCP treatment on the DI

in the NOR test in female rats

One-way ANOVA on the DI data showed a significant effect of drug treatment on
the rats ability to discriminate between the familiar and novel objects (F3 37=4.5,
P<0.05; figure 5.3). Post-hoc analysis showed a significant reduction in the DI of the

sub-chronic PCP treated group (P<0.05) compared to vehicle control. Sub-chronic
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PCP rats treated with both doses of haloperidol also showed a significant (P<0.01)

reduction in DI compared to vehicle.

5.3.4 Effect of acute haloperidol on sub-chronic PCP treatment on the

number of line crossings in the NOR test in female rats

Figure 5.4 shows the effect of haloperidol treatment in sub-chronically PCP treated
rats on the total number of line crossings during the acquisition and retention trial of
the NOR test. One-way ANOVA revealed no significant effect of any treatment on

the number of line crossings (Fs 37=1.80, NS).

@l Object A
Haloperidol: Aquisition trial @@ ObjectB
15.01

ime (s)
N
N
o

£ 10.01

7.54
5.01

Explorationt

2.54

0.0

Treatment

Figure 5.1 The effect of acute haloperidol (h; 0.05 & 0.075 mg/kg, i.p.) and sub-chronic
PCP (2.0 mg/kg, i.p., twice daily for seven days) on exploration time (s) of two identical
objects in the 3 min acquisition trial of the NOR test. Data are expressed as the mean *
S.E.M. (n=7-12 per group).
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Haloperidol: Retention trial @ Familiar object

15.01 @8 Novel object
12.54
10.01
7.54
5.01

Exploration time (s)

2.51

0.0-

Treatment

Figure 5.2 The effect of acute haloperidol (h; 0.05 & 0.075 mg/kg, i.p.) and sub-chronic
PCP (2.0 mg/kg, i.p., twice daily for seven days) on exploration time (s) of a familiar object
and a novel object in the 3 min retention trial. Data are expressed as the mean + S.E.M.
(n=7-12 per group). *P<0.05; significant increase in time spent exploring the novel

compared with the familiar object, Student’s t-test.
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Figure 5.3 The effect of haloperidol (h; 0.05-0.075 mg/kg, i.p.) and sub-chronic PCP (2.0
mg/kg, i.p., twice daily for seven days) on the DI. Data are expressed as the mean = S.E.M.

(n=7-12 per group). **P<0.01; significant reduction in DI compared to vehicle.
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Haloperidol: Line crossings

50+

Line crossings

Treatment

Figure 5.4 The effect of acute haloperidol (h; 0.05 & 0.075 mg/Kkg, i.p) and sub-chronic PCP

(2.0 mg/kg, i.p., twice daily for seven days) on line crossings in the acquisition and retention

trial. Data are expressed as mean + S.E.M. (n=7-12 per group).

Total exploration time (s)

Treatment (mg/kg)

Acquisition trial Retention trial
Veh 169+1.0 17.4+272
PCP 193+14 19.1+24
PCP + h 0.05 21.2+11 153+ 2.7
PCP + h 0.075 17.9+3.7 16.6 £2.5

Table 5.9 The effect of acute haloperidol (h; 0.05 & 0.075 mg/kg, i.p.) and sub-chronic PCP

(2.0 mg/kg, i.p. twice daily for seven days) on the total exploration time in the acquisition

and retention trial of the NOR test in female hooded-Lister rats. Data are expressed as the

mean + S.E.M. (n=7-12 per group).
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5.3.5 Effect of acute clozapine on sub-chronic PCP treatment in the

acquisition trial in the NOR test in female rats

A two-way ANOVA revealed that administration of clozapine (1.0 — 5.0 mg/kg) to
rats treated with sub-chronic PCP did not produce any significant effect on object
exploration in the acquisition trial of the NOR test (F3 33=0.9, NS). Rats from both
treatment groups spent comparable times exploring both the objects (figure 5.5). A
one-way ANOVA on the total exploration times in the acquisition trial of the NOR

test revealed no significant effect of drug treatment ((Fs, 37=0.8, NS; table 5.10).

5.3.6 Effect of acute clozapine on sub-chronic PCP treatment in the

retention trial in the NOR test in female rats

A two-way ANOVA revealed that administration of clozapine (1.0 - 5.0 mg/kg) to
rats treated with sub-chronic PCP produced a significant effect on object exploration
in the retention trial of the NOR test (F3 3s=4.1, P<0.05; figure 5.6). Planned post-
hoc comparisons showed that rats treated sub-chronically with vehicle spent
significantly (P<0.05) more time exploring the novel object compared with the
familiar object during the retention trial. However this significant preference for the
novel compared to the familiar object was not observed in the sub-chronic PCP
treated rats i.e. these rats’ spent similar amounts of time exploring both objects.
Acute treatment with clozapine at both doses (1.0 & 5.0 mg/kg) significantly
attenuated the sub-chronic PCP-induced impairment such that a significant (P<0.05)
increase in the time spent exploring the novel compared with the familiar object was
again observed. A one-way ANOVA on the total exploration times in the retention

trial of the NOR test showed a significant effect of drug treatment (F3 4,=4.6, P<0.01;
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table 5.10.). Post-hoc comparisons revealed a significant increase in total exploration
time in the sub-chronic PCP treatment group that received an acute treatment with
vehicle (P<0.01) and in the sub-chronic PCP treated group that received an acute

treatment with clozapine (1.0 mg/kg; P<0.05).

5.3.7 Effect of acute clozapine on sub-chronic PCP treatment on the DI in

the NOR test in female rats

One-way ANOVA on the DI data showed no significant effect of drug treatment on
the rats’ ability to discriminate between the familiar and novel objects (F3, 41=0.28,

NS; figure 5.7).

5.3.8 Effect of acute clozapine on sub-chronic PCP treatment on the

number of line crossings in the NOR test in female rats

Figure 5.8 shows the effect of acute clozapine treatment in sub-chronically PCP
treated rats on the total number of line crossings during the acquisition and retention
trials of the NOR test. One-way ANOVA revealed no significant effect of any

treatment on the number of line crossings (F3 41=0.68, NS).
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Figure 5.5 The effect of acute clozapine (c; 1.0 & 5.0 mg/kg, i.p) and sub-chronic PCP (2.0
mg/kg, i.p., twice daily for seven days) on exploration time (s) of two identical objects in the

3 min acquisition trial. Data are expressed as the mean + S.E.M. (n=8-12 per group).

Clozapine: Retention trial
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*

20.01
17.54
15.04
12.54 .
10.04
7.54
5.0
2.5
0.0-

*

Exploration time (s)

Q X
QO
Treatment

Figure 5.6 The effect of acute clozapine (c; 1.0 & 5.0 mg/kg, i.p.) and sub-chronic PCP
(2.0 mg/kg, i.p, twice daily for seven days) on exploration time (s) of a familiar object
and a novel object in the 3 min retention trial. Data are expressed as the mean + S.E.M.
(n=8-12 per group) *P<0.05; significant increase in time spent exploring the novel

compared with the familiar object.
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Figure 5.7 The effect of clozapine (c; 1.0-5.0 mg/kg, i.p) on sub-chronic PCP treatment on

the DI in female rats. Data are expressed as the mean £ S.E.M. (n=8-12 per group).
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Figure 5.8 The effect of acute clozapine (c; 1.0 & 5.0 mg/kg, i.p.) and sub-chronic PCP (2.0
mg/kg, i.p, twice daily for seven days) on the total number of line crossings in the
acquisition and retention trial of the NOR test in female rats. Data are expressed as + S.E.M.

(n=8-12 per group).
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Total exploration time (s)
Treatment (mg/kg)
Acquisition trial Retention trial
Veh 22.1+£3.8 14.4+2.0
PCP 29.3+35 29.0 + 4.4**
PCP +c 1.0 27.8£3.0 25.2 £ 2.6*
PCP +¢ 5.0 224 +3.1 19.2+29

Table 5.10 The effect of acute clozapine (¢; 1.0 & 5.0 mg/kg, i.p.) and sub-chronic PCP (2.0
mg/kg, i.p. twice daily for seven days) on the total exploration time in the acquisition and
retention trial of the NOR test in female rats. Data are expressed as the mean + S.E.M. (n=8-
12 per group). *P<0.05-**P<0.01; significant increase in total exploration time compared to

vehicle.
5.3.9 Effect of acute risperidone on sub-chronic PCP treatment in the

acquisition trial in the NOR test in female rats

A two-way ANOVA revealed that administration of risperidone (0.05 — 0.2 mg/kg)
to rats treated with sub-chronic PCP did not produce any significant effect on object
exploration in the acquisition trial of the NOR test (F 43=1.85, NS). Rats from both
treatment groups spent similar times exploring both the objects (figure 5.9). A one-
way ANOVA showed no significant (F4 47=1.9, NS) effect of drug treatment on the

total exploration time in the acquisition trial of the NOR test (table 5.11).

5.3.10 Effect of acute risperidone on sub-chronic PCP treatment in the

retention trial in the NOR test in female rats

A two-way ANOVA revealed that administration of risperidone (0.05 — 0.2 mg/kg)
to rats treated with sub-chronic PCP produced a significant effect on object

exploration in the retention trial of the NOR test (F4 43=4.1, P<0.01; figure 5.10).
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Planned post-hoc comparisons showed that rats treated sub-chronically with vehicle
spent significantly (P<0.05) more time exploring the novel objects during the
retention trial. However, this significant preference for the novel compared to the
familiar object was not observed in the sub-chronic PCP treated rats and also in the
sub-chronic PCP treated rats administered with the two lowest doses of risperidone
(0.05 & 0.1 mg/kg) i.e. these rats spent similar amounts of time exploring both
objects. Treatment with risperidone at the highest dose (0.2 mg/kg) significantly
attenuated the sub-chronic PCP-induced impairment such that a significant (P<0.05)
increase in time spent exploring the novel compared with the familiar object was
again observed. A one-way ANOVA showed no significant (F4, 47=0.5) effect of drug
treatment on the total exploration time in the retention trial of the NOR test (table

5.11).

5.3.11 Effect of acute risperidone on sub-chronic PCP treatment on the

DI in the NOR test in female rats

One-way ANOVA on the DI data showed a significant effect of drug treatment on
the rats’ ability to discriminate between the familiar and novel objects (F443=6.8,
0.001; figure 5.11). Post-hoc analysis showed a significant (P<0.001) reduction in
the DI of the sub-chronic PCP treated group compared to vehicle control. Sub-
chronic PCP rats treated with risperidone (0.05 & 0.1 mg/kg) also showed a
significant (P<0.01) reduction in DI compared to vehicle control. Following
treatment with risperidone (0.1 & 0.2 mg/kg) a significant (P<0.05-P<0.001,

respectively) reversal of the sub-chronic PCP-induced reduction in DI was observed.
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5.3.12 Effect of acute risperidone on sub-chronic PCP treatment on the

number of line crossings in the NOR test in female rats

Figure 5.12 shows the effect of acute risperidone treatment in sub-chronically PCP
treated rats on the total number of line crossings during the acquisition and retention
trials of the NOR test. One-way ANOVA revealed no significant effect of any

treatment on the number of line crossings (F4,47=0.58, NS).

Risperidone: Acquisition trial

15.01
. @l Object A
\;n'; 1259 @l ObjectB
£ 100-
c
S 7.5+
8
o 5.04
<
W 2.5+

00° Q © N v

& & &
x( <2>< <2x
& & L

Dose (mg/kg)

Figure 5.9 The effect of acute risperidone treatment (r; 0.05-0.2 mg/Kkg, i.p) and sub-chronic
PCP (2.0 mg/kg, i.p, twice daily for seven days) on exploration time (s) of two identical

objects in the 3 min retention trial. Data are expressed as the mean + S.E.M. (n=8-11 per

group).
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Risperidone: Retention trial
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Figure 5.10 The effect of acute risperidone treatment (r; 0.05-0.2 mg/kg, i.p.) and sub-
chronic PCP (2.0 mg/kg, i.p, twice daily for seven days) on exploration time (s) of a familiar
object and a novel object in the 3 min retention trial. Data are expressed as the mean +
S.E.M. (8-11 per group). P<0.05; significant increase in time spent exploring the novel

compared with the familiar object.
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Figure 5.11 The effect of risperidone (r; 0.05-0.2 mg/kg, i.p.) and sub-chronic PCP (2.0
mg/kg, i.p., twice daily for seven days) on the DI. Data are expressed as the mean £ S.E.M.
(n=8-11 per group). **P<0.01-***P<0.001; significant reduction in DI compared to vehicle.

#P<0.05-P<0.001; significant reversal of the reduction in DI compared to sub-chronic PCP.
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Figure 5.12 The effect of acute risperidone (r; 0.05-0.2 mg/kg, i.p.) and sub-chronic PCP

(2.0 mg/kg, i.p, twice daily for seven days) on the total number of line crossings in the

acquisition and retention trial of the NOR test in female rats. Data are expressed as mean *

S.E.M. (n=8-11 per group).

Total exploration time (s)

Treatment (mg/kg)

Acquisition trial Retention trial
Veh 154+20 13.0+ 2.7
PCP 19.6 + 3.8 15127
PCP +r 0.05 123 %22 13.6+£2.3
PCP+r0.1 22.7+35 13.7+2.0
PCP+r0.2 151+24 13.0+21

Table 5.11 The effect of acute risperidone (r; 0.05-0.2 mg/kg, i.p.) and sub-chronic PCP (2.0

mg/kg, i.p. twice daily for seven days) on the total exploration time in the acquisition and

retention trial of the NOR test in female rats . Data are expressed as the mean + S.E.M.

(n=8-11 per group).
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5.3.13 Effect of acute CDP on sub-chronic PCP treatment in the

acquisition trial in the NOR test in female rats

A two-way ANOVA revealed that administration of CDP (1.25 — 5.0 mg/kg) to rats
treated with sub-chronic PCP did not produce a significant effect on object
exploration in the acquisition trial of the NOR test (F4 43=0.1, NS). Rats from both
treatment groups spent similar times exploring both the objects (figure 5.13). A one
way ANOVA on the total exploration times in the acquisition trial revealed no

significant effect of drug treatment (F4, 47= 0.56, NS; table 5.12).

5.3.14 Effect of acute CDP on sub-chronic PCP treatment in the retention

trial in the NOR test in female rats

A two-way ANOVA revealed that administration of haloperidol (1.25 — 5.0 mg/kg)
to rats treated with sub-chronic PCP produced a significant effect on object
exploration in the retention trial of the NOR test (F4 43=0.65, NS; figure 5.14). Post-
hoc comparisons showed that rats treated sub-chronically with vehicle spent
significantly (P<0.001) more time exploring the novel objects during the retention
trial. However this significant preference for the novel compared to the familiar
object was not observed in the sub-chronic PCP treated rats and the sub-chronic PCP
treated rats which were administered acute CDP i.e. these rats spent similar amounts
of time exploring both objects. A one way ANOVA on the total exploration times in
the retention trial revealed no significant effect of drug treatment (F 4 47= 0.70, NS;

table 5.11).
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5.3.15 Effect of acute CDP on sub-chronic PCP treatment on the DI in the

NOR test in female rats

One-way ANOVA on the DI data showed a significant effect of drug treatment on
the rats ability to discriminate between the familiar and novel objects (F4 47=3.5,
P<0.05; figure 5.15). Post-hoc analysis showed a significant reduction in the DI of
the sub-chronic PCP treated group (P<0.05) compared to vehicle control. Sub-
chronic PCP rats treated with the CDP (2.5 & 5.0 mg/kg) also showed a significant

(P<0.05-P<0.001, respectively) reduction in DI compared to vehicle.

5.3.16 Effect of acute CDP on sub-chronic PCP treatment on the number

of line crossings in the NOR test in female rats

Figure 5.16 shows the effect of CDP treatment in sub-chronically PCP treated rats on
the total number of line crossings during the acquisition and retention trials of the
NOR test. One-way ANOVA revealed no significant effect of any treatment on the

total number of line crossings (Fs, 47=1.4, NS).
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Figure 5.13 The effect of acute CDP (1.25 — 5.0 mg/kg, i.p.) and sub-chronic PCP- (2.0
mg/kg, i.p., twice daily for seven days) on exploration time (s) of identical objects in the

3min acquisition trial of the NOR test. Data are expressed as the mean £ S.E.M. (n=9-10 per

group).
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Figure 5.14 The effect of acute CDP (1.25 — 5.0 mg/kg, i.p.) and sub-chronic PCP (2.0
ma/kg, i.p., twice daily for seven days) on exploration time (s) of a familiar object and a
novel object in the 3min retention trial. Data are expressed as the mean £ S.E.M. (n=9-10
per group). ***P<0.001; significant difference in time spent exploring the novel compared

with the familiar object.
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Figure 5.15 The effect of CDP (1.25 — 5.0 mg/kg, i.p.) and sub-chronic PCP (2.0 mg/kg,
i.p., twice daily for seven days) on the DI. Data are expressed as the mean £ S.E.M. (n=9-10

per group). *P<0.05-***P<0.001; significant reduction in DI compared to vehicle.
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Figure 5.16 The effect of acute CDP (1.25 — 5.0 mg/kg, i.p.) and sub-chronic PCP (2.0
ma/kg, i.p., twice daily for seven days) on line crossings. Data are expressed as mean +
S.E.M. total number of line crossings in both acquisition and retention trial in the NOR test

(n=9-10 per group).
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Total exploration time (s)
Treatment (mg/kg)
Acquisition trial Retention trial

Veh 31.7+3.2 20.7 £ 3.3
PCP 29.2+48 19.0+45
PCP + CDP 32972 23.3+3.1
PCP + CDP 38.1+4.7 16.8 £4.0
PCP + CDP 40.1£11.7 28.1+12.6

Table 5.12 The effect of acute treatment with CDP (1.25 - 5.0 mg/kg, i.p.) and sub-chronic
PCP (2.0 mg/kg, i.p., twice daily for seven days) on the total exploration time in acquisition
and retention trial of the NOR test in female rats. Data are expressed as the mean £ S.E.M.

(n=9-10 per group).
5.3.17 Effect of acute fluphenazine, fluoxetine, risperidone or modafinil
on sub-chronic PCP treatment in the acquisition trial in the NOR test in

female rats

An overall two-way ANOVA revealed that administration of fluphenazine (0.2
mg/kg), fluoxetine (5.0 mg/kg), risperidone (0.2 mg/kg) or modafinil (50 mg/kg) to
rats treated with sub-chronic PCP did not produce a significant effect on object
exploration in the acquisition trial of the NOR test (Fs 46=0.4, NS). Rats from both
treatment groups spent similar times exploring both the objects (figure 5.17). A one-
way ANOVA on the total exploration times in the acquisition trial revealed no

significant effect of drug treatment (Fs, 5= 0.44, NS; table 5.13).
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5.3.18 Effect of acute fluphenazine, fluoxetine, risperidone or modafinil
on sub-chronic PCP treatment in the retention trial in the NOR test in

female rats

A two-way ANOVA revealed that administration of fluphenazine (0.2 mg/kg),
fluoxetine (5.0 mg/kg), risperidone (0.2 mg/kg) or modafinil (50 mg/kg) to rats
treated with sub-chronic PCP produced a significant effect on object exploration in
the retention trial of the NOR test (Fs, 46=3.9, P<0.01; figure 5.18). Planned post-hoc
comparisons showed that rats treated sub-chronically with vehicle spent significantly
(P<0.01) more time exploring the novel objects during the retention trial. However
this significant preference for the novel compared to the familiar object was not
observed in the sub-chronic PCP treated rats and the sub-chronic PCP treated rats
which were administered acute fluphenazine and fluoxetine i.e. these rats spent
similar amounts of time exploring both objects. Acute treatment with risperidone and
modafinil significantly attenuated the sub-chronic PCP-induced impairment such
that a significant (P<0.05-P<0.01) increase in time spent exploring the novel
compared with the familiar object was again observed. A one-way ANOVA on the
total exploration times in the retention trial revealed no significant effect of drug

treatment (Fs, 5,=1.1, NS; table 5.13).

5.3.19 Effect of acute fluphenazine, fluoxetine, risperidone or modafinil

on sub-chronic PCP treatment on the DI in the NOR test in female rats

A one-way ANOVA on the DI data showed a significant effect of drug treatment on
the rats’ ability to discriminate between the familiar and novel objects (Fs, 51=3.1,

P<0.05; figure 5.19). Post-hoc analysis showed a significant reduction in the DI of
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the sub-chronic PCP group treated with fluoxetine (P<0.01) compared to vehicle

control.

5.3.20 Effect of acute fluphenazine, fluoxetine, risperidone or modafinil
on sub-chronic PCP treatment on the number of line crossings in the

NOR test in female rats

Figure 5.20 shows the effect of fluphenazine, fluoxetine, risperidone or modafinil
treatment in sub-chronically PCP treated rats on the total number of line crossings
during the acquisition and retention trials of the NOR test. One-way ANOVA
revealed a significant effect of drug treatment on the number of line crossings (Fs,
51=4.9, P<0.01). Post-hoc analysis showed a significant (P<0.05) reduction in the

total number of line crossings following treatment with risperidone.
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Figure 5.17 The effect of acute fluphenazine (0.2 mg/kg, i.p.), fluoxetine (5.0 mg/kg, i.p.),
risperidone (0.2 mg/kg, i.p.) or modafinil (50.0 mg/kg, p.0.) and sub-chronic PCP- (2.0
mg/kg, i.p., twice daily for seven days) on exploration time (s) of identical objects in the
3min acquisition trial of the NOR test. Data are expressed as the mean £ S.E.M. (n=8-10 per

group).
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Figure 5.18 The effect of acute fluphenazine (0.2 mg/kg, i.p.), fluoxetine (5.0 mg/kg, i.p.),
risperidone (0.2 mg/kg, i.p.) or modafinil (50.0 mg/kg, p.o.) and sub-chronic PCP (2.0
mg/kg, i.p., twice daily for seven days) on exploration time (s) of a familiar object and a
novel object in the 3min retention trial. Data are expressed as the mean £ S.E.M. (n=8-10
per group). *P<0.05-**P<0.01; significant difference in time spent exploring the novel
compared with the familiar object.
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Figure 5.19 The effect of acute fluphenazine (0.2 mg/kg, i.p.), fluoxetine (5.0 mg/kg, i.p.),
risperidone (0.2 mg/kg, i.p.) or modafinil (50.0 mg/kg, p.o.) and sub-chronic PCP (2.0
mg/kg, i.p., twice daily for seven days) on the DI. Data are expressed as the mean = S.E.M.
(n=8-10 per group). **P<0.01; significant reduction in DI when compared to vehicle.
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Figure 5.20 The effect of acute fluphenazine (0.2 mg/kg, i.p.), fluoxetine (5.0 mg/kg, i.p.),
risperidone (0.2 mg/kg, i.p.) or modafinil (50.0 mg/kg, p.o.) and sub-chronic PCP (2.0
mg/kg, i.p., twice daily for seven days) on line crossings. Data are expressed as + S.E.M.
total number of line crossings in both acquisition and retention trial in the NOR test (n=8-10
per group). *P<0.05; significant reduction in the total number of line crossings compared to

vehicle.
Total exploration time (s)
Treatment (mg/kg)
Acquisition trial Retention trial

Veh 29.9+3.2 36.8+3.9
PCP 31.7+4.7 40.0 £ 4.8
PCP+ 28.7 +2.8 412+31
fluphenazine

PCP + fluoxetine 28.3+4.8 37.6+6.1
PCP + risperidone 29.0+6.8 35.1+£6.2
PCP + modafinil 36.3+3.2 51.1+7.0

Table 5.13 The effect of acute fluphenazine (0.2 mg/kg, i.p.), fluoxetine (5.0 mg/kg, i.p.),

risperidone (0.2 mg/kg, i.p.) or modafinil (50.0 mg/kg, p.0.) and sub-chronic PCP- (2.0

ma/kg, i.p., twice daily for seven days) on the total exploration time in acquisition and

retention trial of the NOR test in female rats. Data are expressed as the mean + S.E.M.

(n=8-10 per group).
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5.3.21 Effect of acute PNU-282987 and nicotine on sub-chronic PCP

treatment in the acquisition trial in the NOR test in female rats

A two-way ANOVA revealed that administration of PNU-282987 (10 & 20 mg/kg)
or nicotine (0.2 mg/kg) to rats treated with sub-chronic PCP did not produce any
significant effect on object exploration in the acquisition trial of the NOR test (F4,
50=0.2, NS). Rats from all treatment groups spent similar times exploring both the
objects (figure 5.21). A one-way ANOVA on the total exploration times in the
acquisition trial revealed no significant effect of drug treatment (F4 s3=1.3, NS; table

5.14).

5.3.22 Effect of acute PNU-282987 and nicotine on sub-chronic PCP

treatment in the retention trial in the NOR test in female rats

A two-way ANOVA revealed that administration of PNU-282987 (10 & 20 mg/kg)
or nicotine (0.2 mg/kg) to rats treated with sub-chronic PCP produced a significant
effect on object exploration in the retention trial of the NOR test (F4 50=10.1,
P<0.001; figure 5.22). Planned post-hoc comparisons showed that rats treated sub-
chronically with vehicle spent significantly (P<0.001) more time exploring the novel
objects during the retention trial. However, this significant preference for the novel
compared to the familiar object was not observed in the sub-chronic PCP treated rats
i.e. these rats spent similar amounts of time exploring both objects. Acute treatment
with PNU-282987 at both doses (10 & 20 mg/kg) and nicotine (0.2 mg/kg)
significantly attenuated the sub-chronic PCP-induced impairment such that a
significant (P<0.01) increase in time spent exploring the novel compared with the

familiar object was again observed. A one-way ANOVA on the total exploration
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times in the retention trial revealed no significant effect of drug treatment (F4 63=1.1,

NS; table 5.14).

5.3.23 Effect of acute PNU-282987 and nicotine on sub-chronic PCP

treatment on the DI in the NOR test in female rats

One-way ANOVA on the DI data showed a significant effect of drug treatment on
the rats ability to discriminate between the familiar and novel objects (F4, 63=9.8,
P<0.001; figure 5.23). Post-hoc analysis showed a significant reduction in the DI of
the sub-chronic PCP treated group (P<0.01) compared to vehicle control. The sub-
chronic PCP-induced reduction in DI was significantly (P<0.05 — P<0.001) restored
following treatment with PNU-282987 (10 & 20 mg/kg; respectively) and nicotine

(P<0.01).

5.3.24 Effect of acute PNU-282987 and nicotine on sub-chronic PCP

treatment on the number of line crossings in the NOR test in female rats

Figure 5.24 shows the effect of PNU-282987 (10 & 20 mg/kg) or nicotine (0.2
mg/kg) treatment in sub-chronically PCP treated rats on the total number of line
crossings during the acquisition and retention trials of the NOR test. A one-way
ANOVA revealed no significant effect of any treatment on the number of line

crossings (Fs, 63=1.5, NS).
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PNU-282987 & Nicotine: Acquisition trial
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Figure 5.21 The effect of acute PNU-282987 (10 & 20 mg/kg, s.c.) and nicotine (0.2 mg/kg,
i.p.) in rats treated sub-chronically with PCP (2.0 mg/kg, i.p., twice daily for seven days) on
exploration time (s) of two identical objects in the 3 min acquisition trial of the NOR test.

Data are expressed as the mean = S.E.M. (n=10-18 per group).

PNU-282987 & Nicotine: Retention trial
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Figure 5.22 The effect of acute PNU (10 & 20 mg/kg, s.c.) or nicotine (0.2 mg/kg, i.p.) in
rats treated sub-chronically with PCP (2.0 mg/kg, i.p., twice daily for seven days) on
exploration time (s) of a familiar object and a novel object in the 3 min retention trial. Data
are expressed as the mean £ S.E.M. (n=10-18 per group). **P<0.05-***P<0.001; significant

increase in time spent exploring the novel compared with the familiar object.
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PNU-282987& Nicotine: DI
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Figure 5.23 The effect of PNU-282987 (10 & 20 mg/kg, s.c.) and nicotine (0.2 mg/kg, i.p.)
in rats treated sub-chronically with PCP (2.0 mg/kg, i.p., twice daily for seven days) on the
DlI. Data are expressed as the mean £ S.E.M. (n=10-18 per group). **P<0.01; significant
reduction in DI compared to vehicle. #P<0.05- ###P<0.001; significant increase in DI
compared to sub-chronic PCP.

PNU-282987&Nicotine: Line ccrossings
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Figure 5.24 The effect of acute PNU-282987 (10 & 20 mg/kg, s.c.) and nicotine (0.2 mg/kg,
s.c.) in rats sub-chronically treated with PCP (2.0 mg/kg, i.p., twice daily for seven days) on
total number of line crossings in the acquisition and retention trial in the NOR task. Data are

expressed as mean + s.e.m total number of line crossings (n=10-18 per group).
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Total exploration time (s)
Treatment (mg/kg)
Acquisition trial Retention trial

Veh 389+31 31.9+3.6
PCP 376+25 28.7+2.0
PCP + PNU-282987 10 30.3+5.1 21.1+54
PCP + PNU-282987 20 31.5+35 28555
PCP + nicotine 0.2 323125 252+1.8

Table 5.14 The effect of acute PNU-282987 (10 & 20 mg/kg, s.c.) and nicotine (0.2 mg/kg,
s.c.) in rats sub-chronically treated with PCP (2.0 mg/kg, i.p., twice daily for seven days) on

total exploration time (s). Data are expressed as mean + S.E.M. (n=10-18 per group).

5.3.25 Effect of acute PNU-120596 on sub-chronic PCP treatment in the

acquisition trial in the NOR test in female rats

A two-way ANOVA revealed that administration of PNU-120596 (5-20 mg/kg) to
rats treated with sub-chronic PCP did not produce any significant effect on object
exploration in the acquisition trial of the NOR test (F4 43=1.1, NS). Rats from all
treatment groups spent similar times exploring both the objects (figure 5.25). A one-
way ANOVA on the total exploration times in the acquisition trial revealed no

significant effect of drug treatment (F4 47=0.4, NS; table 5.15).
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5.3.26 Effect of acute PNU-120596 on sub-chronic PCP treatment in the

retention trial in the NOR test in female rats

A two-way ANOVA revealed that administration of PNU-120596 (5-20 mg/kg) to
rats treated with sub-chronic PCP produced a significant effect on object exploration
in the retention trial of the NOR test (F4 43=3.4, P<0.05). Planned post-hoc
comparisons showed that rats treated sub-chronically with vehicle spent significantly
(P<0.05) more time exploring the novel objects during the retention trial. However,
this significant preference for the novel compared to the familiar object was not
observed in the sub-chronic PCP treated rats i.e. these rats spent similar amounts of
time exploring both objects (figure 5.26). Acute treatment with PNU-120596 at 10
mg/kg significantly attenuated the sub-chronic PCP-induced impairment such that a
significant (P<0.05) increase in time spent exploring the novel compared with the
familiar object was again observed. A one-way ANOVA on the total exploration
times in the retention trial revealed no significant effect of drug treatment (F4 47=1.8,

NS; table 5.15).

5.3.27 Effect of acute PNU-120596 on sub-chronic PCP treatment on the

DI in the NOR test in female rats

One-way ANOVA on the DI data showed a significant effect of drug treatment on
the rats ability to discriminate between the familiar and novel objects (F4 47=4.9,
P<0.01; figure 5.27). Post-hoc analysis showed a significant reduction in the DI of
the sub-chronic PCP treated group (P<0.01) compared to vehicle control. The sub-
chronic PCP-induced reduction in DI was significantly (P<0.001 - P<0.05) restored

following treatment with PNU-120596 (10 & 20 mg/kg; respectively).
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5.3.28 Effect of acute PNU-120596 on sub-chronic PCP treatment on the

number of line crossings in the NOR test in female rats

Figure 5.28 shows the effect of PNU-120596 (5-20 mg/kg) treatment in sub-
chronically PCP treated rats on the total number of line crossings during the
acquisition and retention trials of the NOR test. A one-way ANOVA revealed no

significant effect of any treatment on the number of line crossings (F4 47=1.8, NS).
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Figure 5.25 The effect of acute PNU-120596 (5.0 - 20.0 mg/kg, p.o.) in rats treated sub-
chronically with PCP (2.0 mg/kg, i.p., twice daily for seven days) on exploration time (s) of
two identical objects in the 3 min acquisition trial of the NOR test. Data are expressed +
S.E.M. (n=9-10 per group).
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PNU-120596: Retention trial
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Figure 5.26 The effect of acute PNU-120596 (5.0 - 20.0 mg/kg, p.o.) in rats treated sub-
chronically with PCP (2.0 mg/kg, i.p., twice daily for seven days) on exploration time (s) of
a familiar object and a novel object in the 3 min retention trial of the NOR test. Data are
expressed + S.E.M. (n=9-10 per group). *P<0.05; significant increase in the time spent
exploring the novel compared to the familiar object.
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Figure 5.27 The effect of PNU-120596 (5 - 20 mg/kg, p.o.) in rats treated sub-chronically
with PCP (2.0 mg/kg, i.p., twice daily for seven days) on the DI. Data are expressed as the
mean + S.E.M. (n=9-10 per group). **P<0.01; significant reduction in DI compared to
vehicle. #P<0.05 - ###P<0.001; significant reversal of reduction in DI compared to sub-
chronic PCP.

192



PNU-120596: Line crossings
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Figure 5.28 The effect of acute PNU-120596 (5 - 20 mg/kg, p.o.) in rats sub-chronically
treated with PCP (2.0 mg/kg, i.p., twice daily for seven days) on total number of line
crossings in the acquisition and retention trial in the NOR task. Data are expressed as mean

+ s.e.m. total number of line crossings (n=9-10 per group).

Total exploration time (s)
Treatment (mg/kg) — - : :
Acquisition trial Retention trial
Veh 38.0+5.0 29.3+57
PCP 354+4.1 324+49
PCP + PNU-120596 5 34.7+54 29.3+56
PCP + PNU-120596 10 30.1+34 23.3+4.0
PCP + PNU-120596 20 34.3+27 23.2+39

Table 5.15 The effect of acute PNU-120596 (5-20 mg/kg, p.o.) in rats sub-chronically
treated with PCP (2.0 mg/kg, i.p., twice daily for seven days) on the total exploration time

(s). Data are expressed as mean + S.E.M. (n=9-10 per group).
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Doses | Deficitinthe | Deficit in Effﬁﬁtec’” Ef{ggl"”
retention the DI. . )
Treatments tested . crossings. | exploration
(ma/kg) tr('g]lé /ig)se (n?g(l)lskeg) Dose time. Dose
(mg/kg) (mg/kg)
- i Yes
f,‘ét;Chm”'C 2.0 Yes (Except No No
clozapine study)
Yes
. 0.05, Yes No No
Haloperidol | 575 | (.05, 0.075 g'gfé 0.05,0.075 | 0.05, 0.075
*Yes
. No No No (retention;
Clozapine 1,5 1,5 15 1.5 PCP, 1)
No 5
0.05 Yes g%z No No
Risperidone 0 1 0’2 0.05,0.1 No.O 1 0.05, 0.1, 0.05, 0.1,
B No 0.2 Y 0.2 0.2
0.2
No No No
1.25 Yes
CDP ! 1.25, 2.5 1.25, 2.5, 1.25, 2.5,
25,50 | 1.25,25,5.0 Yes 5.0 50 5.0
Fluphenazine 0.2 Yes Yes No No
Fluoxetine 5.0 Yes Yes No No
Modafinil 50 No No No No
PNU-282987 10, 20 No No No No
Nicotine 0.2 No No No No
5 10 Yes
PNU-120596 P 5,20 No No No
20
No 10

Table 5.16 Summary table showing the effect of sub-chronic treatment with PCP (2.0 mg/kg,

i.p., twice daily for seven days) and haloperidol (0.05-0.075 mg/kg), clozapine (1.0-5.0
mga/kg), risperidone (0.05-0.2 mg/kg), CDP (1.25-5.0 mg/kg), fluphenazine (0.2 mg/kg),
fluoxetine (5.0 mg/kg), modafinil (50 mg/kg), PNU-282987 (10 & 20 mg/kg), nicotine (0.2
mg/kg) and PNU-120596 (5-20 mg/kg) on female rats on performance in the NOR test.

Significant increase (*P<0.05-P<0.01) compared to the vehicle treated group.
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5.4 Discussion

5.4.1 Pharmacology

The sub-chronic PCP-induced object recognition deficits presented in this chapter
were robust and consistent, which enabled pharmacological intervention to assist in
validation of the sub-chronic PCP impairments in the NOR test and assessment of its
use as a test for detecting efficacy of novel targets for this aspect of cognitive

dysfunction in schizophrenia.

5.4.2 Haloperidol, clozapine and risperidone

Acute administration of the classical antipsychotic haloperidol was ineffective at
reversing the recognition memory deficit induced by sub-chronic PCP in the NOR
test. Conversely, acute treatment with the atypical antipsychotic agents, clozapine
and risperidone successfully restored the sub-chronic PCP-induced deficit. These
results are in agreement with NOR studies performed in mice by Hashimoto et al
(2005), whereby NOR deficits were induced by repeated administration of PCP and
this deficit was significantly improved by sub-chronic administration of clozapine
but not haloperidol. Furthermore, the atypical antipsychotic agents clozapine,
olanzapine and ziprasidone were effective at restoring the sub-chronic PCP-induced
deficits in the reversal learning task (Abdul-Monim et al, 2003, 2006). The ability of
clozapine and risperidone to improve the sub-chronic PCP-induced impairments in
recognition memory in the NOR test in the rat are in agreement with some clinical
findings stating that clozapine and risperidone can improve certain aspects of
cognition in certain schizophrenia patients (Meltzer & McGurk, 1999; Keefe et al,

1999). In marked contrast to these effects, acute administration of the classical
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agents haloperidol and chlorpromazine failed to significantly reverse the PCP-
induced cognitive impairment in reversal learning in the rat (Abdul-Monim et al,
2006). The pharmacological binding profile of clozapine and risperidone may
explain the pro-cognitive effects compared to the lack of effect of the classical
agents to reverse the sub-chronic PCP-induced deficits in the NOR test. It has been
shown that clozapine and risperidone have a high affinity for 5-HT receptors,
particularly the 5-HT,a receptor, whereas haloperidol has low affinity for 5-HTa
receptors and high affinity for D, receptors, suggesting involvement of the 5-HT;a
receptor in cognition. Atypical antipsychotics have been shown to elevate mPFC
dopamine levels via blockade of 5-HT,a and D, receptors to promote 5-HT;a
stimulation to increase dopamine release (Ichikawa et al, 2001). This increased
dopamine release in the mPFC has been hypothesized to contribute to the ability to
improve negative symptoms and some domains of cognition in schizophrenia

(Moghaddam and Bunney, 1990; Kuroki et al, 1999; Meltzer and McGurk. 1999).

The ability of the atypical antipsychotics, cognitive enhancers and novel agents but
not the classical antipsychotics, antidepressants and anxiolytics to reverse the sub-
chronic PCP induced recognition deficits in the NOR test provide important
predictive validity. However it is of importance to note that atypical antipsychotics
such as clozapine, demonstrated by the clinical Antipsychotic Trials of Invention
Effectiveness (CATIE) study showed a lack of ability compared to classical agents to
improve the cognitive symptoms associated with schizophrenia (Lieberman, 2006;
Keefe et al, 2007). This difference between the results obtained in this thesis and
such clinical findings is vital. It could be argued that sub-chronic PCP in

combination with the NOR test does not accurately represent the clinical situation,
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given the lack of efficacy of atypical antipsychotics for improving cognitive deficits
in schizophrenia. It is important to bear in mind that we are using animals to mimic
an aspect of a complex human disease where patients have genetic and
neurodevelopmental predispositions for the disorder, may have co-morbid drug
abuse, and are commonly prescribed combinations of different pharmacological
agents. In contrast, our rats have no genetic predisposition and no previous drug
exposure. Instead they live in optimal conditions (lighting, noise level, humidity etc.)
for that species with minimum stress. This makes it even harder to fully mimic a
human disorder (particularly a psychiatric disorder) and this caveat is important to

recognise (see Moore 2010 for a full review of this issue and Neill et al, 2010).

5.4.3 Fluphenazine

In agreement with the reversal learning studies (Abdul-Monim et al, 2006), the
inability of the classical antipsychotic haloperidol to ameliorate sub-chronic PCP-
induced deficits in NOR was further established with the use of another classical
agent fluphenazine. In the clinical setting, classical antipsychotic agents such as
haloperidol, chlorpromazine and fluphenazine are effective at relieving the positive
symptoms of schizophrenia and are known to exacerbate cognitive and negative
symptomatology (Keefe et al, 1999; Meltzer et al, 1999). Further studies using
carefully selected pharmacological agents in the sub-chronic PCP treated rats were
conducted in order to provide further validation of the sub-chronic PCP-induced

deficit in the NOR test.
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5.4.4 Chlordiazepoxide

The benzodiazepine, anxiolytic agent chlordiazepoxide which binds to the GABAA
receptor was shown to be ineffective in this study to reverse the sub-chronic PCP-
induced impairments in NOR. The evidence available on the effect of
benzodiazepines on cognition in patients with schizophrenia is inconclusive
(Baandrup et al, 2011). However, clinical studies (for review see Lister, 1985) have
shown that benzodiazepine treatment impairs cognition, particularly long-term
episodic memory in healthy controls. A pre-clinical study in rats, looking at the
effects of intra-perirhinal cortex injections of the benzodiazepine lorazepam
demonstrated impairments of recognition memory (Wan et al, 2004). Results of a
NOR study in mice by Bertaina-Anglade (2006), provide further support for the lack
of effect of CDP to reverse the sub-chronic PCP-induced deficit in NOR, whereby
alprazolam and diazepam prior to the acquisition trial of the NOR test induced

impairments in object recognition memory.

5.4.5 Fluoxetine

Following acute treatment with the selective serotonin re-uptake inhibitor (SSRI)
antidepressant agent fluoxetine, no improvement of the sub-chronic PCP-induced
cognitive deficit was observed; indeed the very poor discriminatory ability of the rats
following fluoxetine treatment may have exacerbated the sub-chronic PCP-induced
impairments. These results are supported by the clinical data, whereby clinically
depressed patients exhibit SSRI-induced deficits in episodic memory (Wadsworth et
al, 2005). Furthermore, one study has demonstrated no significant cognitive

improvements following adjunctive treatment with the SSRI citalopram added to
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atypical medications in patients with schizophrenia (Friedman et al, 2005).
Conversely, fluoxetine has been shown to induce cognitive impairments (Mirrow,
1991; Bangs, 1994) and also to improve cognition (Cassano et al, 2002; Doraiswamy

et al, 2003) in elderly patients suffering from depression.

5.5.6 Modafinil

In this study, administration of the analeptic agent modafinil which is thought in part
to exert its effects via the hypocretin/orexin system was effective in restoring the
cognitive deficit induced by sub-chronic PCP. These results support the findings of
Dawson et al (2010) and Goetghebeur & Dias (2009), who demonstrated a reversal
of sub-chronic PCP-induced impairments in ability to switch attentional set by
modafinil. Additionally, acute treatment with modafinil has been shown to
ameliorate the PCP-induced deficit in novel object exploration (Redrobe et al, 2010).
The pre-clinical data is further substantiated by the promising pro-cognitive effects
of modafinil treatment in some specific groups of schizophrenia patients (see review

by Morein-Zamir et al, 2007).

5.5.7 Nicotine

Acute administration of the nicotinic receptor agonist, nicotine to the sub-chronic
PCP-treated rats was effective at restoring the object recognition deficit. There is
extensive literature indicating nicotine’s pro-cognitive effects in brain lesion models
of cognitive impairment (Decker et al, 1992; Grigoryan et al, 1994), and muscarinic
and nicotine antagonist mecamylamine-induced impairments (Zarrindast et al, 1996).
Additionally, chronic nicotine treatment has been shown to have pro-cognitive

effects in normal rats as measured by the 5CSRTT (Amitai & Markou, 2009).
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However, chronic nicotine treatment was ineffective in reversing the sub-chronic
PCP-induced cognitive deficits in 5CSRTT (Amitai & Markou, 2008). In another
study by Rushforth et al, (2010), nicotine, dose dependently reversed working
memory deficits in the odour span test in sub-chronic ketamine treated rats.
Research on administration of nicotine to patients with schizophrenia has shown that
single administration improves working and declarative memory, whereas second
administrations of nicotine are not as effective, due to tachyphylaxis (Tamminga,
2006). Nicotinic receptors appear to modulate neurotransmitter release to improve
cognition which suggests that the nicotinic receptor has a modulatory role with
respect to cognition. Moreover, it is reported that schizophrenia patients are very
heavy cigarette smokers, allegedly self medicating to alleviate side effects of
antipsychotics, enhance the therapeutic effects of antipsychotics in alleviating the
negative symptoms and to ameliorate the cognitive deficits associated with
schizophrenia (Kumari & Postma, 2005). Nicotine may improve cognition by direct
effects on attention and by interacting with the presynaptic NAChR to facilitate the
release of ACh, dopamine, noradrenaline, glutamate, 5-HT, and GABA,
neurotransmitters that have all been implicated in learning and memory (Samuels &

Davis 1998; Wonnacott 1997).

5.5.8 PNU-282987 (a7 full agonist )

One of the therapeutic targets identified by the MATRICS is the a7-nicotinic
acetylcholine receptor (nAChR). Results presented in thesis show that acute
treatment with PNU-282987, a selective full agonist of the human and rat a7 nAChR,
improved the sub-chronic PCP-induced impairment in object recognition. There was

no effect in the acquisition trial or on the total number of line crossings which
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suggests specificity of PNU-282987 for the retention trial without any sedation.
These results are supported by work undertaken in our laboratory, whereby, PNU-
282987 selectively reversed the sub-chronic PCP-induced impairments in reversal
learning (McLean et al, 2011). This compound has previously been shown to reduce
amphetamine induced gating deficits in PPl and also improved a scopolamine-
induced deficit in a continuous Y-maze task in mice at 10 mg/kg (Redrobe et al.,
2009). Results are further substantiated by the work of Buccafusco and Terry (2009)
in pigtail monkeys (Macaca nemestrina), whereby the a7 nicotinic receptor agonist
GTS-21, produced a dose-dependent attenuation of ketamine-induced decreases in
task accuracies in a delayed matching-to-sample test (DMTS). In fact, the highest
dose of GTS-21 completely reversed the effects of ketamine. Also, the partial a7
agonist, AZD0328, has been shown to improve cognitive performance in a delayed
spatial response task using the Wisconsin General Testing Apparatus in rhesus

macaques (Macaca mulatta) (Castner et al, 2010).

It has been shown from post-mortem studies that schizophrenia patients have
decreased expression of a7 NAChR at the two major sites of expression in the brain,
the inhibitory interneurons of the hippocampus and of the nucleus reticularis thalami
(Freedman et al, 2008). Activation of the a7 NAChR by PNU-282987 at 1 mg/kg i.v.,
induced an enhancement in amphetamine-induced theta and gamma oscillations in
the CA3 region of the hippocampus and entorhinal cortex; these frequencies of
oscillations and these brain regions are believed to be important for cognitive
processing (Hajos et al, 2005; Hoffmann et al, 2005). Furthermore, studies in our
laboratory have shown that gamma oscillations are reduced following sub-chronic

PCP treatment in the CA3 region of the hippocampus (McLean et al, 2009).
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5.5.9 PNU-120596 (PAM)

Results presented in this thesis also show that the a7 positive allosteric modulator
(PAM) PNU-120596 was effective in reversing the sub-chronic PCP-induced deficit
in NOR, which is supported by previous work in our laboratory, showing that PNU-
120596 was successful in reversing a sub-chronic PCP-induced cognitive
impairment in the attentional set-shifting task (McLean et al, 2011). The pro-
cognitive effects of PNU-120596 on the sub-chronic PCP-induced recognition

memory deficits in the NOR test are supported by a study showing that PNU-120596

increased the potency of ACh by ~10-fold and reversed an amphetamine-induced
deficit in auditory gating in rats (Hurst et al, 2005). PNU-120596 has also been
reported to enhance the increase in dopamine release in the mPFC induced by
choline and an a7 nAChR agonist (compound A; (R)-N-(1-azabicyclo[2.2.2]oct-3-
yl)(5-(2-pyridyl)thiophene-2-carboxamide); it was also shown that PNU-120596
when administered systemically (but not locally) produced an increase in dopamine
overflow in the mPFC in the absence of an agonist (Livingstone et al, 2009). This is
important because the PCP-induced deficit in NOR memory is accompanied by
impaired dopamine neurotransmission in the PFC during the retention trial of the

task (Snigdha et al, 2008).
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CHAPTER 6 - Investigation of NOR deficits
produced by another animal model of schizophrenia

symptomatology: Rats reared in social isolation
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6.1 Introduction

An important finding of neurodevelopment research is that the basic architecture of
the brain is set in-utero, but the wiring of the brain is only partially complete by birth.
Neurodevelopment continues after birth and is constantly modified by environmental
influences, possibly the most significant factor in development is the introduction of
stress in early life. There is a large body of evidence indicating that early
environmental stress plays a pivotal role in the pathogenesis of psychiatric disorders
such as schizophrenia and depression (Agid et al, 2000; Yuii et al, 2007; van OS et
al, 2010). Isolation rearing of rats at weaning, results in a lack of the essential
sensory information coming from social contact with cage mates. The olfactory
information and environmental stimuli available to isolation reared rats may not be
sufficient to drive the process of normal brain development and neurotransmitter
function (Muchimapura & Marsden, 2004). Isolation rearing of rats is considered to
be an environmental stressor and has been shown to consistently result in
hyperactivity at adulthood when placed into a novel environment (Smith et al, 1997;
Lapiz et al, 2003; Elliot & Grunberg, 2005; Bianchi et al, 2006, Marsden et al, 2011).
This behavioural effect is undoubtedly the most robust effect of isolation rearing and
has been shown to appear as early as 2 weeks of isolation in Hooded-Lister rats
(Bakshi & Geyer, 1999). Isolation rearing provides a non-pharmacological method
of inducing long-term alterations of relevance to symptomology of schizophrenia
(Geyer et al, 1993). Prepulse inhibition of the startle reflex (PPI) is an operational
measure of sensorimotor gating which has been shown to be disrupted in rats reared
in isolation (Cilia et al, 2001; Varty et al, 1995). Results from earlier studies in our

laboratory demonstrate impairments in the EDS phase of the attentional set-shifting
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task in isolation reared rats, they required significantly more trials to reach criterion
compared to socially housed animals; indicative of a selective deficit in set-shifting
ability (McLean et al, 2010). Additionally, other laboratories have shown isolation
rearing induced impairments in spatial memory and reversal learning in the Morris
water maze (Hellemans et al, 2004; Quan et al, 2010). However, there have been
studies to contradict these findings, for example; Wongwitdecha & Marsden (1996)
showed that place learning and reversal learning in the Morris water maze was
enhanced in isolation reared rats compared to socially housed controls. Bianchi and
colleagues (2006), showed deficits in object recognition following a 1 h ITI, but not
at a1 min ITI in male rats reared in isolation compared to social controls. Isolation
reared rats have been shown to exhibit an enhanced behavioural reactivity to
dopamine agonists (Bowling and Bardo, 1994; Jones et al, 1992) which is also

observed in schizophrenia patients (Lieberman et al, 1987).

Isolation rearing has been shown to disrupt behaviour which is accompanied by
alterations in neurochemistry and neuropathology associated with schizophrenia
(Harte et al, 2006, 2007; Fone & Porkess, 2008). Rats reared in isolation have been
shown to have increased steady-state levels of dopamine and decreased basal
dopamine turnover which indicates reduced metabolic activity in the medial
prefrontal cortex (Heidbreder et al, 2000). A reduction in metabolic activity in the
prefrontal cortex is also observed in schizophrenia patients and may be indicative of
hypofrontality (Andreasen et al 1997). Studies have demonstrated that isolated rats
exhibit PPI deficits and reductions in parvalbumin and calbindin-immunoreactive
cells in the hippocampus, with no significant change in calretinin. These findings

reveal selective abnormalities of sub-populations of GABAergic interneurons in the
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hippocampus of isolation reared rats, which resemble the neuronal deficits seen in

this region in schizophrenia (Harte et al, 2007).

The aim of these studies was to assess the effects of isolation rearing compared to
socially housed controls on the cognitive performance in the NOR test following
increasing ITI periods. Furthermore, in view of the fact that previous studies have
demonstrated that isolation reared rats demonstrate an elevated response to
psychotomimetic agents, the second aim was to investigate the effects of isolation
rearing in response to acute treatment with d-amphetamine and PCP on cognitive

performance in the NOR test.

6.2 Materials and Methods

6.2.1 Experimental Animals and Design

All experiments (using cohorts 12 and 13; see table 6.1) were conducted using
female hooded-Lister rats (Charles River, UK), obtained at weaning (21-25 days)
and weighing between 75-100 g. For details regarding the isolation rearing protocol,
housing conditions and experimental timeline see section 2.1.6, 2.1.1 and figure 6.0

respectively.
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Weight Experiment, ITI
Experiment | Cohort | Total number of range duration or
number | number rats used during compound tested
testing (g) (mg/kg)
n=20 isolates; Locomotor activity
1 12 n=30 socials 220-260 (60 min test)
2 1p | "Fl0isolates; 00 o6 1 min ITI
n=10 socials
3 1p | "Fl0isolates; 0, o6y 1hITI
n=10 socials
4 1p | n=l0isolates; 00 560 35hITI
n=10 socials
5 1p | "FL0isolates; 0, o6y 40 ITI
n=10 socials
6 12 n=10 isolates; | 5,4 960 5hITI
n=10 socials
7 12 | "FLOdsolates; 550 560 6hITI
n=10 socials
n=20 isolates; PCP
8 12 n=20 socials 240-280 (lower doses; 0.5-1.5)
n=16 isolates; . )
9 12 =16 socials 240-280 | PCP (higher dose; 2.0)
10 12 n=16 socials 190-225 PCP (repeat; 0.5)
11 13 n=10 isolates; |,/ sa | g-amph (0.25-0.75)
n=10 socials

Table 6.1 Details of the rats used in these studies.

Timeline of the isolation rearing studies

” ‘ ‘ ‘ ‘ ‘ ‘
1A >
W | | | |
1 91 92-105 111-132 139 146-167
Rats isolated LMA NOR NOR PCP NOR PCP NOR d-amph
PND 21-25 Differential ITIs (lower doses) (high dose)

(3 weeks) (4 weeks) (1 day) (4 weeks)

Figure 6.0 Timeline showing days after isolation on which behavioural tests were conducted.
LMA: Locomotor Activity in a novel environment, NOR: Novel Object Recognition. The
repeat study for PCP (0.5 mg/kg) is not included in timeline as the experiment was

performed in a separate cohort of rats (i.e. cohort 13).
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6.2.2 NOR testing (social v isolates; differential ITI, experiment 2-6)

Both groups of rats were habituated and tested in the NOR apparatus as previously

described (see section 2.1.4) and a range of ITIs were used (1 min, 1, 3.5, 4, 5and 6

h; see table 6.2). These ITIs were selected and based upon previous data from our

laboratory, which showed that group housed rats were able to discriminate between

the novel and familiar up to an ITI of 3 h (Sutcliffe, et al, 2007). The isolation reared

group rats were tested up to 4 h ITI and the group housed rats were tested up to an

ITI of 6 h. The duration of ITI experiments were separated by at least 7 days and due

to the small total number of animals available for the isolation rearing ITI study, rats

were tested twice and the study took 2 weeks to complete. For the ITI study, a within

subjects design would have been ideal, however the time available using the NOR

apparatus was limited.

Social Isolates
Experiment Initial Number of Initial Number of rats
ITI number of number of
& order rats excluded excluded
rats rats

2 1 min 10 0 10 0
3 1h 10 0 10 0
4 3.5h 10 0 10 0
5 4 h 10 0 10 0
6 5h 10 0

7 6 h 10 0

Table 6.2 The number of rats excluded from from each housing group (social and isolates)
during the differential ITI’s (1 min- 6h) selected for use in this NOR study.
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6.2.3 NOR testing (social v isolates; acute PCP, experiment 8)

In this experiment a within subjects experimental design was used. Both groups of
rats were administered vehicle (0.9% saline, i.p.) or PCP (0.5-1.5 mg/kg, i.p.), 30
min prior to NOR testing in a volume of 1 ml/kg, calculated as the base equivalent
weight (see table 6.1 for doses). Due to lack of efficacy of the first dose range of
PCP to produce a NOR deficit in the socially reared rats, a second separate

experiment was carried out in the social rats using a higher dose of PCP (2 mg/kg;

see table 6.4).
Experiment 8
Dose of Social Isolates
ma/k Initial Number of rats Initial Number of rats
(mg/kg) number of number of
excluded excluded
rats rats
Veh 20 0 20 0
0.5 20 0 20 0
1.0 20 0 20 0
1.5 20 0 20 0

Table 6.3 The number of rats excluded from each housing group (social and isolates) in the
NOR study following acute administration of PCP (0.5-1.5 mg/kg, i.p.), or vehicle (0.9%

saline, i.p.).

6.2.4 NOR testing (social v isolates; acute PCP, experiment 9)

Both groups of rats were administered vehicle (0.9% saline, i.p.) or PCP (2.0 mg/kg,
i.p.), 30 min prior to NOR testing in a volume of 1 ml/kg, calculated as the base

equivalent weight (see table 6.4 for doses).
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Experiment 9
Dose of PCP _ Social _ Isolates
(mg/kg) Initial Number of Initial Number of rats
number of number of
rats excluded excluded
rats rats
Veh 8 0 8 0
2.0 8 0 8 0

Table 6.4 The number of rats excluded from each housing group (social and isolates) in the
NOR study following acute administration of PCP (2.0 mg/kg, i.p.), or vehicle (0.9% saline,

i.p.).

6.2.5 NOR testing (social v isolates; acute PCP, experiment 10).

It was demonstrated in chapter 4 (summary table 4.15) that acute treatment with PCP
(0.5-1.5 mg/kg) induced an NOR deficit in socially reared female rats. However,
studies in this chapter showed there was a lack of efficacy of acute PCP (0.5-1.5
mg/kg) to induce a deficit in the NOR test in the socially reared rats. It is unclear as
to why there was a lack of efficacy of acute PCP to induce a cognitive deficit at the
lower doses (i.e. 0.5-1.5 mg/kg). Therefore, the lowest dose of acute PCP was
selected to be re-tested since this had previously been shown to induce a cognitive
deficit in socially reared female rats (see chapter 4). Both groups of rats were
administered vehicle (0.9% saline, i.p.) or PCP (0.5 mg/kg, i.p.), 30 min prior to
NOR testing in a volume of 1 ml/kg, calculated as the base equivalent weight (see

table 6.5 for doses).
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Experiment 10

Dose of PCP _ Social _ Isolates
(mg/kg) Initial Number of Initial Number of rats
number of number of
rats excluded excluded
rats rats
0 8 0 8 0
0.5 8 0 8 0

Table 6.5 The number of rats excluded from each housing group (social and isolates) in the

NOR study following acute administration of PCP (0.5 mg/kg, i.p.), or vehicle (0.9% saline,

i.p.).

6.2.6 NOR testing (social v isolates; acute d-amph, experiment 11).

In this experiment a within subject experimental design was used, both groups of rats

were administered vehicle (0.9% saline, i.p.) or d-amph (0.25-0.75 mg/kg, i.p.), 30

min prior to NOR testing in a volume of 1 ml/kg, calculated as the base equivalent

weight (see table 6.6 for doses).

Experiment 11

Dose of d- ~ Socials ~ Isolates
amph (mg/kg) Initial Number of Initial Number of rats
number of number of
rats excluded excluded
rats rats
0 10 0 10 2
0.25 10 0 10 2
0.5 10 0 10 2
0.75 10 0 10 2

Table 6.6 The number of rats excluded from each housing group (social and isolates) in the

NOR study following acute administration of d-amphetamine (0.25-0.75 mg/kg, i.p.), or

vehicle (0.9% saline, i.p.).
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6.2.7 NOR apparatus

For details regarding NOR apparatus see section 2.1.4.

6.2.8 NOR testing

For details regarding NOR testing see section 2.1.5.

6.2.9 Statistical analysis

All data are expressed as the mean = S.E.M. For the NOR experiments, exploration
data were analysed by a two-way ANOVA or a repeated measures two-way ANOVA.
This detected the main effect of variable ITI, main effect of the task (exploration of
both objects) and the interaction between variable ITI and the two trials (acquisition
and retention). Planned comparisons using a post-hoc Student’s t-test was carried out

to compare the time spent exploring the novel and familiar objects.

Discrimination index, total exploration time and line crossing data was analysed by a

one-way ANOVA, followed by a post-hoc Dunnett’s t-test.

6.3 Results

6.3.1 Effect of rearing conditions in response to a novel environment

Figure 6.1 shows the effect of housing conditions in response to a novel environment.
An independent samples Student’s t-test revealed a significant (P<0.05) increase in
LMA response to a novel environment in isolation-reared rats compared to social

controls.
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Effect of rearing conditions on locomotor response to a
novel environment

N
al
o
o
I

2000+

Locomotor activity (counts/60min)

Social Isolates

Rearing conditions

Figure 6.1 The response to a novel environment in rats reared socially and in isolation. Data
are expressed as the mean + S.E.M. (n=20 per group). *P<0.05; significant increase in LMA

in the isolates compared to social controls.

6.3.2 Effect of increasing the ITI on social controls in the acquisition trial

of the NOR test in female rats

A two-way ANOVA revealed a significant interaction between object exploration
and ITI in the acquisition trial of the NOR test (Fs 51 =2.54, P<0.05). However, rats
from all ITI groups spent similar times exploring both the objects (figure 6.2). A
one-way ANOVA on the total exploration time revealed a significant effect (Fs,
56=2.74, P<0.05). Post-hoc analysis showed a significant (P<0.01) reduction in the
time spent exploring the identical objects at 6 h ITI when compared to the 1 min ITI

(table 6.7).
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6.3.3 Effect of ITI on social controls in the retention trial of the NOR test

in female rats

An overall two-way ANOVA revealed a significant interaction between object
exploration and ITI in the retention trial of the NOR test (Fs s51=4.7; P<0.01).
Planned post-hoc comparisons revealed that rats spent significantly more time
exploring the novel objects during the retention trial at ITIs of 1 min (P<0.001), 1 h
(P<0.001), 3.5 h; (P<0.01) and 4 h (P<0.01) but not at 5 h and 6 h (figure 6.3). This
significant preference for the novel object compared to the familiar object was not
observed in the rats from the 5 h and 6 h ITI groups i.e. these rats spent similar
amount of time exploring both objects. Analysis of the total exploration of the
objects in the retention trial by a one-way ANOVA revealed a significant effect of
ITI (Fs 56=2.54, P<0.05; table 6.7). However, planned post-hoc analysis failed to
reveal any individual significant differences in total exploration time in the retention

trial when compared to the 1 min ITI.

6.3.4 Effect of ITI duration on the DI in social controls in the NOR test in

female rats

One-way ANOVA on the DI data showed no significant effect of increasing the ITI
duration on the rats’ ability to discriminate between the familiar and novel objects
(Fs, 56=1.63, NS; figure 6.4). There was a marked trend in reduction of DI; however
this failed to reach statistical significance. Planned post-hoc analysis failed to reveal

any individual significant differences in DI.
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6.3.5 Effect of ITI duration on the line crossings in social controls in the

NOR test in female rats

Figure 6.5 shows the effect of increasing the ITI duration on the total number of line
crossings of the rats during the acquisition and retention trials of the NOR test. One-
way ANOVA revealed no significant differences when compared to the 1 min ITI

(F5‘ 55:0.42, NS)

Effect of differential I1Tls in social controls: Acquisition trial

25+
—_ @8 Object A
%2} -
= 20+ @& ObjectB
E
2 154
2
© 10+
o
2
g O
0.
RS NAIINN NI NSNS AN NN
\/@\\/@\ BN 8,0 DN S S & <

Inter-trial interval

Figure 6.2 The effect of social rearing conditions on exploration of two identical objects in
the 3 min acquisition trial prior to ITls of 1 min, 1 h, 3.5 h, 4 h, 5h and 6 h in the NOR test

in female rats. Data are shown as mean = S.E.M. (n=8-10 per group).

215



Effect of differential ITls in social controls: Retention trial

*x @l Familiar object
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Figure 6.3 The effect of social rearing conditions on exploration of a novel and a familiar
object following ITIs of 1 min, 1 h, 3.5 h, 4 h, 5 h and 6 h during the 3 min retention trial in
the NOR test in female rats. Data are shown as mean + S.E.M (n=8-10 per group).
**P<0.01-***P<0.001; significant increase in time spent exploring the novel compared with

the familiar object.

Effect of differential ITIs in social controls: DI
0.8+
0.7+
0.6+
0.5+
0.44
0.3+
0.24 P=0.09
0.1-
0.0~

Discrimination Index

Imin 1h 35h 4h 5h 6h

Inter-trial Interval

Figure 6.4 The effect of increasing the ITI duration on the DI in the NOR test in female rats

reared in social groups. Data are expressed as the mean + S.E.M. (n=10 per group).
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Effect of differential ITIs in social controls: Line crossings
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Figure 6.5 The effect of increasing the ITI duration on the total number of line crossings in
the acquisition and retention trials of the NOR test in female rats reared in social groups.

Data are expressed as the mean = S.E.M. (n=10 per group).

Total exploration time (s)
ah Acquisition trial Retention trial
1 min 34.2+47 208+21
1h 258+ 2.6 20722
35h 26.0+25 247+54
4 h 24.1 + 3.7 19.8+3.2
5h 26.4+25 10.3+2.6
6 h 18.5+ 1.2** 14022

Table 6.7 The effect of increasing the ITI duration on the total exploration time in social
controls in the acquisition and retention trials of the NOR test in female rats. Data are
expressed as the mean + S.E.M. (n=10 per group). **P<0.01; significant reduction in total

object exploration time compared to the 1 min ITI.
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6.3.6 Effect of ITI duration on the acquisition trial of the NOR test in

female rats reared in isolation

A two-way ANOVA revealed no significant interaction between object exploration
and ITI in the acquisition trial of the NOR test (F3 36=0.40, NS). Rats from all ITI
groups spent similar times exploring both the objects (figure 6.6). A one-way
ANOVA on the total exploration time revealed a significant effect (F3 39=5.05,
P<0.01). Planned post-hoc analysis showed significant reductions in the time spent
exploring the identical objects at 1 h ITI (P<0.05), 3.5 h ITI (P<0.01) and 4 h ITI

(P<0.01) when compared to the 1 min ITI (table 6.8).

6.3.7 Effect of ITI duration on the retention trial of the NOR test in

female rats reared in isolation

An overall two-way ANOVA revealed a significant interaction between object
exploration and ITI in the retention trial of the NOR test (F3 3=11.12, P<0.001).
Planned post-hoc comparisons revealed that rats spent significantly more time
exploring the novel object during the retention trial at ITls of 1 min (P<0.001) and 1
h (P<0.001) but not following ITIs of 3.5 h and 4 h (figure 6.7). A one-way ANOVA
on the total time spent exploring both the novel and familiar objects in the retention
trial revealed a significant effect (F3 39=5.01, P<0.01). However, planned post-hoc
analysis showed no significant effect in the time spent exploring the novel and
familiar objects following all ITIs (1 h, 3.5 h and 4 h) when compared to the 1 min

ITI (table 6.8).
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6.3.8 Effect of ITI duration on the DI in the NOR test in female rats

reared in isolation

One-way ANOVA on the DI data showed no significant effect of increasing the ITI

duration on the rats’ ability to discriminate between the familiar and novel objects

(ng 3920.67, NS)

6.3.9 Effect of ITI duration on the total number of line crossings in the

NOR test in female rats reared in isolation

Figure 6.9 shows the effect of increasing the ITI duration on total number of line
crossings of the rats during the acquisition and retention trials in the NOR test. One-
way ANOVA revealed no significant differences when compared to the 1 min ITI

(Fg, 3920.93, NS)

Effect of differential ITls inisolates: Acquisition trial

@l Object A
@@ ObjectB

Exploration time (s)

1 min 1lh 35h 4 h
Inter-trial Interval

Figure 6.6 The effect of isolation rearing conditions on exploration of two identical objects
in the 3 min acquisition trial prior to the ITIs of 1 min, 1 h, 3.5 hand 4 h in the NOR test in

female rats. Data are shown as mean + S.E.M. (n=10 per group).
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Effect of differential ITls inisolates: Retention trial
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Figure 6.7 The effect of isolation rearing conditions on exploration of a novel and a familiar
object following ITIs of 1 min, 1 h, 3.5 h and 4 h during the 3 min retention trial in the NOR
test in female rats. Data are shown as mean + S.E.M. (n=10 per group). ***P<0.001,;

significant increase in time spent exploring the novel compared with the familiar object.

Effect of differential ITls inisolates: DI

Discrimination Index (DI)

1 min 1h 35h 4h

Inter-trial Interval

Figure 6.8 The effect of increasing the ITI duration on the DI in the NOR test in female rats

reared in isolation. Data are expressed as the mean + S.E.M. (n=10 per group).
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Effect of differential ITls inisolates: Line crossings
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Figure 6.9 The effect of increasing the ITI duration on the total number of line crossings in
the acquisition and retention trials of the NOR test in female rats reared in isolation. Data are

expressed as the mean + S.E.M. (n=10 per group).

Total exploration time (s)
! Acquisition trial Retention trial
1 min 359 4.9 20.2+3.0
1h 23.6 + 3.5* 26.5+4.9
35h 20.7 £ 2.4** 12.7+3.1
4 h 18.3 £ 1.4** 9.5+1.7 (P=0.1)

Table 6.8 The effect of increasing the ITI duration on the total exploration time in the
acquisition and retention trials of the NOR test in female rats reared in isolation. Data are
expressed as the mean + S.E.M. (n=10 per group). *P<0.05-**P<0.01; significant reduction

in the total object exploration time compared to the 1 min ITI.
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6.3.10 Effect of acute PCP treatment (0.5-1.5 mg/kg) in the acquisition

trial in female rats housed in social groups

A two-way ANOVA revealed that acute treatment with PCP did not produce a
significant effect on object exploration in the acquisition trial of the NOR test (Fs
57=1.29, NS). Rats from all treatment groups spent similar times exploring both the
objects (figure 6.10). A one-way ANOVA on the total time spent exploring both
identical objects in the acquisition trial revealed no significant effect of PCP

treatment (F3 57=0.83, NS; table 6.9).

6.3.11 Effect of acute PCP treatment (0.5-1.5 mg/kg) in the retention trial

in female rats housed in social groups

An overall two-way ANOVA revealed that treatment with acute PCP did not
produce a significant effect on object exploration in the retention trial of the NOR
test (Fs 57=0.89, NS; figure 6.11). Planned post-hoc analysis revealed that vehicle
control rats had a significant preference for the novel compared with the familiar
object, (P<0.01). This preference in the vehicle treated rats for the novel object was
also observed in all the PCP treated rats at all of the doses tested (0.5-1.5 mg/kg), i.e.
these rats spent significantly (P<0.01-P<0.05) more time exploring the novel object
compared to the familiar object. A one-way ANOVA on the total time spent
exploring both the novel and familiar objects in the retention trial revealed no

significant effect of PCP treatment (F3 5,=1.08, NS; table 6.9).
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6.3.12 Effect of acute PCP treatment (0.5-1.5 mg/kg) on the DI in female

rats housed in social groups

A one-way ANOVA revealed no significant effect of PCP treatment on the DI (Fs3,
57=2.2, NS). Subsequent planned post-hoc analysis revealed a near significant
(P=0.09) reduction in DI following treatment with PCP at 1.5 mg/kg when compared

to vehicle control (figure 6.12).

6.3.13 Effect of acute PCP treatment (0.5-1.5mg/kg) on the total number

of line crossings in female rats housed in social groups

A one-way ANOVA revealed no significant effect of PCP treatment on the total

number of line crossings (Fs 57=0.48, NS; figure 6.13).

Effect of acute PCP insocial controls: Acquisition trial
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Figure 6.10 The effect of acute PCP (0.5-1.5 mg/kg, i.p) and 0.9% saline (veh, i.p) on the
exploration of two identical objects in the 3 min acquisition trial in the NOR test in female

rats housed in social groups. Data are shown as mean £ S.E.M. (n=20 per group).
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Effect of acute PCP in social controls: Retention trial
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Figure 6.11 The effect of acute PCP (0.5-1.5 mg/kg, i.p) and 0.9% saline (veh, i.p) on the
time (s) spent exploring a familiar and novel object in the 3 min retention trial in female rats
housed in social groups. Data are shown as mean + S.E.M. (n=20 per group). *P<0.05-
**P<0.01; significant increase in the time (s) spent exploring the novel compared with the

familiar object.
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Figure 6.12 The effect of acute treatment with PCP (0.5-1.5 mg/kg, i.p) and 0.9% 0.9%
saline (veh, i.p) on the DI in the NOR test in female rats housed in social groups. Data are
expressed as the mean £ S.E.M. (n=20 per group). P=0.09; approaching significant reduction

in DI compared to the vehicle control.
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Effect of acute PCP insocial controls: Line crossings
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Figure 6.13 The effect of acute treatment with PCP (0.5-1.5 mg/kg, i.p) and 0.9% saline
(veh, i.p) on the total number of line crossings in the acquisition and retention trials of the
NOR test in female rats housed in social groups. Data are expressed as the mean + S.E.M.
(n=20 per group).

Treatment Total exploration time (s)

PCP (mg/kg) Acquisition trial Retention trial
Veh 264 +£2.6 229+3.2
0.5 23.1+3.2 19.2+24
1.0 20.4+3.9 24.1+26
1.5 25341 19.8 £2.7

Table 6.9 The effect of acute treatment with PCP (0.5-1.5 mg/Kkg, i.p) and 0.9% 0.9% saline
(veh, i.p) on the total exploration time in the acquisition and retention trials of the NOR test

in female rats reared in social groups. Data are expressed as the mean £ S.E.M (n= 20 per

group).
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6.3.14 Effect of acute PCP treatment (2.0 mg/kg) in the acquisition trial in

female rats housed in social groups

Since there was no effect of PCP (0.5-1.5 mg/kg) to induce a deficit in object
recognition memory a higher dose of PCP (2.0 mg/kg) was tested. A two-way
ANOVA revealed that acute treatment with PCP (2.0 mg/kg) did not produce a
significant effect on object exploration in the acquisition trial of the NOR test (F;,
14=3.22, NS). Rats from both treatment groups spent similar times exploring both the
objects (figure 6.14). An independent Student’s t-test on the total time spent
exploring identical objects in the acquisition trial showed no significant effect of

PCP treatment (table 6.10).

6.3.15 Effect of acute PCP treatment (2.0 mg/kg) in the retention trial in

female rats housed in social groups

An overall two-way ANOVA revealed that treatment with acute PCP did not
produce any significant effect on object exploration in the retention trial of the NOR
test (F1,14=1.27, NS; figure 6.15). However, planned post-hoc analysis revealed that
vehicle control rats had a significant preference for the novel compared with the
familiar object (P<0.05), this preference was not observed following treatment with
PCP at 2.0 mg/kg. An independent Student’s t-test on the total time spent exploring
the objects in the retention trial showed no significant effect of PCP treatment (table

6.10).
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6.3.16 Effect of acute PCP treatment (2.0 mg/kg) on the DI in female rats

housed in social groups

An independent samples Student’s t-test revealed a significant (P<0.05) decrease in
the DI compared to vehicle control rats following acute treatment with PCP (2.0

mg/kg; figure 6.16).

6.3.17 Effect of acute PCP treatment (2.0 mg/kg) on the total number of

line crossings in female rats housed in social groups

An independent samples Student’s t-test revealed no significant effect of acute
treatment with PCP (2.0 mg/kg) on the total number of line crossings in the

acquisition and retention trials of the NOR test (figure 6.17).

Effect of acute PCP (higher dose) in social controls: Acquisition trial
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Figure 6.14 The effect of acute PCP (2.0 mg/kg, i.p.) and 0.9% saline (veh, i.p.) on
exploration of two identical objects in the 3 min acquisition trial in a NOR test in female rats

housed in social groups. Data are shown as mean + S.E.M. (n=8 per group).
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Effect of acute PCP (higher dose) insocial controls: Retention trial
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Figure 6.15 The effect of acute PCP administration (2.0 mg/kg, i.p) and 0.9% saline (veh,
i.p.) on time (s) spent exploring a familiar and novel object in the 3 min retention trial of the
NOR test in female rats housed in social groups. Data are shown as mean = S.E.M. (n=8 per
group). *P<0.05; significant difference between the time spent exploring the familiar

compared with the novel object.

Effect of acute PCP (higher doses) in social controls: DI
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Figure 6.16 The effect of acute treatment with PCP (2.0 mg/kg, i.p) and 0.9% saline (veh,
i.p.) on the DI in the NOR test in female rats housed in social groups. Data are expressed as
the mean + S.E.M. (n=8 per group). *P<0.05; significant reduction in DI compared with

vehicle.
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Effect of acute PCP (higher dose) insocial controls: Line crossings
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Figure 6.17 The effect of acute treatment with PCP (2.0 mg/kg, i.p) and 0.9% saline (veh,
i.p.) on the total number of line crossings in the acquisition and retention trials of the NOR

test in female rats housed in social groups. Data are expressed as the mean + S.E.M. (n=8

per group).

Socials Total exploration time (S)

PCP (mg/kg) Acquisition trial Retention trial
Veh 16.7+2.1 209 +35

2.0 29.9 + 7.0 (P=0.09) 32.3+6.7 (P=0.1)

Table 6.10 The effect of acute treatment with PCP (2.0 mg/kg, i.p) and 0.9% saline (veh, i.p)
on the total exploration time (s) in the acquisition and retention trials of the NOR test in

female rats housed in social groups. Data are expressed as the mean + S.E.M. (n=8 per

group).

6.3.18 Effect of acute PCP treatment (0.5 mg/kg) in the acquisition trial in

female rats housed in social groups

Previously in chapter 4, socially reared female rats were sensitive to the object
recognition deficit induced by acute PCP at all the doses tested (0.5-2.0 mg/kg).

However, due to the lack of effect of PCP (0.5-1.5 mg/kg) to induce a deficit in
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object recognition memory in this study (cohort 12), a repeat experiment in a
separate group of rats (cohort 13) was performed; to determine the effects of acute

PCP in socially reared rats at 0.5 mg/kg.

A two-way ANOVA revealed that acute treatment with PCP (0.5 mg/kg) did not
produce a significant effect on object exploration in the acquisition trial of the NOR
test (F1,14=0.24, NS). Rats from both treatment groups spent similar times exploring
both the objects (figure 6.18). An independent Student’s t-test on the total time spent
exploring identical objects in the acquisition trial showed no significant effect of

PCP treatment (table 6.11).

6.3.19 Effect of acute PCP treatment (0.5 mg/kg) in the retention trial in

female rats housed in social groups

An overall two-way ANOVA revealed that acute treatment with PCP (0.5 mg/kg)
produced a significant effect on object exploration in the retention trial of the NOR
test (F1, 14=16.4, P<0.01; figure 6.19). Planned post-hoc analysis revealed that
vehicle control rats had a significant preference for the novel compared with the
familiar object (P<0.01), this preference was not observed following treatment with
PCP at 0.5 mg/kg. An independent Student’s t-test showed a significant (P<0.05)
decrease in total exploration time following PCP treatment in the retention trial

(table 6.11).
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6.3.20 Effect of acute PCP treatment (0.5 mg/kg) on the DI in female rats

housed in social groups

An independent samples Student’s t-test revealed a significant (P<0.01) decrease in
the DI compared to vehicle control rats following acute treatment with PCP (0.5

mg/kg; figure 6.20).

6.3.21 Effect of acute PCP treatment (0.5 mg/kg) on the total number of

line crossings in female rats housed in social groups

An independent samples Student’s t-test revealed no significant effect of acute
treatment with PCP (0.5 mg/kg) on the total number of line crossings in the

acquisition and retention trials of the NOR test (figure 6.21).
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Figure 6.18 The effect of acute PCP (0.5 mg/kg, i.p) and 0.9% saline (veh, i.p)
administration on the exploration of two identical objects in the 3 min acquisition trial of the

NOR test in female rats housed in social groups. Data are shown as mean = S.E.M. (n=8 per

group).
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Acute PCP (repeat) in social controls: Retention trial
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Figure 6.19 The effect of acute PCP administration (0.5 mg/kg, i.p) and 0.9% saline (veh,
i.p) on time (s) spent exploring a familiar and a novel object in the 3 min retention trial of
the NOR test in female rats housed in social groups. Data are shown as mean + S.E.M. (n=8
per group). **P<0.01; significant increase in time (s) spent exploring the novel compared

with the familiar object.
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Figure 6.20 The effect of acute treatment with PCP (0.5 mg/kg, i.p.) and 0.9% saline (veh,
i.p) on the DI in the NOR test in female rats housed in social groups. Data are expressed as
the mean + S.E.M. (n=8 per group). *P<0.01; significant reduction in DI compared with

vehicle.
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Acute PCP (repeat) in social controls: Line crossings
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Figure 6.21 The effect of acute treatment with PCP (0.5 mg/kg, i.p.) and 0.9% saline (veh,
i.p.) on the total number of line crossings in the acquisition and retention trials in the NOR

test in female rats housed in social groups. Data are expressed as the mean £ S.E.M. (n=8

per group).

Socials Total exploration time (s)

PCP (mg/kg) Acquisition trial Retention trial
Veh 33.4+59 429 +6.7
05 35.4+8.9 225 £4.2%*

Table 6.11 The effect of acute treatment with PCP (0.5 mg/kg, i.p.) and 0.9% saline (veh,
i.p.) on the total exploration time (s) in the acquisition and retention trials of the NOR test in
female rats housed in social groups. Data are expressed as the mean + S.E.M. (n=8 per

group). *P<0.05; significant reduction in total exploration time compared to vehicle.

6.3.22 Effect of acute PCP treatment (0.5-1.5 mg/kg) in the acquisition

trial in female rats reared in isolation

A two-way ANOVA revealed that acute treatment with PCP did not produce any
significant effect on object exploration in the acquisition trial of the NOR test (F3

57=1.10, NS). Rats from all treatment groups showed similar times exploring both the
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objects (figure 6.22). A one-way ANOVA on the total time spent exploring both
identical objects in the acquisition trial revealed no significant effect (F3 57=2.08, NS;

figure 6.12).

6.3.23 Effect of acute PCP treatment (0.5-1.5mg/kg) in the retention trial

in female rats reared in isolation

An overall two-way ANOVA revealed that treatment with PCP produced a near
significant effect on object exploration in the retention trial of the NOR test (Fs
57=152.77, P=0.05; figure 6.23). Planned post-hoc analysis revealed that vehicle
control rats had a significant preference for the novel compared with the familiar
object, (P<0.01). This preference in the vehicle treated rats for the novel object was
also observed in all the PCP treated rats at all of the doses tested (0.5-1.5 mg/kg), i.e.
these rats spent significantly (P<0.01-P<0.05) more time exploring the novel object
compared to the familiar object. A one-way ANOVA on the total time spent
exploring both the novel and familiar objects in the retention trial revealed no

significant effect of PCP treatment (F3 5,=0.79, NS; table 6.12).

6.3.24 Effect of acute PCP treatment (0.5-1.5 mg/kg) on the DI in female

rats reared in isolation

A one-way ANOVA revealed no significant effect of PCP treatment on the DI (F3

57=2.2, NS; figure 6.24).
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6.3.25 Effect of acute PCP treatment (0.5-1.5 mg/kg) on the total number

of line crossings in female rats reared in isolation

A one-way ANOVA revealed a significant effect of PCP treatment on the total
number of line crossings in the acquisition and retention trials of the NOR test (F3,
57=3.78, P<0.05; figure 6.25). Planned post-hoc analysis revealed a significant
(P<0.05) increase in the total number of line crossings following treatment with the

lowest dose of PCP (0.5 mg/kg) when compared with vehicle control.

The effect of acute PCP inisolates: Acquisition trial
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Figure 6.22 The effect acute treatment with PCP (0.5-1.5 mg/kg, i.p.) and 0.9% saline (veh,
i.p) on exploration of two identical objects in the 3 min acquisition trial of the NOR test in

female rats housed in isolation. Data are shown as mean + S.E.M. (n=20 per group).
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The effect of acute PCP inisolates: Retention trial
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Figure 6.23 The effect of acute treatment with PCP (0.5-1.5 mg/kg, i.p) and 0.9% saline
(veh, i.p.) on the time (s) spent exploring a familiar and a novel object in the 3 min retention
trial in female rats housed in isolation. Data are shown as mean = S.E.M. (n=20 per group).
*P<0.05-P<0.01; significant increase in the time spent exploring the novel compared with

the familiar object.

The effect of acute PCP inisolates: DI

1.001
0.754
0.50+1

0.25+4

Discrimination index

0.00-
Veh 05 1.0 15

Dose (mg/kg)

Figure 6.24 The effect of acute treatment with PCP (0.5-1.5 mg/kg, i.p) and 0.9% saline
(veh, i.p.) on the DI in the NOR test in female rats housed in isolation. Data are expressed as

the mean = S.E.M. (n=20 per group).
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Effect of acute PCP inisolates: Line crossings
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Figure 6.25 The effect of acute treatment with PCP (0.5-1.5 mg/kg, i.p) and 0.9% saline
(veh, i.p.) on the total number of line crossings in the acquisition and retention trials of the
NOR test in female rats reared in isolation. Data are expressed as the mean + S.E.M. (n=20
per group). P<0.05; significant increase in line crossings when compared to the vehicle

control group.

Total exploration time (s)
PCP (mg/kg)
Acquisition trial Retention trial
Veh 27.2+33 21.2+26
0.5 32.3+38 23.7+£29
1.0 27.7+4.3 27.2+3.3
1.5 219+29 32.3+338

Table 6.12 The effect of acute treatment with PCP (0.5-1.5 mg/kg, i.p.) and 0.9% saline
(veh, i.p.) on the total exploration time (s) in the acquisition and retention trials in the NOR

test in female rats reared in isolation. Data are expressed as the mean = S.E.M. (n= 20 per

group).
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6.3.26 Effect of acute PCP treatment (2.0 mg/kg) in the acquisition trial in

female rats housed in isolation

A two-way ANOVA revealed that acute treatment with PCP (2.0 mg/kg) did not
produce any significant effect on object exploration in the acquisition trial of the
NOR test (Fi1, 14=1.23, NS). Rats from both treatment groups spent similar times
exploring both the objects (figure 6.26). An independent Student’s t-test on the total
time spent exploring identical objects in the acquisition trial showed no significant

effect of PCP treatment (table 6.13).

6.3.27 Effect of acute PCP treatment (2.0 mg/kg) in the retention trial in

female rats housed in isolation

An overall two-way ANOVA revealed that acute treatment with PCP produced a
significant effect on object exploration in the retention trial of the NOR test (F;
14=100.0, P<0.001; figure 6.27). Post-hoc analysis revealed that vehicle control rats
had a significant preference for the novel compared with the familiar object (P<0.05)
this preference was not observed following treatment with PCP at 2.0 mg/kg. An
independent Student’s t-test on the total time spent exploring the objects in the

retention trial showed no significant effect of PCP treatment (table 6.13).

6.3.28 Effect of acute PCP treatment (2.0 mg/kg) on the DI in female rats

housed in isolation

An independent samples Student’s t-test revealed a significant (P<0.05) decrease in
the DI compared to vehicle control rats following acute treatment with PCP (2.0

mg/kg; figure 6.28)
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6.3.29 Effect of acute PCP treatment (0.5 mg/kg) on the total number of

line crossings in female rats housed in isolation

An independent samples Student’s t-test showed no significant effect of acute PCP
treatment on the total number of line crossings compared to vehicle control rats

(figure 6.29).
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Figure 6.26 The effect acute treatment with PCP (2.0 mg/kg, i.p.) and 0.9% saline (veh, i.p.)
on exploration of two identical objects in the 3 min acquisition trial in the NOR test in

female rats housed in isolation. Data are shown as mean + S.E.M. (n=8 per group).
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Effect of acute PCP (higher dose) inisolates: Retention
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Figure 6.27 The effect of acute PCP administration (2.0 mg/kg, i.p.) and 0.9% saline (veh,
i.p.) on the time (s) spent exploring a familiar and novel object in the 3 min retention trial in
the NOR test in female rats housed in isolation. Data are shown as mean + S.E.M. (n=8 per
group). *P<0.05; significant increase in time spent exploring the novel compared with

familiar object.
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Figure 6.28 The effect of acute treatment with PCP (2.0 mg/kg, i.p.) and 0.9% saline (veh,
i.p.) on the DI in the NOR test in female rats housed in isolation. Data are expressed as the

mean + S.E.M. (n=8 per group). *P<0.05; significant reduction in DI compared with vehicle.
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Effect of acute PCP (higher dose) inisolates: Line crossings
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Figure 6.29 The effect of acute treatment with PCP (2.0 mg/kg, i.p.) and 0.9% saline (veh,
i.p.) on the total number of line crossings in the acquisition and retention trials of the NOR

test in female rats housed in isolation. Data are expressed as the mean + S.E.M. (n=8 per

group).

Isolates Total exploration time (S)

PCP (mg/kg) Acquisition trial Retention trial
Veh 20921 23.3+35
2.0 27.5%+5.6 29.4+39

Table 6.13 The effect of acute treatment with PCP (2.0 mg/kg, i.p) and 0.9% saline (veh, i.p)
on the total exploration time in the acquisition and retention trials of the NOR test in female

rats housed in isolation. Data are expressed as the mean + S.E.M. (n=8 per group).

6.3.30 Effect of acute d-amph treatment (0.25-0.75 mg/kg) in the

acquisition trial in female rats housed in social groups

A two-way ANOVA revealed that acute treatment with d-amph did not produce a
significant effect on object exploration in the acquisition trial of the NOR test (F3

»1=0.39, NS). Rats from all treatment groups spent similar times exploring both the
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objects (figure 6.30). Analysis of the total object exploration time in the acquisition
trial by a one-way ANOVA revealed a significant effect of drug treatment (Fs
21=7.93, P<0.01). Post-hoc analysis showed that all doses of d-amph (0.5 - 0.75
mg/kg) significantly (P<0.05-P<0.001) reduced the total exploration time of the

identical objects when compared to vehicle control (table 6.14).

6.3.31 Effect of acute d-amph treatment (0.25-0.75 mg/kg) in the retention

trial female rats housed in social groups

A two-way ANOVA revealed that treatment with d-amph produced a significant
effect on object exploration (figure 6.31) in the retention trial of the NOR test (F3,
21=3.6, P<0.05). Further planned post-hoc analysis showed that rats treated with
vehicle control and the lowest dose of d-amph (0.25 mg/kg) had a significant
(P<0.05 and P<0.01, respectively) preference for the novel compared with the
familiar object. This significant preference in the vehicle treated rats for the novel
object was not observed in the rats treated with higher doses of d-amph (0.5 - 0.75
mg/kg), i.e. these rats spent similar amounts of time exploring both objects. Analysis
of the total exploration time of the objects in the retention trial by a one-way
ANOVA revealed no significant effect (Fs 21=1.33, NS). Post-hoc analysis on the
observed reduction in total exploration time following treatment with the highest
dose of d-amph (0.75 mg/kg) failed to reach significance (P=0.15) when compared

to vehicle (table 6.14).
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6.3.32 Effect of acute d-amph treatment (0.25-0.75 mg/kg) on the DI in

female rats housed in social groups

One-way ANOVA on the DI data showed a significant effect of d-amph treatment
(Fs,21=4.02, P<0.05; figure 6.32). Further post-hoc analysis of the DI showed that the
highest dose of d-amph (0.75 mg/kg) induced a significant (P<0.05) reduction in DI

when compared to vehicle control.

6.3.33 Effect of acute d-amph treatment (0.25-0.75 mg/kg) on the total

number of line crossings in female rats housed in social groups

Figure 6.33 shows the effect of acute d-amph treatment on total number of line
crossings of the rats during the acquisition and retention trials of the NOR test. One-
way ANOVA revealed a significant effect of d-amph on total number of line
crossings (Fs, 21=10.4, P<0.001). Further post-hoc analysis of the total number of line
crossings revealed that the two highest doses of d-amph (0.5 and 0.75 mg/kg)
induced a significant (P<0.01 and P<0.001 respectively) increase in the number of

line crossings.
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The effect of d-amph in social controls: Acquisition trial
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Figure 6.30 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p.) and 0.9%
saline (veh, i.p.) on exploration of two identical objects in the 3 min acquisition trial of the

NOR test in female rats housed in social groups. Data are shown as mean = S.E.M. (n=8 per

group).
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Figure 6.31 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p.) and 0.9%
saline (veh, i.p.) on time (s) spent exploring a familiar and a novel object in the 3 min
retention trial in female rats housed in social groups. Data are shown as mean + S.E.M. (n=8
per group). *P<0.05-**P<0.01; significant increase in the time (s) spent exploring the novel

compared with the familiar object.
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The effect of acute d-amph in social controls: DI
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Figure 6.32 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p.) and 0.9%
saline (veh, i.p) on the DI in the NOR test in female rats housed in social groups. Data are
expressed as the mean £ S.E.M. (n=8 per group). *P<0.05; significant reduction in DI

compared with vehicle.
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Figure 6.33 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p) and 0.9%
saline (veh, i.p.) on the total number of line crossings in the acquisition and retention trials
of the NOR test in female rats housed in social groups. Data are expressed as the mean *
S.E.M. (n=8 per group). **P<0.01-**P<0.001; significant increase compared to vehicle

control.
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Socials Total exploration time (s)

((jr-nagrrkpgr; Acquisition trial Retention trial
Veh 25719 21.9+3.2
0.25 16.1+25* 15.3+26

0.5 13.6 £2.1** 144 +£40
0.75 115+ 1.9 *** 13.2 +2.8 (P=0.15)

Table 6.14 The effect of acute treatment with d-amph (0.5-0.75 mg/kg, i.p.) and 0.9% saline
(veh, i.p.) on the total number of line crossings in the acquisition and retention trials of the
NOR test in female rats housed in social groups. Data are expressed as the mean + S.E.M.
(n=8 per group). *P<0.05-***P<0.001; significant reduction in the total exploration time

when compared to vehicle control.

6.3.34 Effect of acute d-amph treatment (0.25-0.75 mg/kg) in the

acquisition trial in female rats housed in isolation

A two-way ANOVA revealed that treatment with d-amph did not produce any
significant effect on object exploration in the acquisition trial of the NOR test (F3
»1=1.6, NS). Rats from all treatment groups spent similar times exploring both
objects (figure 6.34). Analysis of the total exploration time in the acquisition trial by
a one-way ANOVA revealed no significant effect (Fs 2:=1.47, NS). However,
planned post-hoc analysis showed that the highest dose of d-amph (0.75 mg/kg)
significantly (P<0.05) reduced the total exploration time of the identical objects

when compared to vehicle control (table 6.15).
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6.3.35 Effect of acute d-amph treatment (0.25-0.75 mg/kg) in the retention

trial female rats housed in isolation

A two-way ANOVA revealed that treatment with d-amph produced a significant
effect on object exploration in the retention trial of the NOR test (Fs3, 2:=3.06,
P<0.05). Planned post-hoc comparisons revealed that rats spent significantly (P<0.05)
more time exploring the novel object during the retention trial in the vehicle control
group only (figure 6.35). This significant preference in the vehicle treated rats for
the novel object was not observed in the rats treated with all doses of d-amph (0.25-
0.75 mg/kg), i.e. these rats spent similar amount of time exploring both objects.
Analysis of the total exploration time in the retention trial by a one-way ANOVA
revealed a significant effect of drug treatment (Fs; 21=4.64, P<0.05). Post-hoc
analysis showed that the highest doses of d-amph (0.5 and 0.75 mg/kg) significantly
(P<0.05 and P<0.01, respectively) reduced the total exploration time of the objects in

the retention phase when compared to vehicle control (table 6.15).

6.3.36 Effect of acute d-amph treatment (0.25-0.75 mg/kg) on the DI in

female rats housed in isolation

One-way ANOVA on the DI data showed no significant effect of d-amph treatment

(Fs,21=1.33, NS; figure 6.36).

6.3.37 Effect of acute d-amph treatment (0.25-0.75 mg/kg) on the total

number of line crossings in female rats housed in isolation

Figure 6.37 shows the effect of d-amph treatment on total number of line crossings

of the rats during the acquisition and retention trials in the NOR test. One-way
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ANOVA revealed a significant effect of d-amph on line crossings (Fs, 21=8.14,
P<0.01). Further post-hoc analysis of the total line crossings revealed that all the
doses of d-amph (0.25 - 0.75 mg/kg) induced a significant (P<0.01 - P<0.001)

increase in number of line crossings compared to vehicle.

The effect of d-amph in isolates: Acquisition trial
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—~ @l Object A
Py @@ Object B
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Veh 0.25 0.5 0.75

Dose (mg/kg)

Figure 6.34 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p.) and 0.9%
saline (veh, i.p) on the exploration of two identical objects in the 3 min acquisition trial in

the NOR test in female rats housed in isolation. Data are shown as mean + S.E.M. (n=8 per

group).
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The effect of acute d-amph in isolates: Retention
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Figure 6.35 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p.) and 0.9%
saline (veh, i.p.) on the time (s) spent exploring a familiar and a novel object in the 3 min
retention trial in female rats housed in isolation. Data are shown as mean + S.E.M. (n=8 per
group). *P<0.05; significant increase in the time spent exploring the novel compared with

the familiar object.

The effect of acute d-amph in isoaltes: DI
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Figure 6.36 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p.) and 0.9%
saline (veh, i.p.) on the DI in the NOR test in female rats housed in isolation. Data are

expressed as the mean + S.E.M. (n=8 per group).
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The effect of acute d-amph inisolates: Line crossings
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Figure 6.37 The effect of acute treatment with d-amph (0.25-0.75 mg/kg, i.p.) and 0.9%
saline (veh, i.p.) on the total number of line crossings in the acquisition and retention trials
of the NOR test in female rats housed in isolation. Data are expressed as the mean + S.E.M.
(n=8 per group). **P<0.01-***P<0.001; significant increase the line crossings when

compared to vehicle control.

Isolates Total exploration time (S)

?rhagr}]lfgr; Acquisition trial Retention trial
Veh 24.6 +3.3 30.5+6.2
0.25 18.3+4.3 18.1+4.9
0.5 154+29 115+25%*
0.75 13.4+20* 11.5+24**

Table 6.15 The effect of acute treatment with d-amph (0.5-0.75 mg/kg, i.p.) and 0.9% saline
(veh, i.p) on the total number of line crossings in the acquisition and retention trials of the
NOR test in female rats housed in isolation. Data are expressed as the mean + S.E.M. (n=8
per group). *P<0.05-**P<0.01; significant reduction in total exploration time when

compared to vehicle control.
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Housing LMA Onset of | Deficit | Effect of | Effect of ITIon
conditions | response to | deficitin | inthe ITI on total
novel the DI line exploration time
environment | retention crossings
trial

No # (acquisition;
Isolates *Yes 35h (trend, No 1h, 3.5h & 4h cf.

NS) 1 min)

e # (acquisition;
Socials No 5h (tlilesn)d; No 6h cf. 1 min)

Table 6.16 Summary table showing the effect of differential ITIs on the performance in the

NOR test in female rats raised in isolation or in social groups. Significant (*P<0.05)

increase in LMA in the isolates when compared to the social control group. Significant
decrease (#P<0.05-P<0.01) compared to 1 min ITI.

Treatment | Doses | Effective | Deficitin | Effect on Effect on total
tested in the the DI. line exploration.
(mg/kg) | retention Dose crossings. Dose (mg/kg)
trial. (mg/kg) Dose
Dose (mg/kg)
(mg/kg)
Acute 0.5 L5
PCP 1015 No P=0.09, No No
NS
Qg;)te Yes * (Acquisition;
: 2.0 Yes No P=0.09. Retention;
(higher 2.0 -
P=0.1)
dose)
Acute Yes
PCP 0.5 Yes 05 No No
(repeat) '
0.95 # (Acquisition; 0.25,
Acute 0 5 ' Yes Yes “0.5. 075 0.5 0.75, retention;
d-amph 0'7é 0.5,0.75 0.75 - 0.75 P=0.15)

Table 6.17 Summary table showing the effect of acute treatment with PCP (0.5-2.0 mg/kg or

d-amph (0.25-0.75 mg/kg) on female rats raised in social groups on performance in the NOR

test. Significant decrease# or increase* (P<0.05-P<0.001) compared to the vehicle treated

group.
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Treatment Doses | Deficitin Deficit in Effect on Effect on
tested the the DI. line total
(mg/kg) | retention | Dose (mg/kg) | crossings. exploration.
trial. Dose Dose (mg/kg) | Dose (mg/kg)
(mg/kg)
Acute PCP 1_8;51’_5 No No 0.5 No
Acute PCP
(higher 2.0 Yes Yes No No
dose)
#(acquisition;
Acute P AL 6 %0.25, 0.5, 0.75,
d-amph 0'7é ' 0 ’75' ’ 0.75 retention; 0.5,
‘ ‘ 0.75)

Table 6.18 Summary table showing the effect of acute treatment with PCP (0.5-2.0 mg/kg or
d-amph (0.25-0.75 mg/kg) on female rats raised in isolation on performance in the NOR test.

Significant decrease# or increase* (P<0.05-P<0.001) compared to the vehicle treated group.

6.6 Discussion

6.6.1 LMA in a novel environment

Results demonstrate that isolation rearing induced an enhanced locomotor reactivity
to a novel environment (LMA box) compared to socially housed controls. The
isolated rats were more active compared to the social controls when comparing the
mean locomotor counts over a 60 min period. These results are supported by many
studies into the effects of isolation rearing (Phillips et al, 1994; Hall et al, 1998;
Lapiz et al, 2000; Fabricius et al 2011; review by Fone and Porkess, 2008) and
indicate that isolated rats show a differential habituation response to a novel
environment. The rationale behind measuring the rat’s locomotor activity response to
a novel environment, prior to behavioural experimentation and subsequent drug

administration was to ensure the efficacy of the isolation procedure. Hyperactivity
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response to a novel environment induced by isolation rearing has been shown to be
dependent on dopaminergic function (Burns et al, 1994), and indicates that isolation

rearing of rats induces an alteration of the mesolimbic dopamine system.

6.6.2 Socials and isolates; Differential ITI

In this study, there was no effect of rearing conditions on the acquisition trial or on
line crossings following any ITI which suggests specificity of effects in the NOR test.
However there were reductions in the total exploration time in the acquisition trial in
the socially reared and to a greater extent in the isolation reared rats which could be
explained as an exploratory habituation effect of repeated (twice) testing of the rats.
Work carried out in our laboratory has previously shown that female rats reared in
social groups can discriminate between novel and familiar objects when the ITI is 3
h, but were unable to discriminate at 4 h (Sutcliffe et al, 2007). However, in the
present study, female rats reared in social groups were successful at discriminating
between the novel and familiar object at a greater ITI of 4 h and incapable of
discriminating at 5 h. The rats were supplied for the studies by two different
companies (Harlan & Charles River) which may explain the difference in the
discriminatory abilities of the rats in these two studies. In contrast, the rats reared in
isolation were only successful at discriminating between novel and familiar objects
up to an ITI of 1 h, but were not capable of discriminating between the novel and
familiar objects at 3.5 h, indicating an impairment in object recognition memory in
rats reared in isolation. A previous study into the effects of isolation rearing in NOR
using male Hooded-Lister rats showed deficits in their ability to discriminate
between the novel and familiar objects following at 1 h ITI (Bianchi et al, 2006).

Studies in our laboratory have previously shown that male rats can discriminate
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between the novel and familiar objects up to an ITI of 30 min and are unable to
discriminate between the novel and familiar objects following an ITI of 1h. This
difference in discriminatory ability of male and female isolation reared rats may be
explained by evidence showing that in general female rats are superior at
discriminating between the novel and familiar objects at longer ITIs (Sutcliffe et al,

2007).

6.6.3 Isolation rearing; acute PCP

The first dose range (0.5-1.5 mg/kg) of acute PCP when administered to socially
reared rats failed to produce an object recognition memory deficit, albeit a reduction
in the DI was observed, when compared to vehicle controls, but this failed to reach
statistical significance (P=0.09). The lack of effect of acute PCP to produce an object
recognition impairment was unusual, unexpected and contradicted the results from
chapter 4, which clearly showed that acute PCP treatment induced an object
recognition memory deficit at all the doses tested (0.5-1.5 mg/kg). The female rats
used in chapter 4 had a lighter bodyweight (g), and were younger than the social
controls used in this study. It was therefore decided to test a higher dose of PCP (2
mg/kg) in the same cohort of rats (cohort 12), and to re-test the lowest dose of PCP
(0.5 mg/kg) in a new cohort of younger and lighter (g) social controls (cohort 13).
This time, both treatments resulted in clear object recognition memory deficits. The
differences in bodyweight and age may provide some explanation for the lack of
consistency in the results obtained following treatment with acute PCP in the
separate cohorts of rats. In the isolation reared rats, acute PCP treatment did not
affect exploration levels in the acquisition trial and failed to induce an object

recognition deficit as measured in the retention trial at all of the doses tested.

254



However, there was a small but significant increase in the total number of line
crossings following administration of the lowest dose of PCP (0.5 mg/kg), which
may suggest that acute treatment with PCP at this dose is inducing hyperactivity. As
with the social control rats, a higher dose of PCP (2 mg/kg) was tested in the
isolation reared rats and a clear object recognition deficit was observed in the
absence of any non specific drug effects in the acquisition trial, line crossings and
total exploration time. The apparent lack of sensitivity of the isolation reared rats to
the object recognition deficits induced by PCP in the social controls is not supported
by previous studies in our laboratory, whereby the identical doses of acute PCP
impaired reversal task performance of the reversal learning task in social and
isolation reared rats (Abdul-Monim, et al, 2003). It is not clear why the isolation
reared rats were less sensitive to the acute PCP-induced recognition memory
impairments than socially reared controls in the NOR test. However, acute PCP
treatment enhances dopamine in the mPFC (Jentsch et al, 1997; Balla et al, 2003;
Kalinichev et al, 2008) and isolation rearing induces a reduction of dopamine
turnover and function in the mPFC (Heidbreder et al, 2000; Muira et al, 2002; Fone
& Porkess, 2008). Acute treatment with PCP could enhance the dopamine function
in the mPFC back to control levels, but not induce a hyperdopaminergic state, thus
sparing the isolation reared rats from the cognitive impairments observed in the
social controls. The mPFC is a region known to be important for cognition
(Goldman-Rakic et al, 2000) and is connected to the perirhinal cortex via excitatory
projections (Aspergis-schoute et al, 2006). Conversely, the recognition deficits
induced by acute PCP treatment in social control rats may be explained by acute PCP
inducing a hyperdopaminergic state with levels of dopamine above the optimum

levels for cognition. The optimum levels of dopamine required for performance in
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the NOR test follows an inverted U-shape and reflects the Yerkes-Dodson law

(Kimberg et al, 2001).

6.6.4 Isolation rearing; acute d-amphetamine

Object recognition impairments were observed following the administration of d-
amphetamine to both social and isolation reared rats. However, isolation reared rats
exhibited object recognition deficits at a lower dose of d-amphetamine compared to
social controls, indicating an enhanced sensitivity to the cognitive impairment effects
of the isolation reared rats to d-amphetamine. Additionally, both groups of rats
demonstrated enhanced total number of line crossings following treatment with d-
amphetamine, signifying a lack of specificity of the cognitive impairment induced by
d-amphetamine. Conversely, only the isolation reared rats showed increased line
crossings at a lower dose of d-amphetamine, indicating an enhanced sensitivity to the
locomotor stimulant effects of d-amphetamine. Furthermore, the effect of d-
amphetamine to induce recognition deficits in the NOR test is confounded by the
reduced total exploration time of the objects. These results are in agreement with
previous work carried out in our laboratory (Smith et al, 1997) and other laboratories
(Jones et al, 1990; 1992), demonstrating that isolation reared rats have an enhanced
response to the d-amphetamine in terms of increased locomotor activity, although
there are some conflicting reports (Bowling & Bardo 1994). Both groups of rats
demonstrated decreased total exploration time of the objects in the acquisition and
retention trials following treatment with d-amphetamine, further substantiating the
lack of specificity of the cognitive impairment induced by acute d-amphetamine in
the NOR test. Reversal learning studies in our laboratory have shown that

administration of d-amphetamine to socially reared rats selectively impairs the
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performance of an operant reversal-learning task an effect which was subsequently
reversed by the administration of the D, receptor antagonist haloperidol. (Idris et al,
2005). Microdialysis studies have shown that acute administration of d-amphetamine
elevates dopamine levels in the mPFC (Pehek, 1999), thus inducing a
hyerdopaminergic state which may account for the recognition memory deficits

observed in the NOR test.
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CHAPTER 7 - Investigation of psychotomimetic-
induced deficits in another test of cognitive function
impaired in psychiatric disorders: Working memory

using the 16-holeboard maze
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7.1 Introduction

Working memory deficits are one of the most robust and measurable cognitive
deficits observed in schizophrenia patients and their relatives (Goldman-Rakic, 1994;
Barch, 2005, Lee & Park, 2005). Evidence for the role of the prefrontal cortex in
working memory comes from pre-clinical and clinical studies such as human
neuropsychological, brain lesion, functional brain imaging studies and lesion studies
in the primate (Perlstein et al, 2001). The role of the prefrontal cortex in
schizophrenia comes from studies that demonstrate poor performance of patients on
tasks that are sensitive to frontal lobe damage such as the WCST (van der Does &
van den Bosch, 1992) and delayed response tasks (Park & Holzman, 1992; Carter et
al, 1996). Furthermore, schizophrenia patients showed a physiological deficit in
activation of the right dorsolateral prefrontal cortex under task performance of the
“n-back” sequential letter working memory task when compared to healthy controls

(Perlstein et al, 2001).

Primarily the holeboard has previously been used to assess altered exploratory
activity and anxiety and not spatial learning and memory (Rogers et al, 1999;
Casarrubea et al, 2010). However, there have been a number of studies reported
using the holeboard maze for measuring experimental manipulations on learning and
memory in mice and rats (Oades and Isaacson, 1978; Kuc et al, 2006). A large
variety of measures can be assessed using the holeboard maze (see review by van der
Staay et al, 2012). The working memory measure has been calculated in a variety of
ways, for results shown in this thesis, working memory score is calculated as:

rewarded hole visits/ total hole visits (see chapter 2, section 2.1.8.4.2).
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Selected pharmacological agents and specific brain lesions have been shown to
disrupt learning and memory on the holeboard maze. Studies by Kuc and colleagues
(2006) established that the muscarinic antagonist scopolamine at 0.1 and 1.0 mg/kg
significantly increased the working memory score i.e. the mice performed worse

compared to controls.

The cone field test is a variant of the holeboard maze which instead of holes, has 16
cones upon which small cups hold the food rewards (van der Staay et al, 1990). A
study by Blokland et al (1998) demonstrated impairments in working memory
following treatment with d-amphetamine in the cone field test. Furthermore, deficits
in working memory were observed in the cone field test following treatment with
scopolamine, which were reversed by the acetylcholinesterase inhibitor metrifonate
(van der Staay & Bouger, 2005). In another study, a significant increase in the
number of working memory errors was observed following a repeated (once daily for
14-days) dosing regimen with the NMDA receptor antagonist MK801 in a modified

version of the holeboard maze (Rujescu et al, 2006).

It has been shown that deactivation of the medial prefrontal cortex with muscimol
selectively impairs working memory in a delayed alternation task in the rat (Yoon et
al, 2008). Additionally, lesions of the prelimbic and infralimbic but not the medial
prefrontal cortex region of the frontal cortex has been shown to induce profound
impairments in working memory in a delayed non-matching-to-sample test in the rat
(Kesner et al, 1996). Delayed discrimination tasks have also revealed to important
role for the prefrontal cortex. For example, lesions of the prefrontal cortex have been
shown to impair performance in a delayed alternation task (Joel et al, 1997; Sanchez-
Santed et al, 1997). The effect of prefrontal cortex lesions has not been assessed
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using the holeboard maze. However, lesions of the hippocampus, a brain region also
implicated in working memory and schizophrenia, resulted in increased working
memory errors in a 16-holeboard maze in the rat (Oades, 1981). Working memory
on the holeboard maze is not only impaired after direct lesions of the hippocampus,

but also lesions of the hippocampal afferents (van der Staay et al, 1989).

The aim of this study was to determine the effects of acute treatment with
psychotomimetic agents d-amph, PCP and the muscarinic antagonist scopolamine on
working memory score in the 16-holeboard maze. Furthermore, the cognitive effects
of the sub-chronic PCP dosing regimen were evaluated in this paradigm to detect

impairments in working memory score.

7.2 Materials and methods

7.2.1 Experimental Animals and Design

Studies used two cohorts (cohort 16 & 17) of adult (n=28; 200-245¢g) female hooded-
Lister rats (Harlan, UK), details are shown in tables 7.1 & 7.2. For housing
conditions see section 2.1.1 and for information regarding the drugs used in this

study see table 7.3, 7.4 and 2.2. For the sub-chronic PCP dosing regimen see section

2.1.3.
Experiment | Cohort | Total number of | Weight Compound tested
number number rats used range (g) and dose (mg/kg)
1 1 16 200-245 PCP 2.0
2 1 16 200-245 d-amph 0.75
3 1 16 200-245 Scopolamine 0.25

Table 7.1 Details of the rats used in the acute studies.
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Experiment | Cohort | Total number of Weight | Compound tested and
number number rats used range (9) dose (mg/kg)

4 2 12 210-245 Sub-chronic PCP 2.0

Table 7.2 Details of the rats used in the sub-chronic PCP studies.

7.2.2 Drugs

The individual experiments (1-3) were separated by 1 week, rats were tested three

times and the study took 3 weeks to complete.

In experiment 1, rats were randomly assigned to receive either an acute injection of
PCP (2.0 mg/kg, i.p.) or vehicle (0.9% saline, i.p.). In experiment 2, rats were
randomly assigned to receive either an acute injection of d-amph (0.75 mg/kg, i.p.)
or vehicle (0.9 % saline, i.p.) and in experiment 3, rats were again randomly assigned
to receive scopolamine (0.25 mg/kg, i.p.) or vehicle (0.9 % saline, i.p.). All
compounds were administered 30 min prior to testing on the 16-holeboard maze (see
table 2.2). The doses of PCP and d-amph used in this study were chosen based upon
previous studies whereby similar doses of PCP (1.5 mg/kg) and d-amph (0.75 mg/kg)
induced a psychotomimetic reversal learning deficit in rats (McLean et al, 2010).
The dose of scopolamine was chosen based on a study whereby scopolamine (0.2
mg/kg) impaired NOR in young (3-6 mths old), male Wistar rats (Vannucchi et al,

1997).
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Experiment Acute Dose Dose volume | Initial Number
number Treatment | (mg/kg) (ml/kg) number | of rats

of rats excluded

1 Vehicle 0 1 8 0

1 PCP 2.0 1 8 0

2 Vehicle 0 1 8 0

2 d-amph 0.75 1 8 0

3 Vehicle 0 1 8 0

3 Scopolamine 0.25 1 8 0

Table 7.3 The acute treatments and number of rats in each treatment group.

In experiment 4, a total of 12 rats were randomly assigned to receive either vehicle

(n=6; 0.9% saline twice a day, i.p.) or PCP (n=6; 2mg/kg twice a day, i.p.) in a

volume of 1 ml/kg for 7 days. Subsequently, animals were given a 7-day drug free

period prior to 16-holeboard maze testing. Training data is not shown for cohort 17

as it was almost identical to the training data generated from cohort 16.

Experiment Initial Number of

number Treatment Dose (mg/kg) number of rats
rats excluded

4 Veh 0 6 0

4 PCP 2.0 6 0

Table 7.4 The dose of sub-chronic PCP and number of rats in each treatment group.

7.2.3 16-Holeboard Maze apparatus

For details regarding the apparatus, see section 2.1.8.1.
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7.2.4 16-Holeboard Maze protocol

For details regarding the protocol, see section 2.1.8.3.

7.2.5 Statistical analysis

For details regarding the statistical analysis, see section 2.1.8.5.

7.3 Results

7.3.1 Effect of daily training sessions on WMS in the 16-holeboard maze

in female rats

A one-way ANOVA revealed that daily training sessions had a significant (Fs,
143=10.2, P<0.001) effect on the WMS in the 16-hole board maze. Planned post-hoc
comparisons showed a significant increase in WMS on days 3 (P<0.05), 4 (P<0.01)

and 5-9 (P<0.001) when compared to day 1 (figure 7.1).

7.3.2 Effect of daily training sessions on latency to complete the task in

the 16-holeboard maze in female rats

A one-way ANOVA revealed that daily training sessions had a significant (Fg
143=37.7, P<0.001) effect on latency to complete the task in the 16-holeboard maze.
Planned post-hoc comparisons showed a significant decrease in latency on days 4-9

(P<0.001) compared to day 1 (figure 7.2).
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Figure 7.1 The effect of daily training sessions on WMS in the 16-holeboard maze. Data are
expressed as the mean of 10 trials per day over 9-days + S.E.M.. (n=16). *P<0.05-

***P<(0.001; significant increase in WMS compared to day 1.
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Figure 7.2 The effect of daily training sessions on latency to complete the task (i.e. collect
all 4 food pellets) in the 16-holeboard maze. Data are expressed as the mean of 10 trials per
day over 9-days + S.E.M. (n=16). ***P<0.001; significant decrease in latency to complete

the task compared to day 1.
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7.3.3 Effect of acute PCP on WMS in the 16-holeboard maze in female

rats

A two-way ANOVA revealed that acute administration of PCP (2.0 mg/kg) to rats
produced an overall significant effect on WMS in the 16-holeboard maze (F1, 14=57.7,
P<0.001; figure 7.3). Further planned post-hoc Student’s t-test analysis revealed a
significant reduction in WMS in the PCP treated rats compared to vehicle controls in

trials 1 & 3 (P<0.001), 4 (P<0.05), 5 (P<0.01) and 6-9 (P<0.05).

7.3.4 Effect of acute PCP on latency to complete the task in the 16-hole

board maze in female rats

A two-way ANOVA revealed that acute administration of PCP (2.0 mg/kg) to rats
produced an overall significant effect on latency to complete the task in the 16-
holeboard maze (F114=9.7, P<0.01; figure 7.4). Further planned post-hoc Student’s t-
test analysis revealed a significant increase in latency to complete the task in the PCP
treated rats compared to vehicle controls in trials 1 (P<0.001), 4 (P<0.05) and 9

(P<0.05).
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Figure 7.3 The effect of acute treatment with PCP (2 mg/kg, i.p.) on WMS over 10 trials in
the 16-holeboard maze. Data are expressed as mean + S.E.M. (n=8). *P<0.05-P<0.001;

significant reduction in WMS compared to vehicle control.
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Figure 7.4 The effect of acute treatment with PCP (2 mg/kg, i.p.) on latency to complete the

task (i.e. collect all 4 food pellets) over the 10 trials on the 16-holeboard maze. Data are

expressed as mean + S.E.M. (n=8). *P<0.05-***P<0.001; significant increase in latency to

complete the task compared to vehicle control.
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7.3.5 Effect of acute d-amph on WMS in the 16-holeboard maze in female

rats

A two-way ANOVA revealed that acute administration of d-amph (0.75 mg/kg) to
rats produced an overall significant effect on WMS in the 16-holeboard maze (F,
14=20.1, P<0.01; figure 7.5). Further planned post-hoc Student’s t-test analysis
revealed a significant reduction in WMS in the d-amph treated rats compared to

vehicle control in trials 6-8 (P<0.05) and 10 (P<0.001).

7.3.6 Effect of acute d-amph on latency to complete the task in the 16-

holeboard maze in female rats

A two-way ANOVA revealed that acute administration of d-amph (0.75 mg/kg) to
rats produced an overall significant effect on latency to complete the task in the 16-
holeboard maze (r1.14=43.9, P<0.001; figure 7.6). Further planned post-hoc Student’s
t-test analysis revealed a significant increase in latency to complete the task in the d-
amph treated rats compared to vehicle controls in trials 1-3 and 5 (P<0.05), 6

(P<0.01), 8 (P<0.05), 9-10 (P<0.01).
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Figure 7.5 The effect of acute treatment with d-amph (0.75 mg/kg, i.p.) on WMS over 10

trials in the 16-holeboard maze. Data are expressed as mean + S.E.M. (n=8). *P<0.05-

P<0.001; significant reduction in WMS compared to vehicle control.
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Figure 7.6 The effect of acute treatment with d-amph (0.75 mg/kg, i.p.) on latency to

complete the task (i.e. collect all 4 food pellets) over the 10 trials on the 16-holeboard maze.

Data are expressed as mean = S.E.M. (n=8). *P<0.05-**P<0.01; significant increase in

latency to complete the task compared to vehicle control.
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7.3.7 Effect of acute scopolamine on WMS in the 16-holeboard maze in

female rats

A two-way ANOVA revealed that acute administration of scopolamine (0.25 mg/kg)
to rats produced an overall significant effect on WMS in the 16-holeboard maze (F;,
14=20.3, P<0.001; figure 7.7). Further planned post-hoc Student’s t-test analysis
revealed a significant reduction in WMS in the scopolamine treated rats compared to
vehicle control in trials 1 (P<0.05), 2-4 (P<0.01), 5 (P<0.001), 7 (P<0.01), 9 and 10

(P<0.05).

7.3.8 Effect of acute scopolamine on latency to complete the task in the

16-hole board maze in female rats

A two-way ANOVA revealed that acute administration of scopolamine (0.25 mg/kg)
to rats produced an overall significant effect on latency to complete the task in the
16-holeboard maze (r1.14=47.1, P<0.001; figure 7.8). Further planned post-hoc
Student’s t-test analysis revealed a significant increase in latency to complete the
task in the scopolamine treated rats compared to vehicle controls in trials 2 (P<0.01),

3 (P<0.05), 4 (P<0.01) 5 and 6 (P<0.05), 7 (P<0.01), and 9 (P<0.05).
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Figure 7.7 The effect of acute treatment with scopolamine (0.25 mg/kg, i.p.) on WMS over
10 trials in the 16-holeboard maze. Data are expressed as mean = S.E.M. (n=8). *P<0.05-

***p<(0.001; significant reduction in WMS compared to vehicle control.
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Figure 7.8 The effect of acute treatment with scopolamine (0.25 mg/kg, i.p.) on latency to
complete the task (i.e. collect all 4 food pellets) over the 10 trials on the 16-holeboard maze.
Data are expressed as mean = S.E.M. (n=8). *P<0.05-**P<0.01; significant increase in

latency compared to vehicle control.
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7.3.9 Effect of sub-chronic PCP-treatment on WMS in the 16-holeboard

maze in female rats

A two-way ANOVA revealed that sub-chronic PCP treatment produced an overall
significant effect on WMS in the 16-holeboard maze (F1,10=9.3, P<0.05; figure 7.9).
Further planned post-hoc Student’s t-test analysis revealed a significant reduction in
WMS in the sub-chronic PCP treated rats compared to vehicle controls in trials 1

(P<0.01), 6, 8 and 9 (P<0.05).

7.3.10 Effect of acute sub-chronic PCP-treatment on latency to complete

the task in the 16-hole board maze in female rats

A two-way ANOVA revealed that sub-chronic PCP treatment produced an overall
significant effect on latency to complete the task in the 16-holeboard maze (¢1.10=8.8,
P<0.05; figure 7.10). Further planned post-hoc Student’s t-test analysis revealed a
significant increase in latency to complete the task in the sub-chronic PCP treated

rats compared to vehicle controls in trials 1 (P<0.01), 4 (P<0.05) and 5 (P<0.01).
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Figure 7.9 The effect sub-chronic PCP treatment (2mg/kg i.p. twice daily for 7-days) on
WMS over 10 trials in the 16-holeboard maze. Data are expressed as mean £ S.E.M. (n=6).

*P<0.05-**P<0.01; significant reduction in WMS compared to vehicle control.
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Figure 7.10 The effect sub-chronic PCP treatment (2mg/kg i.p. twice a day for 7-days
followed by a 7-day drug free washout period) on latency to complete the task (i.e. collect
all 4 food pellets) over the 10 trials in the 16-holeboard maze. Data are expressed as mean +

S.E.M. (n=6). *P<0.05-**P<0.01; significant increase in latency compared to vehicle control.
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Number of trials showing Increase in latency to
Treatments a deficit in the WM S complete the task (time s)
Acute PCP 8/10 trials (*-***) 3/10 trials(*-***)
Acute d-amph 4/10 trials (*-***) 8/10 trials (*-***)
Acute scopolamine 8/10 trials (*-***) 7/10 trials (*-**)
Sub-chronic PCP 4/10 trials (*-**) 4/10 trials (*-**)

Table 7.5 Summary table showing the effect of acute treatment with PCP, d-amph,
scopolamine and sub-chronic PCP in female rats performance in the NOR test. *P<0.05-
***P<(0.001; significant deficit in WMS compared to vehicle control. *P<0.05-***P<0.001;

significant increase in the latencey to complete the task.

7.4 Discussion

7.4.1 16-Holeboard maze

Studies demonstrate that daily training sessions to find the food rewards on the 16-
holeboard maze increased the working memory score (WMS) compared to training
day 1, which demonstrates the ability of the rats to learn the location of the 4 food
rewards in the 16-holeboard maze and their ability to utilise their spatial working
memory to remember which food rewards had already been eaten and not to re-visit
these previously visited food rewarded holes. In addition, repeated daily training
sessions on the 16-holeboard maze was seen to reduce the latency to find and eat the
4 food pellets during the training sessions compared to training day 1, which again

provides further evidence of the ability of the rats to learn the test.
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7.4.2 Acute PCP, d-amphetamine, scopolamine

Acute treatment with PCP was shown to impair the WMS throughout the test (8/10
trials), demonstrating a powerful effect of acute PCP to produce a cognitive
impairment in the 16-holeboard maze. Latency to complete the task was generally
increased following acute treatment with PCP and reached significance at 3/10 trials.
This increase in latency is probably due to the rats making more errors and is a
secondary consequence of the increased WMS observed in the acute PCP treated rats.
It cannot be ignored that the reduction in latency to complete the task could be
explained by a direct decrease in locomotor activity. Nevertheless, this is unlikely
since acute PCP has been shown to increase locomotor activity in rats, usually at
higher doses than used in this study (Javitt et al, 1997). However, the dose of PCP
used in this study was selected based on the results in chapter 4 whereby, PCP at a
dose of 2 mg/kg induced object recognition deficits in the absence of an increase in
locomotor activity. The impairments in WMS following acute treatment with d-
amphetamine were observed in 4/10 trials. The pattern of WMS impairment in the d-
amphetamine treated rats differed from the overall general impairment observed in
the acute PCP treated rats, such that WMS impairments following acute
administration of d-amphetamine were only seen in the later trials (trials 6-8, 10).
However, the increase in latency to complete the task induced by acute d-
amphetamine treatment was observed in 8/10 trials, an effect that was evenly
distributed throughout the 10 trials. In contrast to the acute PCP treated rats, the
increase in latency to complete the task following acute d-amphetamine treatment is
likely to be affected by the locomotor stimulant effect; since the dose of 0.5 mg/kg

increased line crossings in the NOR test in chapter 4. Furthermore, it is widely
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accepted that d-amphetamine is a powerful enhancer of locomotor acivity (Antoniou

et al, 1998; Frey et al, 2006).

Administration of scopolamine induced deficits in WMS in 8/10 trials in the 16-
holeboard maze. The pattern of WMS impairment over the 10 trials was different to
those observed following acute treatment with PCP and d-amphetamine. The
increased latency to complete the task was observed somewhat uniformly throughout
the 10 trials of the 16-holeboard maze test and most likely is a result of the increased
number of errors producing a reduction in the WMS, which has a secondary effect
on latency to complete the task. Previous studies provide further support, showing
that scopolamine-induced increases in locomotor activity in mice on the COGITAT
hole-board system which is a modified automated version of the hole-board maze,
decreased attention and resulted in a higher number of non-baited hole inspections
(Post et al, 2011). Scopolamine induced memory deficits are related to reduced
cholinergic activity through blockade of muscarinic receptors and studies in the
clinic have shown that scopolamine induces working memory impairments in man
(Thomas et al, 2008) and rodent (see review by Klinkenburg & Blokland, 2010).
Scopolamine has been shown to increase locomotor activity at 0.56 mg/kg (Sipos et
al, 1999), somewhat higher than the dose tested in this study. Nevertheless, we
cannot rule out the possibility of non-specific locomotor effects of acute
scopolamine in the 16-holeboard maze. The reduction in the scopolamine induced
WMS observed in these studies is supported by numerous studies demonstrating
increases in working memory errors in the 8-arm radial maze following acute
treatment with scopolamine (Watts et al, 1981; Wang & Tang, 1998; Olsen & Cero,

2010).
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7.4.2 Sub-chronic PCP

Following treatment with sub-chronic PCP, WMS deficits were observed in 4/10
trials, latency to complete the task increased in 3/10 trials. Sub-chronic PCP
treatment did not affect the total number of line crossings in the NOR test. Therefore,
it is unlikely that the increase in latency to complete the trials following treatment
with sub-chronic PCP, in the hole board maze, is a direct locomotor effect of PCP
and more likely to be secondary effect of the decrease in WMS. The reduction in the
WMS induced by sub-chronic PCP is supported by Jentsch and Taylor (2001) who
have demonstrated that rats display impairments in spatial working memory in the T-
maze following sub-chronic PCP treatment. Furthermore, studies using a non-
delayed 4-arm baited radial maze have reported working memory impairments in

male Sprague-Dawley rats after 14 day treatment regimen of PCP (Noda et al, 2000).
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CHAPTER 8 - General Discussion
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8.1 General discussion

The work presented in this thesis investigates the NOR test as a potential paradigm
for studying recognition memory in the rat. Initial pilot studies were carried out to
provide validation initially this involved determination of innate preference for
various different objects and then the effect of altering the inter-trial-interval was
studied. Behavioural manipulations and psychotomimetic dosing regimens were
performed in an attempt to induce cognitive impairments of relevance to psychiatric
disorders, especially schizophrenia. Further studies aimed to attenuate the sub-
chronic PCP-induced recognition memory deficits with a series of carefully selected
pharmacological agents in an attempt to provide further understanding of the
pharmacological mechanisms involved in the sub-chronic PCP induced cognitive
deficit in the NOR test. Additional studies were carried out into the 16-holeboard
maze as a potential paradigm for studying working memory which is impaired in
many neurological and psychiatric disorders e.g. schizophrenia and Alzheimer’s
disease. A summary of all the results presented in this thesis from the individual
chapters are shown in tables 3.3, 3.9, 4.13, 4.14, 4.15, 4.16, 5.16, 6.16, 6.17, 6.18

and 7.5.

Hooded-Lister rats were selected for use in all the studies, since these animals have
been found to be superior when compared to other rat strains in a simple a simple T-
maze task (Deacon & Rawlings, 2006). Additionally, in our laboratory female
hooded-Lister rats have consistently been shown to learn quickly and perform
reliably in various cognitive tasks (see review by Neill et al, 2010). The preliminary
work in this thesis concentrated on the development of a suitable testing protocol for

the NOR paradigm.
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The importance of pilot studies prior to behavioural research work is paramount,
undertaking careful initial studies allow the parameters of a paradigm to be adjusted
and the observed animal behaviour fully understood. One of the main advantages of
conducting pilot studies is that they give advance warning about where the main
research project could fail, or whether proposed methods and measurement tools or

instruments are inappropriate or too complicated (Festing & Altman, 2004).

The main findings of this thesis are summarised below:

(1) In summary, the results of the object preference studies in chapter 3 highlight the
importance of undertaking preliminary pilot studies. It was vital to determine the
object preference of both sub-chronic PCP treated rats and not just controls since one
of the core feature of the thesis was to investigate the effect of sub-chronic PCP
treatment in the NOR test. The results demonstrated a preference for the wood cone
in both sub-chronic PCP and vehicle control treated rats, furthermore a significant
increase in total exploration time of the wood cone was observed in the sub-chronic
PCP treated rats when all the total exploration times were pooled from the series of
object preference experiments. If this preliminary study had not been carried out, the
entire data set where we used the wooden cone would have been fundamentally

flawed.

(2) It could be hypothesised that sub-chronic PCP-induced recognition memory
deficits observed after a short ITI such as 1 min in the NOR test may be attributed to
impaired attention processes. Impaired attention in the NOR test would manifest as a
decreased ability of the rats to encode information in the acquisition trial. However,
it is unlikely that sub-chronic PCP-induced deficits in NOR are solely attributed to a

lack of attention since the total exploration time in the acquisition and retention trials
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in the sub-chronic PCP-treated groups of rats are not lower compared to control

groups.

(3) A series of experiments was performed to determine if the recognition memory
deficits observed in the sub-chronic PCP treated rats following the short 1 min ITI
were as a result of disruption in the ability of the rats to encode the information
(identical objects) in the acquisition trial. Therefore, if rats were unable to encode the
information in the acquisition trial, any recognition deficits observed following sub-
chronic PCP treatment could not be attributed to memory impairment. Results
suggest that following a 0 or 1 min ITI, i.e. if rats remain in the NOR box whilst the
acquisition objects (two identical objects) were carefully exchanged for the retention
trial objects (familiar and novel objects), sub-chronic PCP treated rats were able to
discriminate between the novel and familiar object. These animals are therefore
successful in encoding the information presented in the acquisition trial. Furthermore,
it was discovered that the sub-chronic PCP-induced deficit in recognition memory in
the NOR test during the short ITIs (0 — 1 min) may be in part due to distraction. For
example, the sub-chronic PCP treated rats only demonstrated object recognition
deficits when they were either removed from the NOR test box by an experimenter

or remained in the NOR test box with a distracter object for the duration of the ITI.

These careful pilot studies are vital components to the overall infrastructure in

developing and validating a behavioural paradigm.

(4) Based on the pilot study results in chapter 3, acute treatment with PCP (0.5-5.0
mg/kg) and d-amph (0.1-2.5 mg/kg) were examined for their ability to induce
cognitive deficits in both male and female rats in the NOR test (chapter 4). Results

showed that that acute treatment with d-amph and PCP induces recognition deficits
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in the NOR test with lower sensitivity in male compared to female rats, clearly
signifying a gender difference in the PCP and d-amph-induced impairments in
cognition. Sub-chronic PCP treatment induces recognition deficits in both sexes of
rats, but more pronounced sub-chronic PCP-induced NOR deficits were observed in

female rats.

(5) The effect of isolation rearing on performance in the NOR test was examined in
chapter 6. The principal findings show that rats reared in social groups exhibit an
enhanced capacity to discriminate between novel and familiar objects at a longer ITI
in the NOR test than rats reared in isolation. Furthermore, rats reared in isolation
were less sensitive to the acute PCP-induced recognition memory deficits and more
sensitive to the acute d-amph-induced recognition memory deficits when compared

to social controls in the NOR test.

(6) The results from chapter 5 show that sub-chronic PCP-induced cognitive deficits
observed in the NOR test were successfully reversed by the atypical antipsychotic
agents clozapine and risperidone, the cognitive enhancing agents modafinil and
nicotine, the novel agents a7 NAChR agonist PNU-282987 and the a7 PAM PNU-
120986. Furthermore, the sub-chronic PCP-induced cognitive deficits in NOR were
not reversed by the classical antipsychotic agents haloperidol and fluphenazine, the

benzodiazepine anxiolytic agent CDP or the SSRI antidepressant agent fluoxetine.

(7) In chapter 7, the 16-holeboard maze was selected to examine the acute and sub-
chronic effects of PCP, acute treatment with d-amph or the muscarinic receptor
antagonist scopolamine. Results demonstrate that acute treatment with d-amph, PCP

and scopolamine induce robust reductions in working memory score in the holeboard
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maze. In addition, sub-chronic PCP treatment also produced reductions in working

memory score in this paradigm.

There has been a surge of interest in the NOR test by psychologists and
neuroscientists in the last decade. The NOR test is a very simple, non-rewarded 1-
trial test, requires little habituation, involves no training and experiments using this
paradigm can be completed rapidly (Silvers et al, 2007). The NOR test utilises the
rats’ innate preference for novelty and measures the rats' ability to recognise a novel
object within its environment. The unconditioned preference of rats and mice for the
novel object is an indication that an account of the familiar object exists in the
memory. The NOR test involves memory for a familiar object and detection and
processing of information about a novel object. The ITI-delay/pharmacological
dependent decrease in recognition memory results from a decay in memory of the
familiar object. The novel object needs to be detected and encoded whereas the
familiar object will need to be updated and reconsolidated after delay intervals or

other manipulations (Ennaceur, 2010).

There has been much discussion over the type of memory that is measured using the
NOR test (Ennaceur, 2010; Antunes & Biala, 2011) and it has been described as
measuring working memory (Ennaceur & Delacour, 1987), episodic memory
(Bertaina-Angalade et al, 2011), and novelty preference (Gaskin et al, 2003).
Episodic memory is described as the ability remember an event in time and place i.e.
what-where-when, however the 1-trial NOR test only measures what- (Le Cozannet
et al, 2010). Assessing the temporal aspect of an episode is very challenging. A
novelty preference test infers the rats may have a generic reaction of familiarity in
the absence of a specific recollection of the memory of the familiar object. It is now
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agreed that the NOR test is not a working memory test because the objects are
apparently not encoded for the explicit purpose to achieve an ongoing task (Ennaceur,

2010).

In all experiments (chapter 1-6) using sub-chronic PCP treated rats, a robust
recognition memory deficit in the retention trial was observed in the NOR test. Non-
specific effects in the acquisition trial, line-crossings and total object exploration
time were not observed following treatment with sub-chronic PCP in the NOR test.
On the contrary, non-specific effects were observed following acute treatment with
PCP and d-amph in the NOR test. Furthermore, results in chapter 4 demonstrate that
male rats were insensitive to the acute PCP induced NOR deficits observed in female
rats. However, male rats demonstrated sensitivity to the sub-chronic PCP induced
NOR deficits. Both male and female rats demonstrated NOR deficits following acute
treatment with d-amph, however, lower doses of d-amph induced NOR deficits in the
female rats. These results provide evidence that sub-chronic PCP dosing regimen is
superior to acute PCP treatment in producing NOR deficits in both sexes of rats. The
possible reasons for the sex differences in the effects of PCP and d-amph are
discussed in chapter 4. Since schizophrenia is generally shown to be more prevalent
in males compared to female patients (Nicole et al, 1992), the sub-chronic PCP
treatment regimen demonstrates better face validity compared to acute PCP
treatment. Overall this suggests that the NOR test is a sensitive paradigm with ability
to assess the sub-chronic PCP induced recognition memory deficits. The sub-chronic
PCP-induced recognition deficits measured by the NOR test provide good face

validity for the cognitive deficits associated with schizophrenia on the basis that
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schizophrenia patients demonstrate impairments in a 2D-visual object recognition

task (Tek et al, 2002).

In an attempt to provide further validation of and to explore the reliability of the
NOR test to detect cognitive deficits associated with schizophrenia, it was important
to assess object recognition memory in isolation reared rats; another model with
translational relevance to some of the core symptoms of schizophrenia. Results are
consistent with previous studies (Bianchi et al, 2006) demonstrating that isolation
rearing of rats from weaning produced ITI dependent deficits in NOR when
compared to social controls i.e. isolation reared rats could discriminate between
novel and familiar objects up to ITIs of 3.5 h compared to 5 h in the social controls.
The NOR deficits induced by isolation rearing were not comparable to the sub-
chronic PCP-induced recognition deficits following a much shorter ITI of 1 min. A
study by Jones et al (1990) may help to explain these differences; isolation reared
rats were less susceptible to disruptions such as reduction in stimulus lights or the
introduction of distracting stimulus during the acquisition of a conditional visual
discrimination task. Therefore, the lack of NOR deficit observed in the isolation
reared rats following a 1 min ITI could be explained by the resistance to distraction
during the ITI; an opposite effect is observed following sub-chronic PCP treatment.
Additionally, it may be suggested that sub-chronic PCP may induce greater
neurophysiological disruptions compared to isolation rearing in rats and therefore

demonstrate more powerful object recognition deficits in the NOR test.

An essential feature of an animal model of a human disease is the predictive validity.
The predictive validity of any cognitive test will be limited by the quality of the
rodent model and the degree to which they reproduce the biological basis of the
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cognitive impairments associated with the disease state being modelled. Therefore,
if the NOR test is to be classed as an important screening paradigm then it is
imperative that the NOR test can detect compounds that demonstrate efficacy in the
clinic and not generate false positives by detecting compounds that would not show
efficacy in the clinic. Many genetic, pharmacological and environmental
manipulations, thought to model aspects of cognitive dysfunction associated with
schizophrenia have demonstrated impairments in the NOR test. Importantly, a
number of pharmacological agents of relevance to therapy of schizophrenia have

been shown the restore the cognitive deficits (see review by Lyon et al, 2011).

In chapter 5, a selection of agents with diverse pharmacology and mechanisms of
action were selected to elucidate the potential of the sub-chronic PCP-induced
cognitive deficit measured in the NOR test as a useful preclinical model for detection
of novel pro-cognitive agents for the treatment of cognitive impairments in
schizophrenia. Results in chapter 5 reveal that atypical agent’s clozapine and
risperidone but not the classical antipsychotic agent’s haloperidol and fluphenazine
were effective in reversing the sub-chronic PCP-induced impairment. These data are
consistent with some studies in the clinic (Keefe et al, 2007). Unfortunately, the
CATIE study which compared four atypical antipsychotics to the classical agent
perphenazine in over 1400 schizophrenia patients revealed that, although all drugs
improved cognition minimally, no difference between atypicals and classical
antipsychotics with respect to cognition was observed. The wake promoting agent
modafinil licensed to treat the symptoms of narcolepsy has demonstrated some
positive results in enhancing performance in several domains of cognition but can

also exacerbate the positive symptoms in some schizophrenia patients (see review by
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Morein-Zamir et al, 2007). Results presented in this thesis demonstrate that
modafinil was effective at restoring the sub-chronic PCP-induced cognitive deficit in
the NOR test which provides support for the clinical data and the predictive validity
for the combination of the NOR test and sub-chronic PCP treatment regimen.
Furthermore, additional predictive validity was demonstrated when the SSRI
fluoxetine, licensed to treat depression and the anxiolytic, benzodiazepine
chlordiazepoxide were ineffective in ameliorating the NOR deficits induced by sub-
chronic PCP. Negative controls were used to confirm that the sub-chronic PCP
treatment regimen in combination with the NOR test is not detecting any unrelated
effects and therefore minimises the risk of detecting false positives in the future. The
results in this thesis outline the importance of assessing the effects of negative

controls when validating animal models of human disease.

The a7-nAChR receptor has been selected as a most important target for drug
development by the MATRICS Iinitiative (Decker et al, 2008). In clinical trials,
nicotine and the selective a7-nicotinic receptor agonists have produced the most
convincing improvements cognition in schizophrenia patients (see review by Lyons
et al, 2011). Furthermore, adjunct treatment with galantamine a positive allosteric
modulator of the a7-nicotinic receptor and AChE inhibitor have been shown to
improve the negative and cognitive symptoms of schizophrenia (Schilstrom et al,
2007), although few studies measured visual memory. Unfortunately, despite these
initial positive findings, subsequent results with galantamine have been mixed (Gray
& Roth, 2007). PNU-120596, a selective positive allosteric modulator of the a7-
nicotinic receptor has demonstrated efficacy to improve sub-chronic PCP-induced

cognitive deficits in attentional set-shifting; an animal model selected by the TURNS
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initiative as a test that can be used to determine the problem solving deficits
described in the MATRICS cognitive battery (McLean et al, 2011). Results from
data presented in this thesis show that both activation and modulation of the a7-
nicotinic receptor by PNU-282987 and PNU-120596 improve the sub-chronic PCP-
induced deficit in NOR. These data are supported by the recent phase 2b clinical
trials, whereby the a7-nicotinic receptor agonist; EVP-6124 demonstrated efficacy to
improve cognition in schizophrenia patients (Watertown, 2011). This demonstrates
that alleviation of the sub-chronic PCP-induced NOR deficit in rats may have some
useful predictive validity for detecting novel targets with efficacy for cognition in

schizophrenia.

Overall, it can be seen that some improvements in cognition have been reported in
clinical trials using compounds that can also improve the recognition memory
deficits in the NOR test observed following sub-chronic PCP treatment. The clinical
improvements in cognition observed in schizophrenia patients following treatment
with the same compounds that were efficacious to improve the sub-chronic PCP-
induced recognition deficits presented in this thesis are generally smaller.
Unfortunately, the full reversal of the sub-chronic PCP-induced recognition memory
deficits observed in the NOR test by acute treatment with some pharmacological
agents, is not mirrored in the clinic. It is currently believed that exposure to a
combination of risk genes and environmental factors early in life can, in the future,
lead to the development of schizophrenia. It is therefore unlikely that
pharmacological animal models, especially in the rat which are neurobiologically

different from humans, can be expected to fully recapitulate all of the salient features

288



of a human mental illness and have perfect correspondence with respect to individual

behavioral symptoms (Nestler & Hyman, 2010).

Working memory dysfunction has emerged as the core cognitive domain of
schizophrenia and other disorders. The preliminary results from this thesis suggest
that the 16-holeboard maze may be a useful tool in measuring working memory
deficits associated with schizophrenia. The working memory aspect of this food
rewarded paradigm holds information that is only relevant within a specific trial,
such as a list of locations that have already been visited. To obtain a high working
memory score in the 16-holeboard maze the rats must process the temporal context
associated with an event i.e. “what happened and when did it happen” and remember
which holes have already been visited in attempt to negotiate the spatial working
memory aspect of this test. Acute administration of scopolamine, PCP, d-amph and
sub-chronic PCP treatment resulted in the rats forgetting which food rewarded holes
they had already visited, therefore, rats returned to empty, previously visited food-
baited holes. These impairments were expressed as reductions in working memory
scores compared to controls. These initial studies may imply face validity of the 16-
holeboard maze to detect the working memory impairments observed in

schizophrenia.

8.2 Limitation of the NOR test

The moderately low exploration times sometimes observed can reduce the value of
the data obtained in the NOR test which may impact on drug effects in the retention
trial. It has been suggested that using a low level of food deprivation may increase

the amount of exploration during the test (see review by Lyon et al, 2011).
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However, making these changes to the testing protocol will invariably introduce new
problems. Food deprivation is a mild stressor and has been indicated to exert various
effects on brain neurotransmitters and increase the levels of the dopamine metabolite
3, 4-dihydroxyphenylacetic acid in the mPFC (Carlson et al, 1987). Furthermore,
behaviours and exploration levels of rats in the NOR test can be variable; this is
because the test relies on the spontaneous behaviour of the rats to explore the novel

and familiar objects.

In the pharmacology section (chapter 5), careful single dose selections were made
based on previous studies in our laboratory and the available literature. However,
single dose pharmacology is not ideal and is a limitation of the test. If animal
numbers had allowed, it would have been preferable to test full dose ranges of all

compounds.
8.3 Future studies using the NOR test

Detailed in-vivo microdialysis studies would allow a better understanding of the
neurotransmitter alterations following sub-chronic PCP treatment during the NOR
test. Furthermore, the examination of neurotransmitter levels in rats during the
restoration of sub-chronic PCP induced recognition memory deficits by various
pharmacological agents would provide valuable information on the mechanism of

action of the potential pro-cognitive agents.

Since the effects of pro-cognitive compounds provide complete restoration of sub-
chronic PCP-induced recognition memory deficits, it would be very useful to
develop a recognition memory deficit in the NOR test that was more difficult to

reverse. This could be achieved by combining two separate procedures that are
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known to induce cognitive deficits of relevance to schizophrenia; sub-chronic PCP

treatment and prefrontal cortex lesions (Schwabe et al, 2006).
8.4 Limitations of the 16-holeboard maze

The somewhat small differences in working memory scores between control and
drug—induced reductions in working memory scores means the available window of
improvement is narrow. This is a limitation of the test and would need addressing if
pharmacological reversals of impairments were to be detected and measured i.e. if
the test was to be used routinely to detect novel cognitive enhancers. The number
and pattern of baited holes could be increased in attempt to make the test more
difficult and thus induce more errors. However, this would probably increase the

training time to attain a high WMS baseline.
8.5 Future studies using the 16-holeboard maze.

Further pilot and validation studies are necessary to provide evidence for the
predictive validity of the 16-holeboard maze. As in the NOR experiments presented
in this thesis, pharmacological agents that have demonstrated positive effects on
working memory in schizophrenia patients would need to be assessed to provide the

necessary evidence to determine the predictive validity of the test.

Learning of the 16-holeboard test has been shown to be dependent on the
hippocampus, hippocampal afferents and VTA (Oades et al, 1981, 1982), however,
specific brain lesion studies would be important to determine which region is
involved in the sub-chronic PCP-induced working memory deficits following the

training period of the test.

291



8.6 Conclusions

Results from the data presented in this thesis demonstrate the importance of carrying
out preliminary validation studies and shows the processes that contribute towards
increasing the validity of animal tests of cognition. The initial analysis of
behavioural parameters revealed that there was an object preference with the wooden
block being preferred, explored more than any other object. Clearly if we had not
carried out this preliminary experiment, and used this object, some of our data would
have been biased. Initial studies also showed that sub-chronic PCP treated rats
successfully encoded object information in the acquisition trial and that males were
less sensitive to the impairments in recognition memory induced by acute d-
amphetamine, acute PCP and most importantly for these studies, by the sub-chronic
PCP treatment regimen compared with females. The data suggest that the sub-
chronic PCP dosing regime in female rats is superior in mimicking the cognitive
deficits observed in schizophrenia, compared to acute treatments with d-
amphetamine and PCP. Further validation demonstrated the ability of the NOR test
to detect isolation rearing induced-recognition memory deficits, which is another

model of relevance to schizophrenia symptomatology.

Pharmacological studies using both positive and negative controls are vitally
important when validating an animal model. Results demonstrated that sub-chronic
PCP in combination with the NOR test induces recognition memory deficits that are
highly robust, reproducible with ability to detect compounds that show some clinical
efficacy to improve cognition in schizophrenia patients and importantly does not

detect agents that do not have efficacy to improve cognition. These results suggest
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that the sub-chronic PCP deficits in the NOR test has the potential to predict the

clinical response to potential novel pro-cognitive enhancers.

It is essential when detecting the efficacy of potential cognitive enhancers that
differential domains of cognitive impairments related to schizophrenia can be
measured, NOR only measures visual recognition memory. With further validation,
the 16-holeboard maze may provide a useful tool to assess the working memory

deficits associated with schizophrenia.

In summary, the sub-chronic PCP dosing regimen in female Hooded-Lister rats can
mimic certain cognitive deficits of schizophrenia. When used in combination with
the NOR test and the 16-holeboard maze, this provides a relatively valid animal
model of recognition and working memory. Further studies are clearly required to
refine the PCP model and to explore further behavioural tests of cognition in order to

encompass all the domains affected in this and other disorders.

293



CHAPTER 9 - References

294



Abdul-Monim Z, Neill JC, Reynolds GP (2007) Sub-chronic psychotomimetic
phencyclidine induces deficits in reversal learning and alterations in parvalbumin-
immunoreactive expression in the rat J Psychopharmacol 21(2):198-205.

Abdul-Monim Z, Reynolds GP, Neill JC (2003) The atypical antipsychotic
ziprasidone, but not haloperidol, improves phencyclidine-induced cognitive deficits
in a reversal learning task in the rat. J Psychopharmacol 17(1):57-65.

Abdul-Monim Z, Reynolds GP, Neill JC (2006) The effect of atypical and classical
antipsychotics on sub-chronic PCP-induced cognitive deficits in a reversal-learning
paradigm. Behav Brain Res 169:263-273.

Adams B, Moghaddam B (1998) Corticolimbic dopamine neurotransmission is
temporally dissociated from the cognitive and locomotor effects of phencyclidine. J
Neurosci 18(14):5545-54.

Agid O, Kohn Y, Lerer B (2000) Environmental stress and psychiatric illness.
Biomed Pharmacother 54(3):135-141.

Aleman A, Kahn RS, Selten JP (2003) Sex differences in the risk of schizophrenia:
evidence from meta-analysis. Arch Gen Psychiat 60(6):565-571.

Amitai N, Markou A (2008) Chronic Nicotine Improves Cognitive Performance in a
Test of Attention but Does Not Attenuate Cognitive Disruption Induced by Repeated
Phencyclidine Administration. Psychopharmacology (Berl) 202(1-3):275-286.

Andreasen NC, O'Leary DS, Flaum M, Nopoulos P, Watkins GL, Boles Ponto LL,
Hichwa RD (1997) Hypofrontality in schizophrenia: distributed dysfunctional
circuits in neuroleptic-naive patients. Lancet 14;349 (9067):1730-4.

Angini M, Leslie JC, Shephard RA (1998) Effects of Propranolol, Buspirone,
pCPA,Reserpine, and Chlordiazepoxide on Open-Field Behavior. Pharmacol
Biochem Behav 59(2):387-397.

Angrini M, Leslie JC, Shephard RA (1998) Pharmacol Biochem & Behav 59(2):387-
397.

Angrist B, Kammen DPV (1984) CNS stimulants as tools in the study of
schizophrenia. Trends in Neursci 7(10):388-390.

Anis NA, Berry SC, Burton NR, Lodge D (1983) The dissociative anaesthetics,
ketamine and phencyclidine, selectively reduce excitation of central mammalian
neurons by N-methylaspartate. Br J Pharmacol 79:565-575.

295



Anticevic A, Repovs G, Corlett PR, Barch DM (2011) Negative and nonemotional
interference with visual working memory in schizophrenia. Biol Psychiatry
15:70(12):1159-1168.

Antoniou K, Kafetzopoulos E, Papadopoulou-Daifoti Z, Hyphantis T, Marselos M
(1998) D-amphetamine, cocaine and caffeine: a comparative study of acute effects
on locomotor activity and behavioural patterns in rats. Neurosci Biobehav Rev
23(2):189-196.

Antunes M, Biala G (2011) The novel object recognition memory: neurobiology, test
procedure, and its modifications. Cogn Process. PMID: 22160349.

Aspergis-Schoute J, Pinto A, Paré D(2006) Ultrastructural organisation of medial
prefrontal inputs to the rhinal cortices. Eur J Neurosci 24(1):135-144.

Ardila A, Pineda D, Rosselli M (2000) Correlation between intelligence test scores
and executive function measures. Arc Clin Neuropsych 15(1):31-36.

Arevalo MJM, Ordo CA, Preieto VRJ (1994) Cannabis consumption as a prognostic
factor in schizophrenia. The British Journal of Psychiatry164:679-681.

Artaloytia JF, Arango C, Lahti A, Sanz J, Pascual A, Cubero P, Prieto D, Palomo T
(2006) Negative signs and symptoms secondary to antipsychotics: a double-blind,
randomized trial of a single dose of placebo, haloperidol, and risperidone in healthy
volunteers. Am J Psychiatry 163(3):488-93.

Artigas F, Adell A, Celada P, Bel N (1992) The Raphe nuclei as a preferential target
for antidepressant drugs acting on the 5-HT system: in vivo microdialysis studies in
freely-moving rats. Eur Neuropsychopharmacology 2(3):276-277.

Austin J (2005) Schizophrenia: an update and review. J Genet Couns 14(5):329-340.

Baandrup L, Fagerlund B, Jennum P, Lublin H, Hansen LJ, Winkel P, Gluud C,
Oranje B, Glenthoj YB (2011) Prolonged-release melatonin versus placebo for
benzodiazepine discontinuation in patients with schizophrenia: a randomized clinical
trial — the SMART trial protocol BMC Psych 11:160.

Baddeley AD, Hitch GJ (1974) Working memory. Recent advances in learning and
motivation 8:47-90. New York: Academic Press.

Bakshi VP, Geyer MA (1999) Ontogeny of isolation rearing-induced deficits in
sensorimotor gating in rats. Physiol Behav 67(3):385-92.

296


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Anticevic%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Repovs%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Corlett%20PR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barch%20DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/21861986
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Antoniou%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kafetzopoulos%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Papadopoulou-Daifoti%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hyphantis%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marselos%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9884112
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Antunes%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Biala%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Apergis-Schoute%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pinto%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Par%C3%A9%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/16800862
http://www.ncbi.nlm.nih.gov/pubmed/16513871
http://www.ncbi.nlm.nih.gov/pubmed/16513871
http://www.ncbi.nlm.nih.gov/pubmed/16513871
http://www.sciencedirect.com/science/journal/0924977X

Balaraman R, Gandhi H (2010) Asenapine, a new sublingual atypical antipsychotic.
J Pharmacol Pharmacother 1(1):60-1.

Balla A, Sershen H, Serra M, Koneru R, Javitt CD (2003) Subchronic Continuous
Phencyclidine Administration Potentiates Amphetamine-Induced Frontal Cortex
Dopamine Release. Neuropsychopharmacology 28:34-44.

Bangs SJ, Petti TA, Janus MD (1994) Fluoxetine-induced memory impairment in an
adolescent. J Am Acad Child Adolesc Psych 33:1303-1306.

Barak S, Weiner | (2011) Putative cognitive enhancers in preclinical models related
to schizophrenia: the search for an elusive target. Pharmacol Biochem Behav
99(2):164-89.

Barch DM (2005) The cognitive neuroscience of schizophrenia. Annu Rev Clin
Psychol 1:321-353.

Bardo MT, Hammer RP (1991) Autoradiographic localization of dopamine D1 and
D, receptors in rat nucleus accumbens: resistance to differential rearing conditions.
Neuroscience 45(2):281-90.

Barense MD, Fox MT, Baxter MG (2002) Aged rats are impaired on an attentional
set-shifting task sensitive to medial frontal cortex damage in young rats. Learn Mem.
9(4):191-201.

Barnes SA, Young JW, Neill JC (2012) Rats tested after a washout period from sub-
chronic PCP administration exhibited impaired performance in the 5-Choice
Continuous Performance Test (5C-CPT) when the attentional load was increased.
Neuropharmacology 62(3):1432-41.

Bayer SA, Altman J, Russo RJ, Zhang X (1993) Timetables of neurogenesis in the
human brain based on experimentally determined patterns in the rat.
Neurotoxicology 14:83-144.

Beasley CL, Reynolds GP (1997) Parvalbumin-immunoreactive neurons are reduced
in the prefrontal cortex of schizophrenics. Schizophr Res 24(3):349-355.

Beatty WW, Bierley RA, Boyd J (1984) Amphetamine disrupts both working and
reference memories of rats trained in a radial maze, Behav. Neural Biol 42:169-176.

Becker BJ, Ramirez DV (1981) Sex differences in the amphetamine stimulated
release of catecholamines from rat striatal tissue in vitro. Brain Research 204(2):361-
372.

297


http://www.ncbi.nlm.nih.gov/pubmed/21808592
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barak%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weiner%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barch%20DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Annu.%20Rev.%20Clin.%20Psychol.%201%2C%20321%E2%80%93353.
http://www.ncbi.nlm.nih.gov/pubmed?term=Annu.%20Rev.%20Clin.%20Psychol.%201%2C%20321%E2%80%93353.
http://www.ncbi.nlm.nih.gov/pubmed/1762680
http://www.ncbi.nlm.nih.gov/pubmed/1762680
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barense%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fox%20MT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baxter%20MG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=barense%20and%20aging
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beasley%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reynolds%20GP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Parvalbumin-immunoreactive%20neurons%20are%20reduced%20in%20the%20prefrontal%20cortex%20of%20schizophrenics
http://www.sciencedirect.com/science/journal/00068993
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0006899300X0707X&_cid=271080&_pubType=JL&view=c&_auth=y&_acct=C000010080&_version=1&_urlVersion=0&_userid=122861&md5=04aa3d1bb942e8277b7e0e0dc52ee5cd

Bel N, Artigas F (1992) Fluvoxamine preferentially increases extracellular 5-
hydroxytryptamine in the raphe nuclei: an in vivo microdialysis study. Eur J
Pharmacol 229(1):101-103.

Bel N, Artigas F (1999) Modulation of the Extracellular 5-Hydroxytryptamine Brain
Concentrations by the Serotonin and Noradrenaline Reuptake Inhibitor, Milnacipran:
Microdialysis Studies in Rats. Neuropsychopharmacology 21(6):745-754.

Benes FM, Berretta S (2001) GABAergic interneurons: implications for
understanding schizophrenia and bipolar disorder. Neuropsychopharmacology
25(1):1-27.

Benes FM, Vincent SL, Alsterberg G, Bird ED, SanGiovanni JP (1992) Increased
GABAA receptor binding in superficial layers of cingulate cortex in schizophrenics J
Neurosci 12(3):924-9.

Beracochea D, Celerier A, Peres M, Pierard C (2003) Enhancement of learning
processes following an acute modafinil injection in mice. Pharmacol Biochem Behav
76(3-4):473-479.

Berlyne DE (1950) Novelty and curiosity as determinants of exploratory behaviour.
British J Psychology 41:68-80.

Bertaina-Anglade V, Enjuanes E, Morillon D, Drieu la Rochelle C (2006) The object
recognition task in rats and mice: A simple and rapid model in safety pharmacology

to detect amnesic properties of a new chemical entity. J Pharmacol Toxicol Methods
54:99-105.

Bertaina-Anglade V, Drieu-La-Rochelle C, Mocaér E, Seguin L (2011) Memory
facilitating effects of agomelatine in the novel object recognition memory paradigm
in the rat. Pharmacol Biochem Behav 98(4):511-517.

Bhagwagar Z, Hinz R, Taylor M, Fancy S, Cowen P, Grasby P (2006) Increased 5-
HT2A receptor binding in euthymic, medication-free patients recovered from
depression: a positron emission study with [L1C]MDL 100,907. Am J Psychiat
163(9) 1580-1587.

Bianchi M, Fone KC, Azmi N, Heidbreder A, Hagan JJ, Marsden CA (2006)

Isolation rearing induces recognition memory deficits accompanied by cytoskeletal
alterations in rat hippocampus. Eur J of Neurosci 24:2894-2902.

298


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bel%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Artigas%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Fluvoxamine%20preferentially%20increases%20extracellular%205-hy...
http://www.ncbi.nlm.nih.gov/pubmed?term=Fluvoxamine%20preferentially%20increases%20extracellular%205-hy...
http://www.sciencedirect.com/science/journal/0893133X
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0893133X00X00255&_cid=272796&_pubType=JL&view=c&_auth=y&_acct=C000010080&_version=1&_urlVersion=0&_userid=122861&md5=4a834a46c906d8374326fa159fc5a892
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Benes%20FM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berretta%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=GABAergic%20interneurons%3A%20implications%20for%20understanding%20schizophrenia%20and%20bipolar%20disorder.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bertaina-Anglade%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Drieu-La-Rochelle%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moca%C3%ABr%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Seguin%20L%22%5BAuthor%5D

Bickerdike MJ, Wright IK, Marsden CA (1993) Social isolation attenuates rat
forebrain 5-HT release induced by KCI stimulation and exposure to a novel
environment. Behav Pharmacol 4(3):231-236.

Birrell JM, Brown VJ (2000) Medial Frontal Cortex Mediates Perceptual Attentional
Set Shifting in the Rat. J of Neurosc 20(11):4320-4324.

Blokland A, Honig W, Prickaerts J (1998) Effects of haloperidol and d-amphetamine
on working and reference memory performance in a spatial cone field task. Behav
Pharmacol. 9(5-6):429-436.

Bondareff W (2007) Brain and Central Nervous System. Encyclopedia of
Gerontology (Second Edition) pg 187-90.

Bovill JG, Coppell L, Dundee JW, Moore J (1971) Current status of ketamine
anaesthesia. Lancet 297:1285.

Bowie RC, Harvey DP (2006) Cognitive deficits and functional outcome in
schizophrenia. Neuropsychiatr Dis Treat 2(4):531-536.

Bowling SL, Bardo MT (1994) Locomotor and rewarding effects of amphetamine in
enriched, social, and isolation reared rats. Pharmacol Biochem Behav 48:459-464.

Bozikas VP, Kosmidis MH, Peltekis A, Giannakou M, Nimatoudis I, Karavatos A,
Fokas K, Garyfallos G (2010) Sex differences in neuropsychological functioning
among schizophrenia patients. Aust N Z J Psychiat 44(4):333-341.

Brandon NJ, Millar JK, Korth C, Sive H, Singh KK, Sawa A (2009) Understanding
the role of DISC1 in psychiatric disease and during normal development. J Neurosci
29(41):12768-12775.

Breese CR, Lee MJ, Adams CE, Sullivan B, Logel J, Gillen KM, Marks MJ, Collins
AC, Leonard S (2000) Abnormal Regulation of High Affinity Nicotinic Receptors in
Subjects with Schizophrenia. Neuropsychopharmacology 23(4):351-364.

Broberg VB, Dias R, Glenthoj YB, Olsen KC (2008) Evaluation of a
neurodevelopmental model of schizophrenia—Early postnatal PCP treatment in
attentional set-shifting. Behav Br Res190(1):160-163.

Brooks WJ, Weeks AC, Leboutillier JC, Petit TL (1997) Altered NMDA sensitivity
and learning following chronic developmental NMDA antagonism. Physiol Behav

62(5):955-62.

299


http://www.ncbi.nlm.nih.gov/pubmed/11224190
http://www.ncbi.nlm.nih.gov/pubmed/11224190
http://www.ncbi.nlm.nih.gov/pubmed/11224190
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Blokland%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Honig%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Prickaerts%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9832928
http://www.ncbi.nlm.nih.gov/pubmed/9832928
http://www.sciencedirect.com/science/referenceworks/9780123708700
http://www.sciencedirect.com/science/referenceworks/9780123708700
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bozikas%20VP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kosmidis%20MH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Peltekis%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Giannakou%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nimatoudis%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Karavatos%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fokas%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Garyfallos%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20050721
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brandon%20NJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Millar%20JK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Korth%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sive%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Singh%20KK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sawa%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Understanding%5BTitle%5D%20AND%20Role%5BTitle%5D%20AND%20DISC1%5BTitle%5D%20AND%20Psychiatric%5BTitle%5D%20AND%20Disease%5BTitle%5D%20AND%20Normal%5BTitle%5D%20AND%20Development%5BTitle%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Understanding%5BTitle%5D%20AND%20Role%5BTitle%5D%20AND%20DISC1%5BTitle%5D%20AND%20Psychiatric%5BTitle%5D%20AND%20Disease%5BTitle%5D%20AND%20Normal%5BTitle%5D%20AND%20Development%5BTitle%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Breese%20CR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Adams%20CE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sullivan%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Logel%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gillen%20KM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marks%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Collins%20AC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Collins%20AC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leonard%20S%22%5BAuthor%5D
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0166432808X00075&_cid=271031&_pubType=JL&view=c&_auth=y&_acct=C000010080&_version=1&_urlVersion=0&_userid=122861&md5=ccade235e0197f6ee5938a2fe840106f
http://www.ncbi.nlm.nih.gov/pubmed/9333187
http://www.ncbi.nlm.nih.gov/pubmed/9333187

Broome RM, Woolley BJ, Tabraham P, Johns CL, Bramon E, Murray KG, Pariante
C, McGuire KP, Murray MR (2005) What causes onset of psychosis? Schizophr Res
79(1):23-34.

Brown AS, Begg MD, Gravenstein S, Schaefer CA, Wyatt RJ, Bresnahan M,
Babulas VP, Susser ES (2004) Serologic evidence of prenatal influenza in the
etiology of schizophrenia. Arch Gen Psychiatry 61(8):774-80.

Brown AS, Cohen P, Harkavy-Friedman J, Babulas V, Malaspina D, Gorman JM,
Susser ES (2001) AE Bennett Research Award Prenatal rubella, premorbid
abnormalities and adult schizophrenia. Biol Psychiatry 49(6):473-486.

Bruins Slot LA, Kleven MS, Newman-Tancredi A (2005) Effects of novel
antipsychotics with mixed D(2) antagonist/5-HT(1A) agonist properties on PCP-
induced social interaction deficits in the rat. Neuropharmacology 49(7):996-1006.

Buccafusco JJ, Terry AV Jr (2009) A reversible model of the cognitive impairment
associated with schizophrenia in monkeys: potential therapeutic effects of two
nicotinic acetylcholine receptor agonists. Biochem Pharmacol 1:78(7):852-62.

Buchanan RW, Carpenter WT (2005) Concept of schizophrenia. In: SadockBJ,
SadockVA, editors. Kaplan & Sadock's Comprehensive Textbook of Psychiatry.
Philadephia, Pa, USA; London, UK: Lippincott Williams & Wilkins. 1329.

Burns LH, Everitt BJ, Kelley AE, Robbins TW (1994) Glutamate-dopamine
interactions in the ventral striatum: role in locomotor activity and responding with
conditioned reinforcement. Psychopharmacology 115:516-528.

Busatto G, Kerwin R (1997) Perspectives on the role of serotonergic mechanisms in
the pharmacology of schizophrenia. J Psychopharmacol 11(1):3-12.

Byrne M, Hodges A, Grant E, Owens DC, Johnstone EC (1999) Neuropsychological
assessment of young people at high genetic risk for developing schizophrenia
compared with controls: preliminary findings of the Edinburgh High Risk Study
(EHRS). Psychol Med 29(5):1161-73.

Calkins ME, Gur RC, Ragland D, Gur RE (2005) Face recognition memory deficits
and visual object memory performance in patients with schizophrenia and their
relatives. Am J Psychiat 162:1963-1966.

Cannon TD, Van Erp TG, Rosso IM (2002) Fetal hypoxia and structural brain
abnormalities in schizophrenic patients, their siblings, and controls. Arch Gen
Psychiat 59:35-41.

300


http://www.ncbi.nlm.nih.gov/pubmed/15289276
http://www.ncbi.nlm.nih.gov/pubmed/15289276
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brown%20AS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cohen%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harkavy-Friedman%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Babulas%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Malaspina%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gorman%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Susser%20ES%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Prenatal%20Rubella%2C%20Premorbid%20Abnormalities%2C%20and%20Adult%20Schizophrenia
http://www.ncbi.nlm.nih.gov/pubmed/19577545
http://www.ncbi.nlm.nih.gov/pubmed/19577545
http://www.ncbi.nlm.nih.gov/pubmed/19577545
http://www.ncbi.nlm.nih.gov/pubmed/10576308
http://www.ncbi.nlm.nih.gov/pubmed/10576308
http://www.ncbi.nlm.nih.gov/pubmed/10576308
http://www.ncbi.nlm.nih.gov/pubmed/10576308

Canuso CM, Pandina G (2007) Gender and Schizophrenia. Psychopharmacol Bull
40(4):178-190.

Carlson JN, Herrick KF, Baird JL, Glick SD (1987) Selective enhancement of
dopamine utilization in the rat prefrontal cortex by food deprivation. Brain Res
400(1):200-203.

Carter CJ (2009) Schizophrenia susceptibility genes directly implicated in the life
cycles of pathogens: cytomegalovirus, influenza, herpes simplex, rubella, and
Toxoplasma gondii. Schizophr Bull 35(6):1163-1182.

Carter CS, Robertson LC, Nordahl TE, Kraft L, Chaderjian M, Oshora-Celaya L
(1996) Spatial working memory deficits and their relationship to negative symptoms
in unmedicated schizophrenic patients. Biol Psychiatry 40:930-932.

Casarrubea M, Sorbera F, Santangelo A, Crescimanno G (2010) Microstructural
assessment of rodent behavior in the hole-board experimental assay. Proceedings of
Measuring Behavior 2010.

Cassano GB, Puca F, Scapicchio PL, Trabucchi M (2002) For the Italian study group
of depression in elderly patients. Paroxetine and fluoxetine effects on mood and
cognitive functions in depressed non-demented elderly patients. J Clin Psych
63:396-402.

Castner AS, Vosler SP, Goldman-Rakic SP (2005) Amphetamine sensitization
impairs cognition and reduces dopamine turnover in primate prefrontal cortex. Biol
Psychiat 57(7):743-751.

Castner AS, Xiao L, Becker BJ (1993) Sex differences in striatal dopamine: in vivo
microdialysis and behavioral studies. Brain Research 610(1):127-134.

Castner AS, Smagin GN, Piser TM, Wang Y, Smith JS, Christian EP, Mrzljak L,
Williams GV (2011) Immediate and Sustained Improvements in Working Memory
After Selective Stimulation of a7 Nicotinic Acetylcholine Receptors. Biol Psych
69(1):12-18.

Cellard C, Tremblay S, Lehoux C, Roy AM (2007) Processing spatial-temporal
information in recent-onset schizophrenia: The study of short-term memory and its
susceptibility to distraction. Brain and Cognition 64(3):201-207.

Chan RC, Shum D, Toulopoulou T, Chen EY (2008) Assessment of executive
functions: review of instruments and identification of critical issues. Arch Clin
Neuropsychol 23(2):201-216.

301


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Canuso%20CM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pandina%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18227787
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carlson%20JN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herrick%20KF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baird%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Glick%20SD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Selective%20enhancement%20of%20dopamine%20utilization%20in%20the%20rat%20prefrontal%20cortex%20by%20food%20deprivation.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carter%20CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Schizophrenia%20susceptibility%20genes%20directly%20implicated%20in%20the%20life%20cycles%20of%20pathogens%3A%20cytomegalovirus%2C%20influenza%2C%20herpes%20simplex%2C%20rubella%2C%20and%20Toxoplasma%20gondii.
http://www.ncbi.nlm.nih.gov/pubmed?term=Amphetamine%20sensitization%20impairs%20cognition%20and%20reduces%20dopamine%20turnover%20in%20primate%20prefrontal%20cortex%20
http://www.ncbi.nlm.nih.gov/pubmed?term=Amphetamine%20sensitization%20impairs%20cognition%20and%20reduces%20dopamine%20turnover%20in%20primate%20prefrontal%20cortex%20
http://www.sciencedirect.com/science/journal/00068993
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0006899300X08141&_cid=271080&_pubType=JL&view=c&_auth=y&_acct=C000010080&_version=1&_urlVersion=0&_userid=122861&md5=4a04a5cde32b9cafa64165698174a445
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Castner%20SA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smagin%20GN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Piser%20TM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smith%20JS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Christian%20EP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mrzljak%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Williams%20GV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20965497
http://www.sciencedirect.com/science/journal/02782626
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chan%20RC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shum%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Toulopoulou%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20EY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%20Archives%20of%20Clinical%20Neuropsychology.%202%2023%20%282%29%3A%20201%E2%80%93216.
http://www.ncbi.nlm.nih.gov/pubmed?term=%20Archives%20of%20Clinical%20Neuropsychology.%202%2023%20%282%29%3A%20201%E2%80%93216.

Chen J, Lipska BK, Weinberger DR (2006) Genetic mouse models of schizophrenia:
from hypothesis-based to susceptibility gene-based models. Biol Psychiatry
59(12):1180-1188.

Chen KC, Baxter MG, Rodefer JS (2004) Central blockade of muscarinic cholinergic
receptors disrupts affective and attentional set-shifting. Eur J Neurosci 20:1081—
1088.

Cilia J, Reavill C, Hagan JJ, Jones DN (2001) Long-term evaluation of isolation-
rearing induced prepulse inhibition deficits in rats. Psychopharmacology
(Berl)156:327-337.

Clarke CM, Harley M, Cannon M (2006) The role of obstetric events in
schizophrenia. Schi Bull 32(1):3-8.

Clinton SM, Meador-Woodruff JH (2004) Abnormalities of the NMDA Receptor
and Associated Intracellular Molecules in the Thalamus in Schizophrenia and
Bipolar Disorder. Neuropsychopharmacology 29(7):1353-1362.

Cochran SM, Kennedy M, McKerchar CE, Steward LJ, Pratt JA, Morris BJ (2003)
Induction of metabolic hypofunction and neurochemical deficits after chronic
intermittent exposure to phencyclidine: differential modulation by antipsychotic
drugs. Neuropsychopharmacology 28(2):265-275.

Collins VJ, Goroscope CA, Rovenstine EA (1960) Intravenous nonbarbiturate,
nonnarcotic analgesics: preliminary studies. Anaesth Analg 39:303-306.

Conklin HM, Calkins ME, Anderson CW, Dinzeo TJ, lacono WG (2002)
Recognition memory for faces in schizophrenia patients and their first-degree
relatives. Neuropsychologia 40(13):2314-24.

Cools R, D'Esposito M (2011) Inverted-U-shaped dopamine actions on human
working memory and cognitive control. Biol Psychiatry 69(12): 113-25 4
Cooper B (2005) Immigration and schizophrenia: the social causation hypothesis
revisited. British J Psych 186:361-363.

Correll CU (2008) Antipsychotic use in children and adolescents: minimizing
adverse effects to maximize outcomes. J Am Acad Child Adolesc Psychiatry

47(1):9-20.

Cosgrove J, Newell TG (1991) Recovery of neuropsychological functions during
reduction in use of phencyclidine. J Clin Psychol 47(1):159-169.

302


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lipska%20BK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weinberger%20DR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Genetic%20Mouse%20Models%20of%20Schizophrenia%3A%20From%20Hypothesis-Based%20To%20Susceptibility%20Gene-Based%20Models
http://www.ncbi.nlm.nih.gov/pubmed?term=Genetic%20Mouse%20Models%20of%20Schizophrenia%3A%20From%20Hypothesis-Based%20To%20Susceptibility%20Gene-Based%20Models
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clinton%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meador-Woodruff%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Abnormalities%20of%20the%20NMDA%20Receptor%20and%20Associated%20Intracellular%20Molecules%20in%20the%20Thalamus%20in%20Schizophrenia%20and%20Bipolar%20Disorder.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cochran%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kennedy%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McKerchar%20CE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Steward%20LJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pratt%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morris%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Induction%20of%20Metabolic%20Hypofunction%20and%20Neurochemical%20Deficits%20after%20Chronic%20Intermittent%20Exposure%20to%20Phencyclidine
http://www.ncbi.nlm.nih.gov/pubmed/12417461
http://www.ncbi.nlm.nih.gov/pubmed/12417461
http://www.ncbi.nlm.nih.gov/pubmed/21531388
http://www.ncbi.nlm.nih.gov/pubmed/21531388
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Correll%20CU%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18174821
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cosgrove%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Newell%20TG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Recovery%20of%20neuropsychological%20functions%20during%20reduction%20in%20use%20of%20phencyclidine

Costall B, Domeney AM, Naylor RJ, Tyers MB (1987) Effects of the 5-HT3
receptor antagonist, GR38032F, on raised dopaminergic activity in the mesolimbic
system. Br J Pharmacol 92(4):881-894.

Coyle JT (2004) The GABA-glutamate connection in schizophrenia: which is the
proximate cause? Biochem Pharmacol 68(8):1507-1514.

Craddock N, Donovan MC, Owen MJ (2005) The genetics of schizophrenia and
bipolar disorder: dissecting psychosis. J Med Genet 42(3):193-204.

Creese |, Burt DR, Snyder SH (1976) Dopamine receptor binding predicts clinical
and pharmacological potencies of antischizophrenic drugs. Science 192:480-483.

Csernansky JG, Mahmoud R, Brenner R (2002) A Comparison of Risperidone and
haloperidol for the prevention of relapse in patients with schizophrenia. N Engl J
Med 346:16-22.

Curran VH, Morgan C (2000) Cognitive, dissociative and psychotogenic effects of
ketamine in recreational users on the night of drug use and 3 days later. Addiction
95(4): 575-590.

Cutter WJ, Norbury R, Murphy DG (2003) Oestrogen, brain function, and
neuropsychiatric disorders. J Neurol Neurosurg Psychiatry 74(7):837-840

Datta S (2010) Sleep: Learning and Memory. Encyclopedia of Behavioral
Neuroscience 3:218-226. Oxford: Academic Press.

Dalley JW, Cardinal RN, Robbins TW (2004) Prefrontal executive and cognitive
functions in rodents: neural and neurochemical substrates. Neurosci Biobehav Rev
28(7):771-784.

Dawson N, Thompson JR, McVie A, Thomson MD, Morris JB, Pratt AJ (2010)
Modafinil Reverses Phencyclidine-Induced Deficits in Cognitive Flexibility,
Cerebral Metabolism, and Functional Brain Connectivity.Schi Bull doi:
10.1093/schbul/shg090.

Deacon JMR, Rawlins PNJ (2006) T-maze alternation in the rodent. Nat protocol
1:7-12.

Decker MW, Gopalakrishnan M, Meyer DM (2008) The potential of neuronal
nicotinic acetylcholine receptor agonists for treating CNS conditions. Drug

Discovery 3(9):1027-1040.

303


http://www.ncbi.nlm.nih.gov/pubmed?term=Effects%20of%20the%205-HT3%20receptor%20antagonist%2C%20GR38032F%2C%20on%20raised%20dopaminergic%20activity%20in%20the%20mesolimbic%20system
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Coyle%20JT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cutter%20WJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Norbury%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Murphy%20DG%22%5BAuthor%5D
http://www.sciencedirect.com/science/referenceworks/9780080453965
http://www.sciencedirect.com/science/referenceworks/9780080453965

Decker MW, Majchrzak MJ, Anderson DJ (1992) Effects of nicotine on spatial
memory deficits in rats with septal lesion. Brain Res 572:281-285.

Depoortere R, Dargazanli G, Estenne-Bouhtou G, Coste A, Lanneau C, Desvignes C,
Poncelet M, Heaulme M, Santucci V, Decobert M, Cudennec A, Voltz C, Boulay D,
Terranova JP, Stemmelin J, Roger P, Marabout B, Sevrin M, Vige X, Biton B,
Steinberg R, Francon D, Alonso R, Avenet P, Oury-Donat F, Perrault G, Griebel G,
George P, Soubrie P and Scatton B (2005) Neurochemical, electrophysiological and
pharmacological profiles of the selective inhibitor of the glycine transporter-1
SSR504734, a potential new type of antipsychotic.

Neuropsychopharmacology 30:1963-1985.

Dere E, Huston JP, Silva De Souza MA (2007) The pharmacology, neuroanatomy
and neurogenetics of one-trial object recognition in rats. Neuroscience and
Biobehavioral Reviews 31:673-704.

Dingledine R, Conn PJ (2000) Peripheral glutamate receptors: molecular biology and
role in taste sensation. J Nutr.130 (4S Suppl):1039S-42S.

Domino EF (1992) Chemical dissociation of human awareness: focus on non-
competitive NMDA receptor antagonists. J Psychopharmacol 6(3):418-424.

Doraiswamy PM, Krishnan KR, Oxman T, Jenkyn LR, Coffey DJ, Burt T, Clary CM
(2003) Does antidepressant therapy improve cognition in elderly depressed patients?
J Gerontol A Biol Sci Med Sci 58(12):M1137-1144.

Downes JJ, Roberts AC, Sahakian BJ, Evenden JL, Morris RG, Robbins TW (1989)
Impaired extra-dimensional shift performance in medicated and unmedicated
Parkinson’s disease: evidence for a specific attentional dysfunction.
Neuropsychologia 27: 1329-1343.

Dudchenko PA (2004) An overview of the tasks used to test working memory in
rodents. Neurosci & Biobehav Rev 28:699-709.

DuPre A (2008) RS102221. xPharm: The Comprehensive Pharmacology Reference
1-5.

Egan MF, Goldberg TE, Kolachana BS, Callicott JH, Mazzanti CM, Straub RE

(2001) Effect of COMT Val108/158 Met genotype on frontal lobe function and risk
for schizophrenia. Proc Natl Acad Sci USA 98:6917-6922.

304


http://www.ncbi.nlm.nih.gov/pubmed/10736377
http://www.ncbi.nlm.nih.gov/pubmed/10736377
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Domino%20EF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Chemical%20dissociation%20of%20human%20awareness%3A%20focus%20on%20non-competitive%20NMDA%20receptor%20antagonists%20
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Doraiswamy%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krishnan%20KR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Oxman%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jenkyn%20LR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Coffey%20DJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Burt%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clary%20CM%22%5BAuthor%5D
http://www.sciencedirect.com/science/referenceworks/9780080552323

Egerton A, Reid L, McGregor S, Cochran SM, Morris BJ, Pratt JA (2008)
Subchronic and chronic PCP treatment produces temporally distinct deficits in
attentional set shifting and prepulse inhibition in rats. Psychopharmacology (Berl)
198(1):37-49.

Einon DF, Morgan MJ (1977) A critical period for social isolation in the rat. Dev
Psychobiol. 10(2):123-32.

Einon DF, Morgan MJ, Sahakian BJ (1975) The development of intersession
habituation and emergence in socially reared and isolated rats. Dev Psych Biol
8:553-560.

Ellinwood EH (1967) Amphetamine psychosis: I. Description of the individuals and
process. J NervMent Dis 144:273-283.

Elliott BM, Grunberg NE (2005) Effects of social and physical enrichment on open
field activity differ in male and female Sprague—Dawley rats. Behav Brain Res
165:187-196.

Ennaceur A (2010) One-trial object recognition in rats and mice: Methodological
and theoretical issues. Behav Brain Res 215:244-254.

Ennaceur A, Delacour (1987) Effect of combined or separate administration of
piratecam and choline on learning and memory in the rat. Psychopharmacol 92:58-67.

Enomoto T, Noda Y, Nabeshima T (2007) Phencyclidine and genetic animal models
of schizophrenia developed in relation to the glutamate hypothesis. Methods Find
Exp Clin Pharmacol 29(4):291-301.

Essali A, Al-Haj Haasan N, Li C, Rathbone J (2009) Clozapine versus typical
neuroleptic medication for schizophrenia. Cochrane Database Syst Rev
21(1):CDO000059.

Fabricius K, Helboe L, Fink-Jensen A, Wortwein G, Steiniger-Brach B (2011)
Pharmacological characterization of social isolation-induced hyperactivity.
Psychopharmacology (Berl) 215(2):257-266.

Farde L, Wiesel FA, Stone-Elander S, Halldin C, Nordstrom AL, Hall H, Sedvall G
(1990) D, dopamine receptors in neuroleptic-naive schizophrenic patients. A
positron emission tomography study with [11C]raclopride. Arch Gen Psychiatry
47(3):213-9.

305


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Egerton%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reid%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McGregor%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cochran%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morris%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pratt%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Subchronic%20and%20chronic%20PCP%20treatment%20produces%20temporally%20distinct%20deficits%20in%20attentional%20set%20shifting%20and%20prepulse%20inhibition%20in%20rats%20
http://www.ncbi.nlm.nih.gov/pubmed/17609743
http://www.ncbi.nlm.nih.gov/pubmed/17609743
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Essali%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Al-Haj%20Haasan%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rathbone%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/19160174
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fabricius%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Helboe%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fink-Jensen%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22W%C3%B6rtwein%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Steiniger-Brach%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/21193984
http://www.ncbi.nlm.nih.gov/pubmed/1968328
http://www.ncbi.nlm.nih.gov/pubmed/1968328

Feldman MJ, Gutheil TG (1997) Ethical aspects of competence for sexual
relationships: a case of adult sibling incest. J Am Acad Psychiatry Law 25(2):217-22

Festing MF, Altman DG (2002) Guidelines for the design and statistical analysis of
experiments using laboratory animals. ILAR J 43(4):244-58.

Fiala B, Snow FM, Greenough WT (1977) "Impoverished" rats weigh more than
"enriched" rats because they eat more. Dev Psychobiol 10(6):537-41.

Fiore M, Korf J, Antonelli A, Talamini L, Aloe L (2002) Long-lasting effects of
prenatal MAM treatment on water maze performance in rats: Associations with
altered brain development and neurotrophin levels. Neurotoxicology and Teratology
24(2):179-191.

Floresco SB, Geyer MA, Gold LH, Grace AA (2005) Developing predictive animal
models and establishing a preclinical trials network for assessing treatment effects on
cognition in schizophrenia. Schizophr Bull 31(4):888-94.

Flor-Henry P (1990) Influence of gender in schizophrenia as related to other
psychopathological syndromes. Schizophr Bull 16(2):211-27.

Fone KC, Porkess MV (2008) Behavioural and neurochemical effects of post-
weaning social isolation in rodents-relevance to developmental neuropsychiatric
disorders. Neurosci Biobehav Rev 32(6):1087-1102.

Fransisco J, Arango C, Lahti A, Sanz J, Pascual A, Cubero P, Prieto D (2006)
Negative Signs and Symptoms Secondary to Antipsychotics: A Double-Blind,
Randomized Trial of a Single Dose of Placebo, Haloperidol, and Risperidone in
Healthy Volunteers. Am J Psychiat 163:488-493.

Freedman R, Coon H, Myles-Worsley M, Orr-Urtreger A, Olincy A, Davis A,
Polymeropoulos M, Holik J, Hopkins J, Hoff M, Rosenthal J, Waldo MC, Reimherr
F, Wender P, Yaw J, Young DA, Breese CR, Adams C, Patterson D, Adler LE,
Kruglyak L, Leonard S, Byerley W (1997) Linkage of a neurophysiological deficit in
schizophrenia to a chromosome 15 locus. Proc Natl Acad Sci USA. 94(2):587-592.

Freedman R, Hall M, Adler LE, Leonard S (1995) Evidence in postmortem brain
tissue for decreased numbers of hippocampal nicotinic receptors in schizophrenia.
Biol Psychiatry 38:22-33.

Freedman R, Olincy A, Buchanan RW, Harris JG, Gold JM, Johnson L et al (2008)
Initial phase 2 trial of a nicotinic agonist in schizophrenia. Am J Psychiatry 165:
1040-1047.

306


http://www.ncbi.nlm.nih.gov/pubmed/9213294
http://www.ncbi.nlm.nih.gov/pubmed/9213294
http://www.ncbi.nlm.nih.gov/pubmed/12391400
http://www.ncbi.nlm.nih.gov/pubmed/12391400
http://www.ncbi.nlm.nih.gov/pubmed/598622
http://www.ncbi.nlm.nih.gov/pubmed/598622
http://www.sciencedirect.com/science/journal/08920362
http://www.ncbi.nlm.nih.gov/pubmed/16079387
http://www.ncbi.nlm.nih.gov/pubmed/16079387
http://www.ncbi.nlm.nih.gov/pubmed/16079387
http://www.ncbi.nlm.nih.gov/pubmed/18423591
http://www.ncbi.nlm.nih.gov/pubmed?term=Freedman%20R%2C%20Coon%20H%2C%20Myles-Worsley%20M%2C%20Orr-Urtreger%20A%2C%20Olincy%20A%2C%20Davis%20A%2C%20Polymeropoulos%20M%2C%20Holik%20J%2C%20Hopkins%20J%2C%20Hoff%20M%2C%20Rosenthal%20J%2C%20Waldo%20MC%2C%20Reimherr%20F%2C%20Wender%20P%2C%20Yaw%20J%2C%20Young%20DA%2C%20Breese%20CR%2C%20Adams%20C%2C%20Patterson%20D%2C%20Adler%20LE%2C%20Kruglyak%20L%2C%20

Frey BN, Valvassori SS, Gomes KM, Martins MR, Dal-Pizzol F, Kapczinski F,
Quevedo J (2006) Increased oxidative stress in submitochondrial particles after
chronic amphetamine exposure. Brain Res 1097(1):224-229.

Friedman JI, Ocampo R, Elbaz Z, Parrella M, White L, Bowler S, Davis KL, Harvey
PD (2005) The effect of citalopram adjunctive treatment added to atypical
antipsychotic medications for cognitive performance in patients with schizophrenia.
J Clin Psychopharmacol 5(3):237-242.

Fulford AJ, Marsden CA (1998) Conditioned release of 5-hydroxytryptamine in vivo
in the nucleus accumbens following isolation-rearing in the rat. Neuroscience
83(2):481-7.

Gainetdinov RR, Mohn AR, Caron MG (2005) Genetic animal models: focus on
schizophrenia. Molecular Psychiatry 10:40-68.

Gambill JD, Kornetsky C (1976) Effects of chronic d-amphetamine on social
behavior of the rat: implications for an animal model of paranoid schizophrenia.
Psychopharmacology (Berl) 50(3):215-23.

Gartlon JE, Barnes SA, Jones DNC (2006) Comparison of sub-chronic PCP dosing
regimes as animal models for schizophrenia. J Psychopharmacol Supp 20:TA 23.

Gaskin S, Tremblay A, Mumby DG (2003) Retrograde and anterograde object
recognition in rats with hippocampal lesions. Hippocampus 13(8):962-9.

Gattaz WF, Gattaz D, Beckmann H (1982) Glutamate in schizophrenics and healthy
controls. Arch Psychiatr Nervenkr 231(3):221-225.

Gellerman, LW (1933) Chance orders of alternating stimuli in visual discrimination
experiments. J of Gen Psychol 42:206-208.

Gentsch C, Lichtsteiner M, Frischknecht HR, Feer H, Siegfried B (1988) Isolation-
induced locomotor hyperactivity and hypoalgesia in rats are prevented by handling
and reversed by resocialization. Physiol Behav 43(1):13-16.

Geyer MA, Segal DS, Greenberg BD (1984) Increased startle responding in rats
treated with phencyclidine. Neurobehav Toxicol Teratol 6(2):161-4.

Geyer MA, Wilkinson LS, Humby T, Robbins TW (1993) Isolation rearing of rats
produces a deficit in prepulse inhibition of acoustic startle similar to that in

schizophrenia. Biol Psychiatry 15, 34(6):361-72.

307


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Frey%20BN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Valvassori%20SS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gomes%20KM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martins%20MR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dal-Pizzol%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kapczinski%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Quevedo%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Friedman%20JI%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ocampo%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Elbaz%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Parrella%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22White%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bowler%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Davis%20KL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harvey%20PD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harvey%20PD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/15876902
http://www.ncbi.nlm.nih.gov/pubmed/9460756
http://www.ncbi.nlm.nih.gov/pubmed/9460756
http://www.ncbi.nlm.nih.gov/pubmed/14750658
http://www.ncbi.nlm.nih.gov/pubmed/14750658
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gattaz%20WF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gattaz%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beckmann%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Glutamate%5BTitle%5D%20AND%20schizophrenics%5BTitle%5D%20AND%20healthy%5BTitle%5D%20AND%20controls%5BTitle%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Isolation-induced%20locomotor%20hyper-activity%20and%20hypoalgesia%20in%20rats%20are%20prevented%20by%20handling%20and%20reversed%20by%20resocialisation
http://www.ncbi.nlm.nih.gov/pubmed/6472561
http://www.ncbi.nlm.nih.gov/pubmed/6472561
http://www.ncbi.nlm.nih.gov/pubmed/8218603
http://www.ncbi.nlm.nih.gov/pubmed/8218603
http://www.ncbi.nlm.nih.gov/pubmed/8218603

Glennon AR, Dukat M, Westaemper BR (2000) Serotonin receptor subtypes and
ligands. J Med Chem 43:1011.

Goetghebeur P, Dias R (2009) Comparison of haloperidol, risperidone, sertindole,
and modafinil to reverse an attentional set-shifting impairment following subchronic
PCP administration in the rat--a back translational study. Psychopharmacology (Berl)
202 (1-3):287-93.

Goldman-Rakic PS (1994) Working memory dysfunction in schizophrenia. J
Neuropsychiatry Clin Neurosci 6(4):348-57.

Goldberg TE, Gold JM, Torrey EF, Weinberger DR (1995) Lack of sex differences
in the neuropsychological performance of patients with schizophrenia. Am J
Psychiat 152:883-888.

Goldman-Rakic PS (1990) Cellular and circuit basis of working memory in
prefrontal cortex of nonhuman primates. Prog Brain Res 85:325-335.

Goldman-Rakic PS, Muly 111 EC, Williams GV (2000). D(1) receptors in prefrontal
cells and circuits. Brain Res Brain Res Rev 31: 295-301.

Goldstein JM, Seidman LJ, Goodman JM, Koren D, Lee H, Weintraub S (1998) Are
there sex differences in neuropsychological functions among patients with
schizophrenia? Am J Psychiat 155: 1358-1364

Goridis C, Rohrer H (2002) Specification of catecholaminergic and serotonergic
neurons. Nat Rev Neurosci 3:531-541.

Gottesman 11 (1991) Schizophrenia genesis: The origin of madness. N Eng J Med
324:1821.

Gruzelier HJ, Wilson L, Uddiard D, Peters UE, Pusavat L (1999) Cognitive
Asymmetry Patterns in Schizophrenia: Active and Withdrawn Syndromes and Sex
Differences as Moderators. Schizophr Bull 25(2):349-362.

Gozzi A, Large CH, Schwarz A, Bertani S, Vand C, Bifone A (2008) Differential
Effects of Antipsychotic and Glutamatergic Agents on the phMRI Response to
Phencyclidine. Neuropsychopharmacology 33, 1690-1703.

Grant DA, Berg EA (1948) A behavioral analysis of degree of reinforcement and
ease of shifting to new responses in a Weigle-type card sorting problem. Journal of

Experimental Psychology 32:408-411.

308



Gray JA, Roth BL (2007) Molecular targets for treating cognitive dysfunction in
schizophrenia. Schizophr Bull 33(5):1100-19.

Grayson B, Idris NF, Neill JC (2007) Atypical antipsychotics attenuate a sub-chronic
PCP-induced cognitive deficit in the novel object recognition task in the rat. Behav
Brain Res 184(1):31-8.

Green MF, Nuechterlein KH (2004) The MATRICS initiative: developing a
consensus cognitive battery for clinical trials. Schizophr Res 72(1):1-3.

Grigoryan GA, Peters S, Gray JA, Hodges H (1994) Interactions between the effects
of propranolol and nicotine on radial maze performance of rats with lesions of the
forebrain cholinergic projection system. Behav Pharmacol 5(3):265-80.

Guidotti A, Auta J, Davis JM, Dong E, Grayson DR, Veldic M, Zhang X, Costa E
(2005) GABAergic dysfunction in schizophrenia: new treatment strategies on the
horizon. Psychopharmacology (Berl).180(2):191-205.

Hajos M, Hurst RS, Hoffman WE, Krause M, Wall TM, Higdon NR, Groppi VE
(2005) The selective a7 nicotinic acetylcholine receptor agonist PNU-282987 [N-
[(3R)-1-Azabicyclo[2.2.2]oct-3-yl]-4-chlorobenzamide Hydrochloride] enhances
GABAergic synaptic activity in brain slices and restores auditory gating deficits in
anesthetised rats. Journal of Pharmacology and Experimental Therapeutics
312:1213-1222.

Hall FS, Huang S, Fong GW, Pert A, Linnoila M (1998) Effects of isolation-rearing
on locomotion, anxiety and responses to ethanol in Fawn Hooded and Wistar rats.
Psychopharmacology (Berl)139(3):203-209.

Hall FS, Wilkinson LS, Humby T, Inglis W, Kendall DA, Marsden CA, Robbins TW
(1998) Isolation rearing in rats: pre- and postsynaptic changes in striatal
dopaminergic systems. Pharmacol Biochem Behav 59(4):859-872.

Halle-Milesi A, McMillan ED, Laurenzana ME, Blake BAK, Owens MS (2007) Sex
Differences in (+)-Amphetamine- and (+)-Methamphetamine-induced Behavioral
Response in Male and Female Sprague-Dawley Rats. Pharmacol Biochem Behav
86(1):140-149.

Hammond RS, Tull LE, Stackman RW (2004) On the delay-dependent involvement

of the hippocampus in object recognition memory. Neurobiol of Learn & Behav
82:26-34.

309


http://www.ncbi.nlm.nih.gov/pubmed/17617664
http://www.ncbi.nlm.nih.gov/pubmed/17617664
http://www.ncbi.nlm.nih.gov/pubmed/15531401
http://www.ncbi.nlm.nih.gov/pubmed/15531401
http://www.ncbi.nlm.nih.gov/pubmed/11224276
http://www.ncbi.nlm.nih.gov/pubmed/11224276
http://www.ncbi.nlm.nih.gov/pubmed/11224276
http://www.ncbi.nlm.nih.gov/pubmed/15864560
http://www.ncbi.nlm.nih.gov/pubmed/15864560
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hall%20FS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huang%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fong%20GW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pert%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Linnoila%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9784074
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hall%20FS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilkinson%20LS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Humby%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Inglis%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kendall%20DA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marsden%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robbins%20TW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9586842

Hampson RE, Jarrard LE, Deadwyler SA (1999) Effects of ibotenate hippocampal
and extrahippocampal destruction on delayed-match and nonmatch-to-sample
behaviour in rats. J of Neurosci 19(4):1492-1507.

Hargreaves S (2003) NICE guidelines address social aspect of schizophrenia. BMJ.
2003 29: 326 (7391):679.

Harich S, Gross G, Bespalov A (2007) Stimulation of the metabotropic glutamate
2/3 receptor attenuates social novelty discrimination deficits induced by neonatal
phencyclidine treatment. Psychopharmacology (Berl) 192(4):511-9.

Harrison G, Owens D, Holton A, Neilson D, Boot D (1988) A prospective study of
severe mental disorder in Afro-Caribbean patients. Psychol Med 18:643-657.

Harrison PJ, Owen MJ (2003) Genes for schizophrenia? Recent findings and their
pathophysiological implications. Lancet 1:417-9.

Harrison PJ, Weinberger DR (2005) Schizophrenia genes, gene expression, and
neuropathology:on the matter of their convergence. Mol Psychiatry 10(1):40-68.

Harte MK, Powell SB, Swerdlow NR, Geyer MA, Reynolds GP (2007) Deficits in
parvalbumin and calbindin immunoreactivity in the hippocampus of isolation reared
rats. Schizophr. Res. 81:210-211.

Hashimoto K, Fujita Y, Shimizu E, lyo M (2005) Phencyclidine-induced cognitive
deficits in mice are improved by subsequent subchronic administration of clozapine,
but not haloperidol. Behavioural Brain Research Volume 169(2):263-273.

Hashimoto T, Nishino N, Nakai H, Tanaka C (1991) Increase in serotonin 5-HTI*
receptors in prefrontal and temporal cortices of brains of patients with chronic
schizophrenia. Life Sci 48:355-363.

Hashimoto T, Volk DW, Eggan SM, Mirnics K, Pierri JN, Sun Z, Sampson AR,
Lewis DA (2003) Gene expression deficits in a subclass of GABA neurons in the

prefrontal cortex of subjects with schizophrenia. J Neurosci 23(15):6315-6326

Hatch A, Wiberg GS, Balazs T, Grice HC (1963) Long-term isolation stress in rats.
Science 142:507.

Healy D (2004) Explorations in a new world. The creation of psychopharmacology
Harvard University Press. p77.

310


http://www.ncbi.nlm.nih.gov/pubmed/12663393
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harich%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gross%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bespalov%20A%22%5BAuthor%5D
http://www.sciencedirect.com/science/journal/01664328
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hashimoto%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Volk%20DW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eggan%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mirnics%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pierri%20JN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sun%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sampson%20AR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lewis%20DA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Gene%20Expression%20Deficits%20in%20a%20Subclass%20of%20GABA%20Neurons%20in%20the%20Prefrontal%20Cortex%20of%20Subjects%20with%20Schizophrenia%20
http://books.google.com/?id=6O2rPJnyhj0C&printsec=frontcover&dq=isbn=9780674015999&cd=1#v=onepage&q

Heidbreder CA, Weiss IC, Domeney AM, Pryce C, Homberg J, Hedou G (2000)
Behavioral, neurochemical and endocrinological characterization of the early social
isolation syndrome. Neuroscience 100:749-768.

Hellemans KGC, Benge LC, Olmstead MC (2004) Adolescent enrichment partially
reverses the social isolation syndrome. Brain Res Dev 150:103-115.

Henry C, Kabbaj M, Simon H, LeMoal M, Maccari S (1994) Prenatal stress
increases the hypothalamo-pituitary-adrenal axis response in young and adult rats. J
Neuroendocrinol 6:341-345.

Henson MA, Roberts AC, Péerez-Otafio I, Philpot BD (2010) Influence of the NR3A
subunit on NMDA receptor functions. Prog Neurobiol. 91(1):23-37.

Hertel P, Mathé JM, Nomikos GG, lurlo M, Mathé AA, Svensson TH (1995) Effects
of D-amphetamine and phencyclidine on behavior and extracellular concentrations
of neurotensin and dopamine in the ventral striatum and the medial prefrontal cortex
of the rat. Behav Brain Res 72(1-2):103-114.

Hertzmann M, Reba RC, Kotlyarov EV (1990) Single photon emission computed
tomography in phencyclidine and related drug abuse. Am J Psychiatry, 147, 255-256.

Hervas |, Artigas F (1994) Effect of fluoxetine on extracellular 5-hydroxytryptamine
in rat brain. Role of 5-HT autoreceptors. Eur J Pharmacol 358(1):9-18.

Hevers W, Hadley SH, Liddens H, Amin J (2008) Ketamine, but not phencyclidine,
selectively modulates cerebellar GABA(A) receptors containing alpha6 and delta
subunits. J Neurosci_28(20):5383-5393.

Hikida T, Jaaro-Peled H, Seshadri S, Oishi K, Hookway C, Kong S, Wu D, Xue R,
Andradé M, Tankou S, Mori S, Gallagher M, Ishizuka K, Pletnikov M, Kida S, Sawa
A (2007) Dominant-negative DISC1 transgenic mice display schizophrenia-
associated phenotypes detected by measures translatable to humans. Proc Natl Acad
Sci U S A. 104(36):14501-14506.

Hoff AL, Wieneke M, Faustman WO, Horon R, Sakuma M, Blankfeld H (1998) Sex
differences in neuropsychological functioning of first-episode and chronically ill
schizophrenic patients. Am J Psychiat 155:1437-1439.

Hoffmann WE, Schaeffer E, Hajés M (2005) Auditory Gating in Rat Entorhinal
Cortex, Medial Septum and Hippocampus: Modelling Dysfunctional Information
Processing Associated with Schizophrenia. Society for Neuroscience Abstract
1023.10.

311


http://www.ncbi.nlm.nih.gov/pubmed/20097255
http://www.ncbi.nlm.nih.gov/pubmed/20097255
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hertel%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Math%C3%A9%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nomikos%20GG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Iurlo%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Math%C3%A9%20AA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Svensson%20TH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/8788863
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herv%C3%A1s%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Artigas%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9809863
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hevers%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hadley%20SH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22L%C3%BCddens%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amin%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=pharmThe%20Journal%20of%20Neuroscience%2C%20May%2014%2C%202008%20%E2%80%A2%2028%2820%29%3A5383%E2%80%935393%20%E2%80%A2%205383ac
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hikida%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jaaro-Peled%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Seshadri%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Oishi%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hookway%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kong%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wu%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xue%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andrad%C3%A9%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tankou%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mori%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gallagher%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ishizuka%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pletnikov%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kida%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sawa%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sawa%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Dominant-negative%20DISC1%20transgenic%20mice%20display%20schizophrenia-associated%20phenotypes%20detected%20by%20measures%20translatable%20to%20humans
http://www.ncbi.nlm.nih.gov/pubmed?term=Dominant-negative%20DISC1%20transgenic%20mice%20display%20schizophrenia-associated%20phenotypes%20detected%20by%20measures%20translatable%20to%20humans

Hurst RS, Hajos M, Raggenbass M, Wall TM, Higdon NR and Lawson JA (2005) A
novel positive allosteric modulator of the a7 neuronal nicotinic acetylcholine
receptor: in vitro and in vivo characterisation. J Neurosci 25:4396—4405.

Hussain T, Lokhandwala FM (2003) Experimental biology and medicine. Exp Biol
& Med 228:134-142.

Ichikawa J, Ishii H, Bonaccorso S, Fowler WL, O'Laughlin 1A, Meltzer HY (2001)
5-HT(2A) and D(2) receptor blockade increases cortical DA release via 5-HT(1A)
receptor activation: a possible mechanism of atypical antipsychotic-induced cortical
dopamine release. J Neurochem 76(5):1521-1531.

Idris N, Neill J, Grayson B, Bang-Andersen B, Witten LM, Brennum LT, Arnt J
(2010) Sertindole improves sub-chronic PCP-induced reversal learning and episodic
memory deficits in rodents: involvement of 5-HT(6) and 5-HT (2A) receptor
mechanisms. Psychopharmacology (Berl) 208(1):23-36.

Idris NF, Repeto P, Neill JC, Large CH (2005) Investigation of the effects of
lamotrigine and clozapine in improving reversal-learning impairments induced by
acute phencyclidine and D-amphetamine in the rat. Psychopharmacology (Berl)
179(2):336-48.

Jaaro-Peled H, Ayhan Y, Pletnikov MV, Sawa A (2010) Review of pathological
hallmarks of schizophrenia: comparison of genetic models with patients and
nongenetic models. Schizophr Bull 36(2):301-13.

Javitt DC (2004) Glutamate as a therapeutic target in psychiatric disorders. Mol
Psychiatry 9(11):984-97.

Javitt DC (2007) Glutamate and schizophrenia: phencyclidine, N-methyl-D-aspartate
receptors, and dopamine-glutamate interactions. Int Rev Neurobiol 78:69-108.

Javitt DC (2010) Glutamatergic theories of schizophrenia. Isr J Psychiatry Relat Sci
47(1):4-16.

Javitt DC, Heresco-Levy U (2000) Are glycine sites saturated in vivo? Arch Gen
Psychiatry 57(12):1181-3.

Javitt DC, Sershen H, Hashim A, Lajtha A (1997) Reversal of phencyclidine-induced

hyperactivity by glycine and the glycine uptake inhibitor glycyldodecylamide.
Neuropsychopharmacology 17(3):202-204.

312


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ichikawa%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ishii%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bonaccorso%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fowler%20WL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O'Laughlin%20IA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meltzer%20HY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/11238736
http://www.ncbi.nlm.nih.gov/pubmed/19903746
http://www.ncbi.nlm.nih.gov/pubmed/19903746
http://www.ncbi.nlm.nih.gov/pubmed/19903746
http://www.ncbi.nlm.nih.gov/pubmed/15278097
http://www.ncbi.nlm.nih.gov/pubmed/17349858
http://www.ncbi.nlm.nih.gov/pubmed/17349858
http://www.ncbi.nlm.nih.gov/pubmed/11115334
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Javitt%20DC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sershen%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hashim%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lajtha%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Reversal%20of%20Phencyclidine-Induced%20Hyperactivity%20by%20Glycine%20and%20the%20Glycine%20Uptake%20Inhibitor%20Glycyldodecylamide

Javitt DC, Zukin SR(1991) Recent advances in the phencyclidine model of
schizophrenia. Am J of Psychiat 48:1301-1308.

Jentsch JD, Anzivino LA (2004) A low dose of the alpha2 agonist clonidine
ameliorates the visual attention and spatial working memory deficits produced by
phencyclidine administration to rats.Psychopharmacology (Berl) (1):76-83

Jentsch JD, Dazzi L, Chhatwal JP, Verrico CD, Roth RH (1998) Reduced prefrontal
cortical dopamine, but not acetylcholine, release in vivo after repeated, intermittent
phencyclidine administration to rats. Neurosci Lett 258(3):175-8.

Jentsch JD, Roth RH (1999) The neuropsychopharmacology of phencyclidine: from
NMDA receptor hypofunction to the dopamine hypothesis of schizophrenia.
Neuropsychopharmacology 20(3):201-25.

Jentsch JD, Taylor JR (2001) Impaired inhibition of conditioned responses produced
by subchronic administration of phencyclidine to rats. Neuropsychopharmacology
24:66-74.

Jentsch JD, Tran A, Le D, Youngren KD, Roth RH (1997) Subchronic phencyclidine
administration reduces mesoprefrontal dopamine utilization and impairs prefrontal
cortical-dependent cognition in the rat. Neuropsychopharmacology 17(2):92-9.

Jevtovic-Todorovic V, Wozniak D, Benshoff N, Olney J (2001) A comparative
evaluation of the neurotoxic properties of ketamine and nitrous oxide. Brain Res
895:264-267.

Joel D, Tarrasch R, Feldon J, Weiner | (1997) Effects of electrolytic lesions of the
medial prefrontal cortex or its subfields on 4-arm baited, 8-arm radial maze, two-way
active avoidance and conditioned fear tasks in the rat. Brain Res 765:37-50.

Johnson KM, Phillips M, Wang C, Kevetter GA (1998) Chronic phencyclidine
induces behavioral sensitization and apoptotic cell death in the olfactory and
piriform cortex. J Neurosci Res 52:709-722.

Jones P, Cannon M (1998) The new epidemiology of schizophrenia. Psychiatr Clin
North Am. 21(1):1-25.

Jones GH, Hernandez TD, Kendall DA, Marsden CA, Robbins TW (1992)
Dopaminergic and serotonergic function following isolation rearing in rats: study of
behavioural responses and post-mortem and in vivo neurochemistry. Pharmacol
Biochem Behav. 43:17-35.

313


http://www.ncbi.nlm.nih.gov/pubmed/15007531
http://www.ncbi.nlm.nih.gov/pubmed/15007531
http://www.ncbi.nlm.nih.gov/pubmed/15007531
http://www.ncbi.nlm.nih.gov/pubmed/9885959
http://www.ncbi.nlm.nih.gov/pubmed/9885959
http://www.ncbi.nlm.nih.gov/pubmed/9885959
http://www.ncbi.nlm.nih.gov/pubmed/9252984
http://www.ncbi.nlm.nih.gov/pubmed/9252984
http://www.ncbi.nlm.nih.gov/pubmed/9252984
http://www.ncbi.nlm.nih.gov/pubmed/9551488

Jones GH, Hernandez TD, Marsden CA, Robbins TW (1989) Enhanced striatal
response to d-amphetamine as revealed by intra-cerebral dialysis following social
isolation in rats. Br J Pharmacol 94:349P.

Jones GH, Marsden CA, Robbins TW (1991) Behavioural rigidity and rule-learning
deficits following isolation-rearing in the rat: neurochemical correlates. Behav Brain
Res. 18:43(1):35-50.

Jones GH, Marsden CA, Robbins TW (1990) Increased sensitivity to amphetamine
and reward related stimuli following social isolation in the rat: possible disruption of
dopamine-dependent mechanisms of the nucleus accumbens. Psychopharmacology
102:364.372.

Joyce JN, Shane A, Lexow N, Winour A, Casanova M, Kleinman JE (1993)
Serotonin uptake sites and serotonin receptors are altered in the limbic system of
schizophrenics. Neuropsychopharmacology 8(4):315-336.

Kalinichev M, Robbins MJ, Hartfield EM, Maycox PR, Moore SH, Savage KM,
Austin NE, Jones DN(2008) Comparison between intraperitoneal and subcutaneous
phencyclidine administration in Sprague-Dawley rats: a locomotor activity and gene
induction study. Prog Neuropsychopharmacol Biol Psych 32(2):414-422.

Kandel ER, Schwartz JH, TM Jessell (1991) Principles of neuroscience, 3rd ed.
Elsevier Publishing Co, New York.

Kapur S, Remington G (2001) Dopamine D(2) receptors and their role in atypical
antipsychotic action: still necessary and may even be sufficient. Biol Psychiatry 1;50
(11):873-83.

Kapur S, Seeman P (2001) Does fast dissociation from the dopamine d(2) receptor
explain the action of atypical antipsychotics?: A new hypothesis Am J Psychiatry
158(3):360-9.

Kapur S, VanderSpek SC, Brownlee BA, Nobrega JN (2003) Antipsychotic dosing
in preclinical models is often unrepresentative of the clinical condition: a suggested
solution based on in vivo occupancy. J Pharmacol Exp Ther 305(2):625-31.

Karlsson H, Bachmann S, Schroder J, McArthur J, Torrey EF, Yolken RH (2001)
Retroviral RNA identified in the cerebrospinal fluids and brains of individuals with
schizophrenia. Proc Natl Acad Sci U S A 10;98(8):4634-9.

Kasper S, Resinger E (2003) Cognitive effects and antipsychotic treatment.
Psychoneuroendocrinology 28(Suppl 1):27-38.
314


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20GH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marsden%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robbins%20TW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/1677579
http://www.ncbi.nlm.nih.gov/pubmed/1677579
http://www.ncbi.nlm.nih.gov/pubmed/8512620
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kalinichev%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robbins%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hartfield%20EM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maycox%20PR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moore%20SH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Savage%20KM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Austin%20NE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20DN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/17945407
http://www.ncbi.nlm.nih.gov/pubmed/11743942
http://www.ncbi.nlm.nih.gov/pubmed/11743942
http://www.ncbi.nlm.nih.gov/pubmed/11296294
http://www.ncbi.nlm.nih.gov/pubmed/11296294

Kato T, Kasai A, Mizuno M, Fengyi L, Shintani N (2010) Phenotypic
Characterization of Transgenic Mice Overexpressing Neuregulin-1 PLoS ONE
5(12):e14185.

Kay C, Harper DN, Hunt M (2010) Differential effects of MDMA and scopolamine
on working versus reference memory in the radial arm maze task. Neurobiol Learn
Mem 93(2):151-156.

Keefe RS, Silva SG, Perkins DO, Lieberman JA (1999) The effects of atypical
antipsychotic drugs on neurocognitive impairment in schizophrenia: a review and
meta-analysis. Schizophrenia Bulletin 25:201-22.

Keefe RS, Sweeney JA, Gu H, Hamer RM, Perkins DO, McEvoy JP, Lieberman JA
(2007) Effects of olanzapine, quetiapine, and risperidone on neurocognitive function
in early psychosis: a randomized, double-blind 52-week comparison. Am J
Psychiatry 164(7):1061-71.

Kesner RP, Hunt ME, Williams JM, Long JM (1996) Prefrontal cortex and working
memory for spatial response, spatial location, and visual object information in the rat.
Cereb Cortex 6(2):311-318.

Kety SS, Wender PH, Jacobsen B, Ingraham LJ, Jansson L, Faber B, Kinney DK
(1994) Mental-ilness in the biological and adoptive relatives of schizophrenic
adoptees - replication of the Copenhagen study in the rest of Denmark. Archives of
General Psychiatry 51:442-455.

Khashan AS, Abel KM, McNamee R, Pedersen MG, Webb RT, Baker PN, Kenny
LC, Mortensen PB (2008) Higher risk of offspring schizophrenia following antenatal
maternal exposure to severe adverse life events Arch Gen Psychiatry 65(2):146-52.

Kim JS, Kornhuber HH, Schmid-Burgk W, Holzmuller B (1980) Low cerebrospinal
fluid glutamate in schizophrenia patients and a new hypothesis in schizophrenia.
Neurosci Lett 20: 379-382.

King MV, Seeman P, Marsden CA, Fone KCF (2009) Increased dopamine D, high
receptors in rats reared in social isoloation. Synapse 63:476-483.

Kinney DK, Hintz K, Shearer EM, Barch DH, Riffin C, Whitley K, Butler R (2010)
A unifying hypothesis of schizophrenia: abnormal immune system development may
help explain roles of prenatal hazards, post-pubertal onset, stress, genes, climate,
infections, and brain dysfunction. Med Hypotheses 74(3):555-563.

315


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kesner%20RP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Williams%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Long%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Khashan%20AS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abel%20KM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McNamee%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pedersen%20MG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Webb%20RT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baker%20PN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kenny%20LC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kenny%20LC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mortensen%20PB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hintz%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shearer%20EM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barch%20DH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Riffin%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Whitley%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butler%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/19836903

Klamer D, Engel JA, Svensson L (2004) Phencyclidine-induced behaviour in mice
prevented by methylene blue. Basic Clin Pharmacol Toxicol 94(2):65-72.

Klinkenberg I, Blokland A (2010) The validity of scopolamine as a pharmacological
model for cognitive impairment: a review of animal behavioral studies. Neurosci
Biobehav Rev 34(8):1307-50. PMID:

Knable MB, Egan MF, Heinz A, Gorey J, Lee KS, Coppola R, Weinberger DR
(1997) Altered dopaminergic function and negative symptoms in drug-free patients
with schizophrenia. [1231]-iodobenzamide SPECT study. Br J Psychiat 171:574-577.

Krug AW, Volker K, Dantzler WH, Silbernagl S (2007) Why is D-serine
nephrotoxic and alpha-aminoisobutyric acid protective? Am J Physiol Renal Physiol
293(1):F382-390.

Krystal JH, Perry EB Jr, Gueorguieva R, Belger A, Madonick SH, Abi-Dargham A,
Cooper TB, Macdougall L, Abi-Saab W, D'Souza DC (2005) Comparative and
interactive human psychopharmacologic effects of ketamine and amphetamine:
implications for glutamatergic and dopaminergic model psychoses and cognitive
function. Arch Gen Psychiatry 62(9):985-94.

Kuc KA, Gregersen BM, Gannon KS, Dodart JC (2006) Holeboard discrimination
learning in mice. Genes Brain Behav 5(4):355-63.

Kucinski AJ, Stachowiak MK, Wersinger SR, Lippiello PM, Bencherif M (2011)
Alpha7 neuronal nicotinic receptors as targets for novel therapies to treat multiple
domains of schizophrenia. Curr Pharm Biotechnol 12(3):437-48.

Kuczenski R, Segal DS (1997) Effects of methylphenidate on extracellular dopamine,
serotonin, and norepinephrine: comparison with amphetamine. J Neurochem.
68(5):2032-7.

Kumari V, Postma P (2005) Nicotine use in schizophrenia: the self medication
hypotheses. Neuro and Biobehav Rev 29:1021-1034.

Kuroki T, Nagao N, Nakahara T (2008) Neuroharmacology of second-generation
antipsychotic drugs: a validity of the serotonin-dopamine hypothesis. Prog Brain Res
172:199-212.

Kvajo M, McKellar H, Arguello PA, Drew LJ, Moore H, MacDermott AB,
Karayiorgou M, Gogos JA (2008) A mutation in mouse Discl that models a
schizophrenia risk allele leads to specific alterations in neuronal architecture and
cognition. Proc Natl Acad Sci USA 105(19):7076-7081.

316


http://www.ncbi.nlm.nih.gov/pubmed/14748849
http://www.ncbi.nlm.nih.gov/pubmed/14748849
http://www.ncbi.nlm.nih.gov/pubmed/20398692
http://www.ncbi.nlm.nih.gov/pubmed/20398692
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krug%20AW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22V%C3%B6lker%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Silbernagl%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kuc%20KA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gregersen%20BM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gannon%20KS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dodart%20JC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18772034
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kvajo%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McKellar%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arguello%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Drew%20LJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moore%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22MacDermott%20AB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Karayiorgou%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gogos%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=A%20mutation%20in%20mouse%20Disc1%20that%20models%20a%20schizophrenia%20risk%20allele%20leads%20to%20specific%20alterations%20in%20neuronal%20architecture%20and%20cognition

Lahti AC, Holcomb HH, Medoff DR, Tamminga CA (1995) Ketamine activates
psychosis and alters limbic blood flow in schizophrenia. Neuroreport 6:869-872.

Lahti AC, Weiler MA, Tamara Michaelidis BA, Parwani A, Tamminga CA (2001)
Effects of ketamine in normal and schizophrenic volunteers.
Neuropsychopharmacology 25(4):455-67.

Lapiz MD, Fulford A, Muchimapura S, Mason R, Parker T, Marsden CA (2003)
Influence of postweaning social isolation in the rat on brain development,
conditioned behavior, and neurotransmission. Neurosci Behav Physiol 33(1):13-29.

Lapiz MD, Mateo Y, Parker T, Marsden C (2000) Effects of noradrenaline depletion
in the brain on response on novelty in isolation-reared rats. Psychopharmacology
(Berl) 152(3):312-320.

Large M, Sharma S, Compton MT, Slade T, Nielssen O (2011) Cannabis use and
earlier onset of psychosis: a systematic meta-analysis. Arch Gen Psychiat 68(6):555-
561.

Le Cozannet R, Fone KC, Moran PM (2010) Phencyclidine withdrawal disrupts
episodic-like memory in rats: reversal by donepezil but not clozapine. Int J Neuro
psych pharmacol (8):1011-1020.

Leavitt VM, Goldberg TE (2009) Episodic memory in schizophrenia. Neuropsych
rev 19(3):312-323.

Lee J, Park S (2005) Working memory impairments in schizophrenia: a meta-
analysis. J Abnorm Psychol 114(4):599-611.

Lee PR, Brady DL, Shapiro RA, Dorsa DM, Koenig JI (2007) Prenatal stress
generates deficits in rat social behavior: Reversal by oxytocin. Brain Res 1156:152-
1567.

Lehner M, Taracha E, Wistowska A, Zienowicz M, Maciejak P, Skdrzewska A,
Plaznik A (2003) Neurodevelopmental theories of schizophrenia (preclinical studies).
Psychiatr Pol 37(4):627-6309.

Leiser SC, Bowlby MR, Comery TA, Dunlop J (2009) A cog in cognition: how the
alpha 7 nicotinic acetylcholine receptor is geared towards improving cognitive
deficits. Pharmacol Ther 122(3):302-11.

Leung A, Chue P (2000) Sex differences in schizophrenia, a review of the literature.
Acta Psychiatr Scand Suppl 401:3-38.
317


http://www.ncbi.nlm.nih.gov/pubmed/11557159
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lapiz%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fulford%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muchimapura%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mason%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Parker%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marsden%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lapiz%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mateo%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Parker%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marsden%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/11105942
http://www.ncbi.nlm.nih.gov/pubmed/11105942
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Large%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sharma%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Slade%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nielssen%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Cannabis%5BTitle%5D%20AND%20Earlier%5BTitle%5D%20AND%20Onset%5BTitle%5D%20AND%20Psychosis%5BTitle%5D%20AND%20Systematic%5BTitle%5D%20AND%20Meta-analysis%5BTitle%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Le%20Cozannet%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fone%20KC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moran%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20236574
http://www.ncbi.nlm.nih.gov/pubmed/20236574
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Park%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Working%5BTitle%5D%20AND%20memory%5BTitle%5D%20AND%20impairments%5BTitle%5D%20AND%20schizophrenia%5BTitle%5D%20AND%20meta-analysis%5BTitle%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20PR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brady%20DL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shapiro%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dorsa%20DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koenig%20JI%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Prenatal%20Stress%20Generates%20Deficits%20in%20Rat%20Social%20Behavior
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wis%C5%82owska%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zienowicz%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maciejak%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sk%C3%B3rzewska%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C5%82a%C5%BAnik%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/14560492
http://www.ncbi.nlm.nih.gov/pubmed/19351547
http://www.ncbi.nlm.nih.gov/pubmed/19351547
http://www.ncbi.nlm.nih.gov/pubmed/19351547
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leung%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chue%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10887978

Lewine RR, Walker EF, Shurett R, Caudle J, Haden C (1996) Sex differences in
neuropsychological functioning among schizophrenic patients. Am J Psychiat
153:1178-1184.

Lewis DA (2000) GABAergic local circuit neurons and prefrontal cortical
dysfunction in schizophrenia. Brain Res Brain Res Rev 31:270-276.

Lewis DA, Lieberman JA (2000) Catching up on schizophrenia:natural history and
neurobiology. Neuron 28(2):325-34.

Lewis DA, Volk DW, Hashimoto T (2004) Selective alterations in prefrontal cortical
GABA neurotransmission in schizophrenia: a novel target for the treatment of
working memory dysfunction. Psychopharmacology (Berl)174(1):143-50.

Lewis R (2004) Should cognitive deficit be a diagnostic criterion for schizophrenia?
J Psychiatry Neurosci. 29(2):102-13.

Li T, Stefansson H, Gudfinnsson E, Cai G, Liu X, Murray RM, Steinthorsdottir V,
Januel D, Gudnadottir VG, Petursson H, Ingason A, Gulcher JR, Stefansson K,
Collier DA (2004) Identification of a novel neuregulin 1 at-risk haplotype in Han
schizophrenia Chinese patients, but no association with the Icelandic/Scottish risk
haplotype. Mol Psychiatry 9(7):698-704.

Lieberman JA (2006) Comparative effectiveness of antipsychotic drugs. A
commentary on: Cost Utility Of The Latest Antipsychotic Drugs In Schizophrenia
Study (CUtLASS 1) and Clinical Antipsychotic Trials Of Intervention Effectiveness
(CATIE). Arch Gen Psychiatry 63(10):1069-72.

Lieberman JA, Kane JM, Alvir J (1987) Provocative tests with psychostimulant
drugs in schizophrenia. Psychopharmacology (Berl) 91(4):415-433.

Lillrank SM, O'Connor WT, Oja SS, Ungerstedt U (1994) Systemic phencyclidine
administration is associated with increased dopamine, GABA, and 5-HIAA levels in
the dorsolateral striatum of conscious rats: an in vivo microdialysis study. J Neural
Transm Gen Sect 95(2):145-155.

Lindamer LA, Lohr JB, Harris MJ, Jeste DV (1997) Gender, estrogen, and
schizophrenia. Psychopharmacol Bull. 33(2):221-8.

Lippiello PM, Bencherif M, Hauser TA, Jordan KG, Letchworth SR, Mazurov AA
(2007) Nicotinic receptors as targets for therapeutic discovery. Expert opinion on

drug discovery 2(9):1185-1203.

318


http://www.ncbi.nlm.nih.gov/pubmed/15205885
http://www.ncbi.nlm.nih.gov/pubmed/15205885
http://www.ncbi.nlm.nih.gov/pubmed/15205885
http://www.ncbi.nlm.nih.gov/pubmed/15069464
http://www.ncbi.nlm.nih.gov/pubmed/15007393
http://www.ncbi.nlm.nih.gov/pubmed/15007393
http://www.ncbi.nlm.nih.gov/pubmed/15007393
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lieberman%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/17015808
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lillrank%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O'Connor%20WT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Oja%20SS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ungerstedt%20U%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/7532416
http://www.ncbi.nlm.nih.gov/pubmed/7532416
http://www.ncbi.nlm.nih.gov/pubmed/9230634
http://www.ncbi.nlm.nih.gov/pubmed/9230634

Lister RG (1985) The amnesic action of benzodiazepines in man. Neurosci Biobehav
Rev Spring 9(1):87-94.

Livingstone PD, Srinivasan J, Kew JN, Dawson LA, Gotti C, Moretti M, Shoaib M,
Wonnacott S (2009) alpha7 and non-alpha7 nicotinic acetylcholine receptors
modulate dopamine release in vitro and in vivo in the rat prefrontal cortex. Eur J
Neurosci 29(3):539-50.

Lodge DJ, Grace AA (2009) Gestational methylazoxymethanol acetate
administration: a developmental disruption model of schizophrenia. Behav Brain Res
204(2):306-12.

Lépez-Mufioz F, Alamo C, Cuenca E, Shen WW, Clervoy P, Rubio G (2005)
History of the discovery and clinical introduction of chlorpromazine. Ann Clin
Psychiatry 17(3):113-135.

Luby ED, Cohen BD, Rosenbaum G, Gottlieb JS, Kelly R (1959) Study of a new
schizophrenic-like drug: Sernyl. Arch Neurol Psychiatry 81:363-369.

Lyon L, Saksida LM, Bussey TJ (2011) Spontaneous object recognition and its
relevance to schizophrenia: a review of findings from pharmacological, genetic,
lesion and developmental rodent models. Psychopharmacology (Berl) (ahead of
print).

Kay AV, Iversen LL, Rossor M, Spokes E, Bird E, Arregui A, Creese I, Synder SH
(1982) Increased brain dopamine and dopamine receptors in schizophrenia. Arch
Gen Psychiatry 39:991-997.

Malagie I, Trillat AC, Jacquot C, Gardier AM (2000) Effects of acute fluoxetine on
extracellular serotonin levels in the raphe: an in vivo microdialysis study. Eur J
Pharmacol 286(2):213-217.

Manoach DS (2003) Prefrontal cortex dysfunction during working memory
performance in schizophrenia: reconciling discrepant findings. Schiz Res 60:285—

298.

Maragos WF, Penney JB, Young AB (1988) Anatomic correlation of NMDA and
3H-TCP-labeled receptors in rat brain. J Neurosci 8(2):493-501.

Marcotte ER, Pearson DM, Srivastava LK (2001) Animal models of schizophrenia: a
critical review. J Psychiatry Neurosci. 26(5): 395-410.

319


http://www.ncbi.nlm.nih.gov/pubmed/2858084
http://www.ncbi.nlm.nih.gov/pubmed/2858084
http://www.ncbi.nlm.nih.gov/pubmed/19187266
http://www.ncbi.nlm.nih.gov/pubmed/19187266
http://www.ncbi.nlm.nih.gov/pubmed/19716984
http://www.ncbi.nlm.nih.gov/pubmed/19716984
http://www.ncbi.nlm.nih.gov/pubmed?term=%22L%C3%B3pez-Mu%C3%B1oz%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alamo%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cuenca%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shen%20WW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clervoy%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rubio%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lyon%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saksida%20LM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bussey%20TJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/22068459
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maragos%20WF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Penney%20JB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Young%20AB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=2.%09Anatomic%20Correlation%20of%20NMDA%20and%203H-TCP-Labeled%20Receptors%20in%20Rat

Markou A, Chiamulera C, Geyer MA, Tricklebank M, Steckler T (2009) Removing
Obstacles in Neuroscience Drug Discovery: The Future Path for Animal Models
Neuropsychopharmacology 34, 74-89.

Marrocco RT, Field BA (2003) Encyclopaedia of the human brain 223-236.

Marsden CD (1976) Cerebral atrophy and cognitive impairment in chronic
schizophrenia. Lancet 308(7994):1079.

Marsden CA, King MV, Fone KC (2011) Influence of social isolation in the rat on
serotonergic function and memory--relevance to models of schizophrenia and the

role of 5- Te receptors. Neuropharmacology 61(3):400-407.

Martinez-Arevalo MJ, Calcedo-Ordo A, Varo-Prieto JR (1994) Cannabis
consumption as a prognostic factor in schizophrenia. BJP 164:679-681.

Mason SB, Domeney AM, Costall B, Naylor RJ (1992) Effect of antagonists on
amphetamine induced reversal learning impairments in the marmoset. J
Psychopharmacol 269: A68.

Matsumoto H, Spatz M, Laqueur GL (1972) Quantitative changes with age in the
DNA content of methylazoxymethanol-induced microen-cephalic rat brain. J
Neurochem 19:297-306.

McGrath J, Saha S, Welham J, El Saadi O, MacCauley C, Chant D (2004) A
systematic review of the incidence of schizophrenia: the distribution of rates and the
influence of sex, urbanicity, migrant status and methodology. BMC Med 2(1):13.

McKenna DJ, Nazarali AJ, Hoffman AJ, Nichols DE, Mathis CA, Saavedra JM
(1989) Common receptors for hallucinogens in rat brain: a comparative
autoradiographic study using [125I]LSD and [1251]DOI, a new psychotomimetic
radioligand. Brain Res 2;476(1):45-56.

McKibben CE, Jenkins TA, Adams HN, Harte MK, & Reynolds GP (2010) Effect of
pretreatment with risperidone on phencyclidine-induced disruptions in object
recognition memory and prefrontal cortex parvalbumin immunoreactivity in the rat.
Behav Brain Res 208(1):132—136.

McLean SL, Beck JP, Woolley ML, Neill JC (2008) A preliminary investigation into

the effects of antipsychotics on sub-chronic phencyclidine-induced deficits in
attentional set-shifting in female rats. Behav Brain Res May 16;189(1):152-8.

320


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marsden%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22King%20MV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fone%20KC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Influence%20of%20social%20isolation%20in%20the%20rat%20on%20serotonergic%20function%20and%20memory%20e%20Relevance%20to%20models%20of%20schizophrenia%20and%20the%20role%20of%205-HT6%20receptors
http://www.ncbi.nlm.nih.gov/pubmed/2536576
http://www.ncbi.nlm.nih.gov/pubmed/2536576
http://www.ncbi.nlm.nih.gov/pubmed/2536576

McLean SL, Grayson B, Idris NF, Lesage AS, Pemberton DJ, Mackie C, Neill JC
(2011) Activation of a7 nicotinic receptors improves phencyclidine-induced deficits
in cognitive tasks in rats: implications for therapy of cognitive dysfunction in
schizophrenia. Eur Neuropsychopharmacol 21(4):333-43.

McLean SL, Jones GA, Neill JC, Davies C, Woolley ML (2009) The effect of sub-
chronic phencyclidine on gammaoscillations in an in-vitro electrophysiology
preparation. Behavioural Pharmacology 20 (1) p. S103.

McLean SL, Neill JC, Idris NF, Marston HM, Wong EH, Shahid M (2010) Effects of
asenapine, olanzapine, and risperidone on psychotomimetic-induced reversal-
learning deficits in the rat. Behav Brain Res 214(2):240-247.

McNeil TF, Cantor-Graae E, Cardenal S (1993) Prenatal cerebral development in
individuals at genetic risk for psychosis: head size at birth in offspring of women
with schizophrenia. Schizophr Res10(1):1-5.

McPhalen CA, Sielecki AR, Santarsiero BD, James MN (1994) Refined crystal
structure of rat parvalbumin, a mammalian alpha-lineage parvalbumin, at 2.0 A
resolution J Mol Biol 235(2):718-732.

Meltzer HY (1989) Clinical studies on the mechanism of action of clozapine: the
dopamine-serotonin hypothesis of schizophrenia. Psychopharmacology (Berl). 99
Suppl:S18-27.

Meltzer HY (1991) The mechanism of action of novel antipsychotic drugs. Schiz
Bull 17:262-287.

Meltzer HY (1999) The Role of Serotonin in Antipsychotic Drug Action.
Neuropsychopharmacology 21(2):106S-115S.

Meltzer HY, Matsubara S & Lee J (1989) Classification of typical and atypical
antipsychotic drugs on the basis of dopamine D-1, D-2 and serotonin2 pKi values. J.

Pharmacol. Exp Ther 251:238-246.

Meltzer HY, McGurk SR (1999) The effects of clozapine, risperidone, and
olanzapine on cognitive function in schizophrenia. Schizophr Bull 25:233-255.

Meltzer HY, Park S and Kessler R (1999) Cogpnition, schizophrenia, and the atypical
antipsychotic drugs. PNAS 96(24):13591-13593.

321


http://www.ncbi.nlm.nih.gov/pubmed/20630711
http://www.ncbi.nlm.nih.gov/pubmed/20630711
http://www.ncbi.nlm.nih.gov/pubmed/20630711
http://www.ncbi.nlm.nih.gov/pubmed/8369227
http://www.ncbi.nlm.nih.gov/pubmed/8369227
http://www.ncbi.nlm.nih.gov/pubmed/8369227
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McPhalen%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sielecki%20AR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Santarsiero%20BD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22James%20MN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Refined%20crystal%20structure%20of%20rat%20parvalbumin%2C%20a%20mammalian%20alpha-lineage%20parvalbumin%2C%20at%202.0%20A%20resolution.%20
http://www.ncbi.nlm.nih.gov/pubmed/2682729
http://www.ncbi.nlm.nih.gov/pubmed/2682729
http://www.sciencedirect.com/science/journal/0893133X

Meyer U, Feldon J, Schedlowski M, Yee BK (2005) Towards an immuno-
precipitated neurodevelopmental animal model of schizophrenia. Neurosci Biobehav
Rev 29:913-947.

Mikkonen M, Soininen H, Pitk&anen A (1997) Distribution of parvalbumin-,
calretinin-, and calbindin-D,8k-immunoreactive neurons and fibers in the human
entorhinal cortex. J Comp Neurol 388: 64-88.

Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Semple CA,
Devon RS, St Clair DM, Muir WJ, Blackwood DH, Porteous DJ (2000) Disruption
of two novel genes by a translocation co-segregating with schizophrenia. Hum Mol
Genet 9(9):1415-1423.

Mintun MA, Sheline Y1, Moerlein SM, Vlassenko AG, Huang Y, Snyder AZ (2004)
Decreased hippocampal 5-HT2A receptor binding in major depressive disorder: in
vivo measurement with [18F]altanserin positron emission tomography. Biol Psych
55(3):217-224.

Miura H, Qiao H, Ohta T (2002) Influence of aging and social isolation on changes
in brain monoamine turnover and biosynthesis of rats elicited by novelty stress.
Synapse 2:116-24.

Mirow S (1991) Cognitive dysfunction with fluoxetine (letter). Am J Psych
148:948-949.

Moghaddam B (2003) Bringing order to the glutamate chaos in schizophrenia-review
Neuron 40(5):881-884.

Mojumder DK, Wensel TG, Frishman LJ (2008) Subcellular compartmentalization
of two calcium binding proteins, calretinin and calbindin-28 kDa, in ganglion and
amacrine cells of the rat retina. Mol Vis 14:1600-1613.

Monaghan DT, Cotman CW (1985) Distribution of N-methyl-D-aspartate-sensitive
L-[3H]glutamate-binding sites in rat brain. J Neurosci 5:290-219.

Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli H, Burnashev N,
Sakmann B, Seeburg PH (1992) Heteromeric NMDA receptors: molecular and
functional distinction of subtypes. Science 22:1217-21.

Moore TL, Schettler SP, Killiany RJ, Rosene DL, Moss MB(2009) Effects on
executive function following damage to the prefrontal cortex in the rhesus monkey

(Macaca mulatta). Behav Neurosci 123(2):231-241.

322


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilson-Annan%20JC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Christie%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Semple%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Devon%20RS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22St%20Clair%20DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Porteous%20DJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miura%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Qiao%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ohta%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mojumder%20DK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wensel%20TG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Frishman%20LJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Subcellular%20compartmentalization%20of%20two%20calcium%20binding%20proteins%2C%20calretinin%20and%20calbindin-28%20kDa%2C%20in%20ganglion%20and%20amacrine%20cells%20of%20the%20rat%20retina
http://www.ncbi.nlm.nih.gov/pubmed/1350383
http://www.ncbi.nlm.nih.gov/pubmed/1350383
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moore%20TL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schettler%20SP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Killiany%20RJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rosene%20DL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moss%20MB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Effects%20on%20executive%20function%20following%20damage%20to%20the%20prefrontal%20cortex%20in%20the%20rhesus%20monkey%20

Morein-Zamir S, Turner CD, Sahakian JB (2007) A Review of the Effects of
Modafinil on Cognition in Schizophrenia. Schi Bull 33(6):1298-1306.

Morgan AJC, Perry BE, Cho SH, Krystal HJ, D’Souza CD (2006) Greater
vulnerability to the amnestic effects of ketamine in males. Psychopharmacology 405-
414,

Moriarty JP, Lieber D, Bennett A, White L, Parrella M, Harvey DP, Davis LK (2001)
Gender differences in poor outcome patients with lifelong schizophrenia. Schi Bull
27(1):103-113.

Morris BJ, Cochran SM, Pratt JA (2005) PCP: from pharmacology to modelling
schizophrenia. Curr Opin Pharmacol. 5(1):101-6.

Mortensen PB, Pedersen MG, Pedersen CB (2010) Psychiatric family history and
schizophrenia risk in Denmark: which mental disorders are relevant? Psychol Med
40(2):201-210.

Mouri A, Noda Y, Enomoto T, Nabeshima T (2007) Phencyclidine animal models of
schizophrenia: Approaches from abnormality of glutamatergic neurotransmission
and neurodevelopment. Neurochem Int51(2-4):173-184.

Muchimapura S, Marsden CA (2004) The effect of social isolation rearing on the
development of the hippocampus and serotonergic function. Thai J Physiol Sci
7(1):1-8.

Mulvany F, O'Callaghan E, Takei N, Byrne M, Fearon P, Larkin C (2001) Effect of
social class at birth on risk and presentation of schizophrenia: case-control study.
BMJ 15;323 (7326):1398-401..

Muntaner C, Eaton WW, Miech R, O'Campo P (2004) Socioeconomic position and
major mental disorders. Epidemiol Rev 26:53-62.

Murphy JM (2003) Encyclopedia of the neurological sciences 49-53.

Nabeshima T, Yamaguchi K, Yamada K, Hiramatsu M, Kumabara Y, Furukawa H,
Kameyama T (1984) Sex-dependent differences in the pharmacologic actions and
pharmacokinetics of phencyclidine in rats. Eur J Pharmacol 97:217-227.
Nagahama Y, Fukuyama H, Yamauchi H, Matsuzaki S, Konishi J, Shibasaki H,
Kimura J (1996) Cerebral activation during performance of a card sorting test.

Brain 119(5):1667-75.

323


http://www.springerlink.com/content/?Author=Celia+J.+A.+Morgan
http://www.springerlink.com/content/?Author=Edward+B.+Perry
http://www.springerlink.com/content/?Author=Hyung-Sang+Cho
http://www.springerlink.com/content/?Author=Deepak+Cyril+D%e2%80%99Souza
http://www.springerlink.com/content/0033-3158/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morris%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cochran%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pratt%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/15661633
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mortensen%20PB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pedersen%20MG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pedersen%20CB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/17669558
http://www.ncbi.nlm.nih.gov/pubmed/11744563
http://www.ncbi.nlm.nih.gov/pubmed/11744563
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muntaner%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eaton%20WW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miech%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O%27Campo%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Socioeconomic%5BTitle%5D%20AND%20Position%5BTitle%5D%20AND%20Major%5BTitle%5D%20AND%20Mental%5BTitle%5D%20AND%20Disorders%5BTitle%5D

Neill JC, Barnes S, Cook S, Grayson B, Idris NF, SL, Snigdha S, Rajagopal L, Harte
MK (2010) Animal models of cognitive dysfunction and negative symptoms of
schizophrenia: focus on NMDA receptor antagonism. Pharmacol Ther 128(3):419-32.

Nestler EJ, Hyman SE (2010) Animal models of neuropsychiatric disorders. Nat
Neurosci_13(10):1161-1169.

Nichols CD (2009) Serotonin 5-HT,a Receptor Function as a Contributing Factor to
Both Neuropsychiatric and Cardiovascular Diseases. Cardiovasc Psychiatry Neurol.
2009: 475108

Nichols DE, Nichols CD (2008) Serotonin receptors. Chem Rev 108(5):1614-41
Nicole L, Lesage A, Lalonde P (1992) Lower incidence and increased male:female
ratio in schizophrenia. Br J Psychiat 161:556-557.

Niemi LT, Suvisaari JM, Tuulio-Henriksson A, Lénngvist JK (2003) Childhood
developmental abnormalities in schizophrenia: evidence from high-risk studies.
Schizophr Res. 60(2-3):239-58.

Noda Y, Meltzer HY, Nabeshimal HT, Ichikawa J (2000) Clozapine, but not
haloperidol, reverse phencyclidine (PCP)-induced impairment in an 8-arm radil maze
performance in rats. Soc Neurosci Abstr 2000:653.3.

Oades RD (1981) Dopaminergic agonistic and antagonistic drugs in the ventral
tegmentum of rats inhibit and facilitate changes of food-search behaviour. Neurosci
Lett 27:75-80.

Oades RD (1982) Search strategies on a hole-board are impaired in rats with ventral
tegmental damage: animal model of tests of thought disorder. Biol. Psychiat 17:243—
258.

Oades RD, Isaacsom RL (1978) The development of food search behaviour by rats:
The effect of hippocampul damage and haloperidol. Behavioural Biology 24:327-
337.

Ogren SO, Goldstein M (1994) Phencyclidine- and dizocilpine-induced
hyperlocomotion are differentially mediated. Neuropsychopharmacology. 11(3):167-
77.

Ohnuma T, Augood SJ, Arai H, McKenna PJ, Emson PC (1999) Measurement of

GABAergic parameters in the prefrontal cortex in schizophrenia: focus on GABA

content, GABA(A) receptor alpha-1 subunit messenger RNA and human GABA

transporter-1 (HGAT-1) messenger RNA expression. Neuroscience 93: 441-448.
324


http://www.ncbi.nlm.nih.gov/pubmed/20705091
http://www.ncbi.nlm.nih.gov/pubmed/20705091
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nestler%20EJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hyman%20SE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20877280
http://www.ncbi.nlm.nih.gov/pubmed/20877280
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nichols%20DE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nichols%20CD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18476671
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nicole%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lesage%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lalonde%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/1393346
http://www.ncbi.nlm.nih.gov/pubmed/7865098
http://www.ncbi.nlm.nih.gov/pubmed/7865098

Olincy A, Young DA, Freedman R (1997) Increased levels of the nicotine metabolite
cotinine in schizophrenic smokers compared to other smokers. Biol Psychiatry 42:1-
5.

Olney JW, Farber NB (1995) Glutamate receptor dysfunction and schizophrenia.
Arch Gen Psychiatry 52(12):998-1007.

Olney JW, Newcomer JW, Farber NB (1999) NMDA receptor hypofunction model
of schizophrenia. J Psychiatr Res 33(6):523-33.

Olsen ML, Cero 1J (2010) Intrahippocampal Norleucine®-Angiotensin 1V mitigates
scopolamine-induced spatial working memory deficits. Peptides 31(12):2209-2215.

Olsen RW, DeLorey TM, Gordey M, Kang MH (1999) GABA receptor function and
epilepsy. Adv Neurol 79:499-510.

Olton DS (1987) The radial arm maze as a tool in behavioural pharmacology.
Physiol Behav 40(6):793-797.

Olton DS, Samuelson RJ (1976) Remembrance of places passed: Spatial memory in
rats. Journal of ExperimentalPsychology: Animal Behavior Processes 2:97-116.

Opler Mark GA, Susser SE (2005) Fetal environment and schizophrenia. Environ
Health Perspect 113(9):1239-1242.

Overstreet HD, Hlavka J, Feighner PJ, Nicolau G, Freed FJ(2004) Antidepressant-
like effects of a novel pentapeptide, nemifitide, in an animal model of depression.
Psychopharmacology 175:303-309.

Owen MJ, Craddock N, Donovan MC (2005) Schizophrenia: genes at last? Trends in
Genet 21(9) 518-525.

Ozawa K, Hashimoto K, Kishimoto T, Shimizu E, Ishikura H, lyo M (2006) Immune
activation during pregnancy in mice leads to dopaminergic hyperfunction and
cognitive impairment in the offspring: a neurodevelopmental animal model of
schizophrenia. Biol Psych 59:546-505.

Palmer AA, Printz DJ, Butler PD, Dulawa SC, Printz MP(2004) Prenatal protein

deprivation in rats induces changes in prepulse inhibition and NMDA receptor
binding. Brain Res 996(2):193-201.

325


http://www.ncbi.nlm.nih.gov/pubmed/7492260
http://www.ncbi.nlm.nih.gov/pubmed/10628529
http://www.ncbi.nlm.nih.gov/pubmed/10628529
http://www.ncbi.nlm.nih.gov/pubmed/20816712
http://www.ncbi.nlm.nih.gov/pubmed/10514838
http://www.ncbi.nlm.nih.gov/pubmed/10514838
http://www.ncbi.nlm.nih.gov/pubmed/3313453
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Palmer%20AA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Printz%20DJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butler%20PD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dulawa%20SC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Printz%20MP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/14697497

Palsson E, Klamer D, Wass C, Archer T, Engel JA, Svensson L (2005) The effects
of phencyclidine on latent inhibition in taste aversion conditioning: differential
effects of pre-exposure and conditioning. Behav Brain Res 157(1):139-46.

Papaleo F, Crawley JN, Song J, Lipska BK, Pickel J, Weinberger DR, Chen J (2008)
Genetic dissection of the role of catechol-o-methyltransferase in cognition and stress
reactivity in mice. J Neurosci 28(35):8709-8723.

Park S, Holzman PS (1992) Schizophrenics show spatial working memory deficits.
Arch Gen Psychiatry 49:975-982.

Park S, Holzman PS, Goldman-Rakic PS (1995) Spatial Working Memory Deficits
in the Relatives of Schizophrenic Patients. Arch Gen Psychiatry 52(10):821-828.

Pedersen CB, Mortensen PB(2001) Family history, place and season of birth as risk
factors for schizophrenia in Denmark: a replication and reanalysis. Br J
Psychiatry179:46-52.

Pehek EA (1999) Comparison of effects of haloperidol administration on
amphetamine-stimulated dopamine release in the rat medial prefrontal cortex and
dorsal striatum.J Pharmacol Exp Ther 289(1):14-23.

Peled HJ, Ayhan Y, Pletnikov MV, Sawa A (2009) Review of pathological
hallmarks of schizophrenia: Comparison of genetic models with patients and non-
genetic models. Schizophr Bull 36(2):301-313.

Pelletier M, Achim AM, Montoya A, Lal S, Lepage M (2005) Cognitive and clinical
moderators of recognition memory in schizophrenia: a meta-analysis. Schizophr Res
74:233-252.

Perlstein WM, Carter CS, Noll DC, Cohen JD Relation of prefrontal cortex
dysfunction to working memory and symptoms in schizophrenia. Am J Psychiatry

158(7):1105-13.

Perry TL (1982) Normal cerebrospinal fluid and brain glutamate levels in
schizophrenia. Neuroscience Letters, 28(1):81-85

Petersen RC, Stillman RC (1978) Phencyclidine: an overview. NIDA Res Monogr
(21):1-17.

326


http://www.ncbi.nlm.nih.gov/pubmed/15617780
http://www.ncbi.nlm.nih.gov/pubmed/15617780
http://www.ncbi.nlm.nih.gov/pubmed/15617780
http://www.jneurosci.org/search?author1=Francesco+Papaleo&sortspec=date&submit=Submit
http://www.jneurosci.org/search?author1=Jacqueline+N.+Crawley&sortspec=date&submit=Submit
http://www.jneurosci.org/search?author1=Jian+Song&sortspec=date&submit=Submit
http://www.jneurosci.org/search?author1=Barbara+K.+Lipska&sortspec=date&submit=Submit
http://www.jneurosci.org/search?author1=Jim+Pickel&sortspec=date&submit=Submit
http://www.jneurosci.org/search?author1=Daniel+R.+Weinberger&sortspec=date&submit=Submit
http://www.jneurosci.org/search?author1=Jingshan+Chen&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pedersen%20CB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mortensen%20PB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10086982
http://www.ncbi.nlm.nih.gov/pubmed/10086982
http://www.ncbi.nlm.nih.gov/pubmed/10086982
http://www.ncbi.nlm.nih.gov/pubmed/11431233
http://www.ncbi.nlm.nih.gov/pubmed/11431233
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Petersen%20RC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stillman%20RC%22%5BAuthor%5D

Phillips GD, Howes SR, Whitelaw RB, Wilkinson LS, Robbins TW, Everitt BJ
(1994) Isolation rearing enhances the locomotor response to cocaine and a novel
environment, but impairs the intravenous self-administration of cocaine.
Psychopharmacology (Berl) 115(3):407-418.

Pin JP, Duvoisin R (1995) The metabotropic glutamate receptors: structure and
functions. Neuropharmacology 34(1):1-26.

Porter MC, Burk JA, Mair RG (2000) A comparison of the effects of hippocampal or
prefrontal cortical lesions on three versions of delayed non-matching-to-sample
based on positional or spatial cues. Behav Brain Res 109:69-81.

Post AM, Wultsch T, Popp S, Painsipp E, Wetzstein H, Kittel-Schneider S, Sontag
TA, Lesch KP, Reif A (2011) The COGITAT holeboard system as a valuable tool to
assess learning, memory and activity in mice. Behav Brain Res 20;220(1):152-8.

Puglisi-Allegra S, Oliverio A (1983) Social isolation: effects on pain threshold and
stress-induced analgesia. Pharmacol Biochem Behav 19(4):679-81.

Puma C, Deschaux O, Molimard R, Bizot JC (1999) Nicotine improves memory in
an object recognition task in rats. Eur Neuropsychopharmacology 9:323-327.

Quan MN, Tian YT, Xu KH, Zhang T, Yang Z (2010) Post weaning social isolation
influences spatial cognition, prefrontal cortical synaptic plasticity and hippocampal
potassium ion channels in Wistar rats. Neuroscience 169(1):214-22.

Ragland DJ, Laird RA, Ranganath C, Blumenfeld SR, Gonzales MS, Glahn CD
(2009) Prefrontal Activation Deficits During Episodic Memory in Schizophrenia.
Am J Psychiatry 166:863.

Rajji KT, Ismail Z, Mulsant HB (2009) Age of onset and cognition in schizophrenia:
meta-analysis. BJP 195:286-293.

Rea K, Folgering J, Westerink BHC, Cremers TIMH (2010) a.1-Adrenoceptors
modulate citalopram-induced serotonin release. Neuropharmacology 58(7):962-971.

Read J, van Os, J, Morrison AP, Ross CA (2005) Childhood trauma, psychosis and

schizophrenia: a literature review with theoretical and clinical implications. Acta
Psychiatr. Scand. 112:330-350.

327


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Phillips%20GD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Howes%20SR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Whitelaw%20RB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilkinson%20LS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robbins%20TW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Everitt%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/7871083
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pin%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Duvoisin%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Pin%20and%20duvoisin
http://www.ncbi.nlm.nih.gov/pubmed/21310188
http://www.ncbi.nlm.nih.gov/pubmed/21310188
http://www.ncbi.nlm.nih.gov/pubmed/20438813
http://www.ncbi.nlm.nih.gov/pubmed/20438813
http://www.ncbi.nlm.nih.gov/pubmed/20438813
http://www.sciencedirect.com/science/journal/00283908
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0028390810X00041&_cid=271069&_pubType=JL&view=c&_auth=y&_acct=C000010080&_version=1&_urlVersion=0&_userid=122861&md5=2430dfeb179cd245c5b26ddec03511a9

Redrobe JP, Bull S, Plath N (2010) Translational aspects of the novel object
recognition task in rats abstinent following sub-chronic treatment with phencyclidine
(PCP): effects of modafinil and relevance to cognitive deficits in schizophrenia.
Front Psychiatry 1:146.

Redrobe JP, Nielsen EO, Christensen JK, Peters D, Timmerman DB and Olsen GM
(2009) a7 nicotinic acetylcholine receptor activation ameliorates scopolamine-
induced behavioural changes in a modified continuous Y-maze task in mice. Eur J of
Pharmacol 602:58-65.

Rewal M, Wen Y, Wilson A, Simpkins JW, Jung ME (2005) Role of parvalbumin in
estrogen protection from ethanol withdrawal syndrome. Alcohol Clin Exp Res.
29(10):1837-1844.

Reynolds GP (2000) The new antipsychotics--some pharmacological aspects of their
problems and potential. Expert Opin Pharmacother 1(2):181-5.

Reynolds GP, Abdul-Monim Z, Neill JC, Zhang ZJ (2004) Calcium binding protein
markers of GABA deficits in schizophrenia--postmortem studies and animal models.
Neurotox Res 6(1):57-61.

Reynolds GP, Czudek C, Bzowej N, Seeman P (1987) Dopamine receptor
asymmetry in schizophrenia. Lancet 1:979.

Ridley RM, Baker HF, Frith CD, Dowdy J, Crow TJ (1988) Stereotyped responding
on a two-choice guessing task by marmosets and humans treated with amphetamine.
Psychopharmacology (Berlin) 95:560-564.

Roberts E (1972) Prospects for research on schizophrenia. An hypotheses suggesting
that there is a defect in the GABA system in schizophrenia. Neurosci Res Program
Bull 10(4):468-482.

Rodefer JS, Nguyen TN, Karlsson JJ, Arnt J (2008) Reversal of subchronic PCP-
induced deficits in attentional set shifting in rats by sertindole and a 5-HT6 receptor
antagonist: comparison among antipsychotics. Neuropsychopharmacology
33(11):2657-2666.

Rogers DC, Jones DN, Nelson PR, Jones CM, Quilter CA, Robinson TL & Hagan JJ
(1999) Use of SHIRPA and discriminant analysis to characterize marked differences
in the behavioural phenotype of six inbred mouse strains. Behav Brain Res 105:207—
217.

328


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rewal%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wen%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilson%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Simpkins%20JW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jung%20ME%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Role%20of%20Parvalbumin%20in%20Estrogen%20Protection%20From%20Ethanol%20Withdrawal%20Syndrome
http://www.ncbi.nlm.nih.gov/pubmed/11249541
http://www.ncbi.nlm.nih.gov/pubmed/11249541
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reynolds%20GP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abdul-Monim%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Neill%20JC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20ZJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Calcium%20Binding%20Protein%20Markers%20of%20GABA%20Deficits%20in%20Schizophrenia%20-%20Post%20Mortem%20Studies%20and%20Animal%20Models
http://www.ncbi.nlm.nih.gov/pubmed/4663826
http://www.ncbi.nlm.nih.gov/pubmed/4663826
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rodefer%20JS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nguyen%20TN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Karlsson%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arnt%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18094666
http://www.ncbi.nlm.nih.gov/pubmed/18094666

Rujescu D, Bender A, Keck M, Hartmann AM, Ohl F, Raeder H, Giegling I, Genius
J, McCarley RW, Mdller HJ, Grunze H (2006) A pharmacological model for
psychosis based on N-methyl-D-aspartate receptor hypofunction: molecular, cellular,
functional and behavioral abnormalities. Biol Psychiatry 15;59(8):721-9.

Rushforth SL, Steckler T, Shoaib M (2011) Nicotine improves working memory
span capacity in rats following sub-chronic ketamine exposure.
Neuropsychopharmacology 36(13):2774-81.

Sahakian BJ, Robbins TW, Iversen SD (1975) The effects of novelty and complexity
on environmental preference in socially deprived rats Paper given to the
Experimental Psychology Society, London.

Salem EJ, Kring MA (1998) The role of gender differences in the reduction of
etiologic heterogeneity in schizophrenia. Clinical Psychology review 18(7):795-819.

Salokangas RKR, Honkonen T, Saarinen S (2003) Women have later onset than men
in schizophrenia—but only in its paranoid form. Results of the DSP project.
European Psychiatry 18 (2003) 274-281.

Sams-Dodd F (1995) Distinct effects of d-amphetamine and phencyclidine on the
social behaviour of rats. Behav Pharmacol. 6(1):55-65.

Sams-Dodd F (1998) Effects of Continuous D-Amphetamine and Phencyclidine
Administration on Social Behaviour, Stereotyped Behaviour, and Locomotor
Activity in Rats. Neuropsychopharmacology 19:8-25.

Samuels SC, Davis KL (1998) Experimental approaches to cognitive disturbance in
Alzheimer’s disease. Harv Rev Psych 6:11-22.

Samuelsson AM, Jennische E, Hansson HA, Holméng A (2006) Prenatal exposure to
interleukin-6 results in inflammatory neurodegeneration in hippocampus with
NMDA/GABA(A) dysregulation and impaired spatial learning. Am J Physiol Regul
Integr Comp Physiol 290:R1345-R1356.

Sanchez-Santed F, de Bruin JPC, Heinsbroek RPW, Verwer RWH. (1997) Spatial
delayed alternation of rats in a T-maze: effects of neurotoxic lesions of the medial
prefrontal cortex and of T-maze rotations. Behav. Brain Res 84:73-79.

Schenk S, Hunt T, Klukowski G, Amit Z (1987) Isolation housing decreases the
effectiveness of morphine in the conditioned taste aversion paradigm.
Psychopharmacology 92(1): 48-51.

329


http://www.ncbi.nlm.nih.gov/pubmed/16427029
http://www.ncbi.nlm.nih.gov/pubmed/16427029
http://www.ncbi.nlm.nih.gov/pubmed/16427029
http://www.ncbi.nlm.nih.gov/pubmed/21956441
http://www.ncbi.nlm.nih.gov/pubmed/21956441
http://www.ncbi.nlm.nih.gov/pubmed/11224312
http://www.ncbi.nlm.nih.gov/pubmed/11224312

Schilstrom B, Ivanov VB, Wiker C, Svensson TH (2007) Galantamine enhances
dopaminergic neurotransmission in vivo via allosteric potentiation of nicotinic
acetylcholine receptors. Neuropsychopharmacology 32(1):43-53.

Schotte A, Janssen PF, Gommeren W, Luyten WH, Van Gompel P, Lesage AS, De
Loore K, Leysen JE (1996) Risperidone compared with new and reference
antipsychotic drugs: in vitro and in vivo receptor binding. Psychopharmacology
(Berl) 124(1-2):57-73.

Schwabe K, Klein S, Koch M (2006) Behavioural effects of neonatal lesions of the
medial prefrontal cortex and subchronic pubertal treatment with phencyclidine of
adult rats. Behav Brain Res_168(1):150-160.

Seeman M (1986) Current outcome in schizophrenia: Women versus men. Acta
Psychiatrica Scandinavia 73: 609-617.

Seeman MV (2012) Menstrual exacerbation of schizophrenia symptoms. Acta
Psychiatr Scand (ahead of print).

Seeman P, Ulpian C, Bergeron C, Riederer P, Jellinger K, Gabriel E, Reynolds GP,
Tourtellotte WW (1984) Bimodal distribution of dopamine receptor densities in
brains of schizophrenics. Science. 17: 728-31.

Seeman P, Wong CM, Tedesco J, Wong K (1975) Brain receptors for antipsychotic
drugs and dopamine: Direct binding assays. Proc Nat Acad Sci 72(11):4376-4380.

Seiden LS, Sabol KE, Ricaurte GA (1993) Amphetamine: effects on catecholamine
systems and behavior. Annu Rev Pharmacol Toxicol. 33:639-77.

Seidman LJ, Goldstein JM, Goodman JM, Koren D, Turner WM, Faraone SV (1997)
Sex differences in olfactory identification and Wisconsin Card Sorting performance
in schizophrenia: relationship to attention and verbal ability. Biol Psychiat 42:104-
115.

Seillier A, Giuffrida A (2009) Evaluation of NMDA receptor models of
schizophrenia: divergences in the behavioral effects of sub-chronic PCP and MK-

801. Behav Brain Res 204(2):410-5.

Serri O, Chik LC, Ur E, Ezzat S (2003) Diagnosis and management of
hyperlactenemia. CMAJ 169(6): 575-581.

330


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schilstr%C3%B6m%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ivanov%20VB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wiker%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Svensson%20TH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/16641937
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schotte%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Janssen%20PF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gommeren%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Luyten%20WH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Gompel%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lesage%20AS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22De%20Loore%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22De%20Loore%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leysen%20JE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/8935801
http://www.ncbi.nlm.nih.gov/pubmed/8935801
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schwabe%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Klein%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koch%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Behavioural%20effects%20of%20neonatal%20lesions%20of%20the%20medial%20prefrontal%20cortex%20and%20subchronic%20pubertal%20treatment%20with%20phencyclidine%20of%20adult%20rats
http://www.ncbi.nlm.nih.gov/pubmed/22235755
http://www.ncbi.nlm.nih.gov/pubmed/6147018
http://www.ncbi.nlm.nih.gov/pubmed/6147018
http://www.ncbi.nlm.nih.gov/pubmed/19716985
http://www.ncbi.nlm.nih.gov/pubmed/19716985
http://www.ncbi.nlm.nih.gov/pubmed/19716985

Shelnutt SR, Gunnell M, Owens SM (1999) Sexual Dimorphism in Phencyclidine In
Vitro Metabolism and Pharmacokinetics in Rats. J Pharmacol Exp Ther
290(3):1292-1298.

Shen S, Lang B, Nakamoto C, Zhang F, Pu J, Kuan SL, Chatzi C, He S, Mackie I,
Brandon NJ, Marquis KL, Day M, Hurko O, McCaig CD, Riedel G, St Clair D (2008)
Schizophrenia-related neural and behavioral phenotypes in transgenic mice
expressing truncated Discl. J Neurosci 28(43):10893-10904.

Shulman Y, Tibbo P (2005) GABAergic Deficits in Schizophrenia: Evidence and
Implications. UAHSJ 2:23-27.

Silvers JM, Harrod SB, Mactutus CF, Booze RM (2007) Automation of the novel
object recognition task for use in adolescent rats. J Neurosci Met 166:99-103.

Sipos ML, Burchnell V, Galbicka G (1999) Dose-response curves and time-course
effects of selected anticholinergics on locomotor activity in rats.
Psychopharmacology (Berl) 147(3):250-256.

Smith JK, Neill JC, Costall B (1997) Post-weaning housing conditions influence the
behavioural effects of cocaine and d-amphetamine. Psychopharmacology131:23-33.

Snigdha S, Li Z, Dai J, Shahid M, Neill JC and Meltzer H (2008) Effect of PCP to
attenuate DA efflux in rats performing the object recognition task: an in vivo
investigation. Program No. 791.4/ TT40. 2008 Neuroscience Meeting Planner.
Society for Neuroscience, Washington.

Snigdha S, Neill JC, McLean SL, Shemar GK, Cruise L, Shahid M, Henry B (2011)
Phencyclidine (PCP)-induced disruption in cognitive performance is gender-specific
and associated with a reduction in brain-derived neurotrophic factor (BDNF) in
specific regions of the female rat brain. J Mol Neurosci. 43(3):337-45.

Snitz BE, Macdonald AW 3rd, Carter CS (2006) Cognitive deficits in unaffected
first-degree relatives of schizophrenia patients: a meta-analytic review of putative

endophenotypes. Schizophr Bull 32(1):179-194.

Snyder SH (1973) Amphetamine psychosis: a ‘model’ schizophrenia mediated by
catecholamines. Am J Psychiat 130:61-66.

331


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shelnutt%20SR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gunnell%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Owens%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10454506
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shen%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lang%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakamoto%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pu%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kuan%20SL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chatzi%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22He%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mackie%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brandon%20NJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marquis%20KL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Day%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hurko%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCaig%20CD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Riedel%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22St%20Clair%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Schizophrenia-Related%20Neural%20and%20Behavioral%20Phenotypes%20in%20Transgenic%20Mice%20Expressing%20Truncated%20Disc1
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sipos%20ML%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Burchnell%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Galbicka%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10639682
http://www.ncbi.nlm.nih.gov/pubmed/20852970
http://www.ncbi.nlm.nih.gov/pubmed/20852970
http://www.ncbi.nlm.nih.gov/pubmed/20852970
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Snitz%20BE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Macdonald%20AW%203rd%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carter%20CS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/16166612

Snyder PJ, Jackson CE, Piskulic D, Olver J, Norman T, Maruff P (2008) Spatial
working memory and problem solving in schizophrenia: the effect of symptom
stabilization with atypical antipsychotic medication. Psychiatry Res 30;160(3):316-
26.

South MA, Sever JL (1985) Teratogen update: the congenital rubella syndrome.
Teratology 31(2):297-307.

Stahl SM (2000) Essential psychopharmacology: neuroscientific basis and practical
applications. 2nd ed. Cambridge, MA: Cambridge University Press: 401-433.

Stefansson H, Sarginson J, Kong A, Yates P, Steinthorsdottir V, Gudfinnsson E,
Gunnarsdottir S, Walker N, Petursson H, Crombie C, Ingason A, Gulcher RJ,
Stefansson K, Clair DS (2003) Association of neuregulin 1 with schizophrenia
confirmed in a Scottish population. Am J Hum Genet 72(1):83-87.

Sullivan R, Wilson AD (2006) The International Society for Developmental
Psychobiology Annual Meeting Symposium: Impact of Early Life Experiences on
Brain and Behavioral Development. Dev Psychobiol 48(7): 583-602.

Sullivan R, Wilson AD, Feldon J, Yee BK, Meyer U, Richter GL, Avi A, Michael T,
Gruss M, Bock J, Helmeke C, Braun K (2006) The international society for
developmental psychobiology annual meeting symposium: impact of early life
experiences on brain and behavioural development. Dev Psychobiol 48(7):583-602.

Sumiyoshi T, Stockmeier CA, Overholser JC, Thompson PA, Meltzer HY (1995)
Dopamine D4 receptors and effects of guanine nucleotides on [3H]raclopride
binding in postmortem caudate nucleus of subjects with schizophrenia or major
depression. Brain Res 681:109-116.

Sutcliffe JS, Marshall KM, Neill JC (2007) Influence of gender on working and
spatial memory in the novel object recognition task in the rat. Behav Brain
Res12;177(1):117-25.

Svenningsson P, Tzavara TE, Witkin JM, Feinberg AA, Nomikos GG, Greengard P
(2002) Involvement of striatal and extrastriatal DARPP-32 in biochemical and
behavioural effects of fluoxetine (Prozac). PNAS 99(5):3182-3187.

Svensson TH (2000) Dysfunctional brain dopamine systems induced by

psychotomimetic NMDA-receptor antagonists and the effects of antipsychotic drugs.
Brain Res Brain Res Rev 31(2-3):320-9.

332


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Snyder%20PJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jackson%20CE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Piskulic%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Olver%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Norman%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maruff%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18579217
http://www.ncbi.nlm.nih.gov/pubmed/3922074
http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=17016842
http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=17016842
http://www.ncbi.nlm.nih.gov/pubmed/17016842##
http://www.ncbi.nlm.nih.gov/pubmed/17123641
http://www.ncbi.nlm.nih.gov/pubmed/17123641
http://www.ncbi.nlm.nih.gov/pubmed/10719159
http://www.ncbi.nlm.nih.gov/pubmed/10719159

Talamini LM, Koch T, Luiten PGM, Koolhaas JM, Korf J (1999) Interruptions in
early cortical development affect limbic association areas and social behaviour in
rats; possible relevance for neurodevelopmental disorders. Brain Research 847:105—
120.

Tamminga CA (2006) The neurobiology of cognition in schizophrenia. J Clin
Psychiatry 67 Suppl 9:9-13.

Tecott LH, Wehner JM (2001) Mouse molecular genetic technologies: promise for
psychiatric research. Arch Gen Psychiatry 58(11):995-1004.

Tek C, Gold J, Blaxton T, Wilk C, McMahon RP, Buchanan RW (2002) Visual
perceptual and working memory impairments in schizophrenia. Arch Gen Psychiatry
59(2):146-153.

Thomas E, Snyder JP, Pietrzak HR, Jackson EC, Bednar M, Maruff (2008) Specific
impairments in visuospatial working and short-term memory following low-dose
scopolamine challenge in healthy older adults. Neuropsychologia 46(10): 2476-2484.

Thompson RF (1985) An introduction to neuroscience. New York.

Thormodsen R, Jensen J, Holmeén A, Juuhl-Langseth M, Emblem KE, Andreassen
OA, Rund BR (2011) Prefrontal hyperactivation during a working memory task in
early-onset schizophrenia spectrum disorders: an fMRI study. Psychiatry Res.
194(3):257-262.

Todtenkopf MS, Benes FM (1998) Distribution of glutamate decarboxylase65
immunoreactive puncta on pyramidal and nonpyramidal neurons in hippocampus of
schizophrenic brain. Synapse 29(4):323-32.

Torrey EF (1977) Birth weights, perinatal insults, and HL-A types: The return to
original din. Schi Bull 3:347-351.

Torrey EF, Miller J, Rawlings R, Yolken RH (1997) Seasonality of births in
schizophrenia and bipolar disorder: a review of the literature. Schizophr Res 28(1):1-

38.

Torrey EF, Yolken RH (2003) Toxoplasma gondii and schizophrenia. Emerg Infect
Dis 9(11):1375-1380.

Trivedi MS, Jarbe T (2011) A brief review on recent developments in animal models
of schizophrenia. Ind J Pharmacol 43(4):375-380.

333


http://www.ncbi.nlm.nih.gov/pubmed/16965183
http://www.ncbi.nlm.nih.gov/pubmed/11695945
http://www.ncbi.nlm.nih.gov/pubmed/11695945
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tek%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gold%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Blaxton%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilk%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McMahon%20RP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Buchanan%20RW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/11825136
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thormodsen%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jensen%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Holm%C3%A8n%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Juuhl-Langseth%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Emblem%20KE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andreassen%20OA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andreassen%20OA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rund%20BR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/22079661
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Todtenkopf%20MS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Benes%20FM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9428062##
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Torrey%20EF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yolken%20RH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/14725265
http://www.ncbi.nlm.nih.gov/pubmed/14725265

Tsai SJ (2005) Central N-acetyl aspartylglutamate deficit: a possible pathogenesis of
schizophrenia. Med Sci Monit 11(9):HY39-45.

Tune LE, Strauss ME, Lew MF, Breitlinger E, Coyle JT (1982) Serum levels of
anticholinergic drugs and impaired recent memory in chronic schizophrenic patients.
Am J Psychiat 139:1460-1462.

van der Does AJW, Van den Bosch RJ (1992) What determines Wisconsin Card
Sorting performance in schizophrenia? Clin. Psychol. Rev 12: 567- 583.

van der Staay FJ, Bouger PC (2005) Effects of the cholinesterase inhibitors
donepezil and metrifonate on scopolamine-induced impairments in the spatial cone
field orientation task in rats. Behav Brain Res 6; 156(1):1-10.

van der Staay FJ, Arndt SS, Nordquist RE (2009) Evaluation of animal models of
neurobehavioral disorders. Behav Brain Funct. 25;5:11.

van der Staay FJ, Gieling ET, Pinzon NE, Nordquist RE, Ohl F (2012) The
appetitively motivated “cognitive™ holeboard: a family of complex spatial
discrimination tasks for assessing learning and memory. Neurosci Biobehav Rev
36(1):379-403.

van der Staay FJ, Krechting B, Blokland A, Raaijmakers W (1990) The cone field: a
spatial discrimination task for the automatic and simultaneous assessment of
working and reference memory in rats. J Neurosci Methods 31(1):13-22.

van der Staay FJ, van Nies J, Raaijmakers W (1990) The effects of aging in rats on
working and reference memory performance in a spatial holeboard discrimination
task. Behav Neural Biol 53(3):356-70

van der Staay FJ, Raaijmakers WG, Lammers AJ, Tonnaer JA (1989) Selective
fimbria lesions impair acquisition of working and reference memory of rats in a
complex spatial discrimination task. Behav Brain Res. 1989 32(2):151-61.

van Os J, Bak M, Hanssen M, Bijl VR, Graaf DR, Verdoux H (2002) Cannabis use
and psychosis: A longitudinal population-based study. Am J Epidemiol 156(4):319-
327.

van Os J, Kapur S (2009) Schizophrenia. The Lancet 374 (9690)635-45.

van Os J, Kenis G, Rutten BP (2010) The environment and schizophrenia. Nature
468(7321):203-212.

334


http://www.ncbi.nlm.nih.gov/pubmed/15474645
http://www.ncbi.nlm.nih.gov/pubmed/15474645
http://www.ncbi.nlm.nih.gov/pubmed/15474645
http://www.ncbi.nlm.nih.gov/pubmed/2308378
http://www.ncbi.nlm.nih.gov/pubmed/2308378
http://www.ncbi.nlm.nih.gov/pubmed/2308378
http://www.ncbi.nlm.nih.gov/pubmed/2350322
http://www.ncbi.nlm.nih.gov/pubmed/2350322
http://www.ncbi.nlm.nih.gov/pubmed/2350322
http://www.ncbi.nlm.nih.gov/pubmed/2923658
http://www.ncbi.nlm.nih.gov/pubmed/2923658
http://www.ncbi.nlm.nih.gov/pubmed/2923658
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kenis%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rutten%20BP%22%5BAuthor%5D

Vannucchi MG, Scali C, Kopf SR, Pepeu G, Casamenti F (1997) Selective
muscarinic antagonists differentially affect in vivo acetylcholine release and memory
performances of young and aged rats 79(3):837-846.

Vardy MM, Kay RS (1983) LSD psychosis or LSD-induced schizophrenia? A multi-
method inquiry. Arch Gen Psych 40(8):877-883.

Varty GB, Higgins GA (1995) Examination of drug-induced and isolation induced
disruptions of prepulse inhibition as models to screen antipsychotic drugs.
Psychopharmacology 122:15-26.

Veen ND, Selten JP, van der Tweel I, Feller WG, Hoek HW, Kahn RS (2004)
Cannabis use and age at onset of schizophrenia. Am J Psychiatry 161(3):501-6.

Verdoux H, Murray RM (1998) What is the role of obstetric complications in
schizophrenia? Harv Ment Health Lett. 15(1):8.

Wadsworth KJE, Susanna C, Moss AS and Smith AP (2005) SSRIs and cognitive
performance in a working sample. Hum Psychopharmacol Clin Exp 20:561-572.

Wahl FO, Hunter J (1992) Are gender effects being neglected in schizophrenia
research? Schizophr Bull 18(2):313-318.

Wais EP, Gazzaley A (2011) The impact of auditory distraction on retrieval of visual
memories. Psychon Bull Rev 18(6):1090-1097.

Walker EF, Diforio D (1997) Schizophrenia: a neural diathesis-stress model. Psychol
Rev. 104(4):667-85.

Wan H,Warburton EC, Zhu XO, Koder TJ, Park Y, Aggleton JP, Cho K, Bashir I,
Brown MW (2004) Benzodiazepine impairment of perirhinal cortical plasticity and
recognition memory. Eur J of Neuroscience 20:2214-2224.

Wang T, Tang XC (1998) Reversal of scopolamine-induced deficits in radial maze
performance by (-)-huperzine A: comparison with E2020 and tacrine. Eur J

Pharmacol 349(2-3):137-142.

Wassef A, Baker J, Kochan LD (2003) GABA and schizophrenia: a review of basic
science and clinical studies. J Clin Psychopharmacol. 23(6):601-40.

335


http://www.ncbi.nlm.nih.gov/pubmed/14992976
http://www.ncbi.nlm.nih.gov/pubmed/9663007
http://www.ncbi.nlm.nih.gov/pubmed/9663007
http://www.ncbi.nlm.nih.gov/pubmed/21938641
http://www.ncbi.nlm.nih.gov/pubmed/9337628
http://www.ncbi.nlm.nih.gov/pubmed/9671090
http://www.ncbi.nlm.nih.gov/pubmed/9671090
http://www.ncbi.nlm.nih.gov/pubmed/14624191
http://www.ncbi.nlm.nih.gov/pubmed/14624191

Watertown M (2011) EnVivo Pharmaceuticals, Inc. Announces Positive Phase 2b
Clinical Data in Schizophrenia: EVP-6124 Meets Primary Endpoint with Statistically
Significant Improvement in Cognition and Multiple Secondary Endpoints for
Improvement in Function and Impact on Negative Symptoms (Available from
www.biospace.com. Accessed 1.12.2011)

Watts J, Stevens R, Robinson C (1981) Effects of scopolamine on radial maze
performance in rats. Physiol & Behav 26(5): 845-851.

Weichman C, McMurray P, Knuttinen G, Mudd P, Foley EA, Finger S (1994)
Holeboard performance of rats after hippocampal lesions and treatment with
nimodipine. Exp Neurol 127(2):278-283.

Weinberger DR, Berman KF (1988) Speculation on the meaning of cerebral
metabolic hypofrontality in schizophrenia. Schizophr Bull 14(2):157-68.

Wessley S, Castle D, Der G, Murray R (1991) Schizophrenia and Afro-Caribbeans.
A case-control study. Br J Psychiatry 159:795-801.

Whyte MC, Brett C, Harrison LK, Byrne M, Miller P, Lawrie SM, Johnstone EC
(2006) Neuropsychological performance over time in people at high risk of
developing schizophrenia and controls. Biol Psychiatry 59(8):730-9.

Williams GV, Rao SG, Goldman-Rakic PS (2002) The physiological role of 5-HT2A
receptors in working memory. J of Neurosci, 22(7):2843-2854.

Winters WD, Hance AJ, Cadd GC, Lakin M (1986) Seasonal and sex influences on
ketamine-induced analgesia and catalepsy in the rat; a possible role for melatonin.
Neuropharmacology 25:1095-1101.

Wolkin A, Sanfilipo M, Wolf AP, Angrist B, Brodie JD, Rotrosen J (1992) Negative
symptoms and hypofrontality in chronic schizophrenia. Arch Gen Psychiatry 49:959-
965.

Wongwitdecha N, Marsden CA (1996) Effects of social isolation rearing on learning
in the Morris water maze. Brain Res 715(1-2):119-24.

Wonnacott S (1997) Presynaptic nicotinic ACh receptors. Trends Neurosci 20:92-98.
Woodward ND, Purdon SE, Meltzer HY (2005) A meta-analysis of
neuropsychological change to clozapine, olanzapine, quetiapine, and risperidone in

schizophrenia. Int J Neuropsychopharmacol 8:457-472.

336


http://www.biospace.com/News/envivo-pharmaceuticals-inc-announces-positive/%5Ccompany_profile.aspx?CompanyId=618220
http://www.biospace.com/
http://www.ncbi.nlm.nih.gov/pubmed/8033967
http://www.ncbi.nlm.nih.gov/pubmed/3059465
http://www.ncbi.nlm.nih.gov/pubmed/3059465
http://www.ncbi.nlm.nih.gov/pubmed/16388781
http://www.ncbi.nlm.nih.gov/pubmed/16388781
http://www.ncbi.nlm.nih.gov/pubmed/8739630
http://www.ncbi.nlm.nih.gov/pubmed/8739630

Wrubel KM, Riha PD, Maldonado MA, McCollum D, Gonzalez-Lima F (2007) The
brain metabolic enhancer methylene blue improves discrimination learning in rats.
Pharmacol Biochem Behav 86(4):712-717.

Wu JC, Buchsbaum MS, Bunney WE (1991) Positron emission tomography study of
phencyclidine users as a possible drug model of schizophrenia. Jpn J
Psychopharmacol 11:47-48.

Yoon T, Okada J, Jung MW, Kim JJ (2008) Prefrontal cortex and hippocampus
subserve different components of working memory in rats. Learn Mem 15(3):97-105.

Yuii K, Suzuki M, Kurachi M (2007) Stress sensitization in schizophrenia.Ann N Y
Acad Sci 1113:276-90.

Zammit S, Allebeck P, Andreasson S, Lundberg I, Lewis G (2002) Self reported
cannabis use as a risk factor for schizophrenia in Swedish conscripts of 1969:
historical cohort study. BMJ 325(7374):1199.

Zarrindast MR, Sadegh M, Shafaghi B (1996) Effects of nicotine on memory
retrieval in mice. Eur J Pharmacol 4;295(1):1-6.

Zhang ZJ, Reynolds GP (2002) A selective decrease in the relative density of
parvalbumin-immunoreactive neurons in the hippocampus in schizophrenia. Schi res
55(1-2):1-10.

Zuckerman L, Rehavi M, Nachman R, Weiner | (2003) Immune activation during
pregnancy in rats leads to a postpubertal emergence of disrupted latent inhibition,
dopamergic hyperfunction, and altered limbic morphology in the offspring: a novel
neurodevelopmental model of schizophrenia. Neuropsychopharmacology 28:1778—
1789.

337


http://www.ncbi.nlm.nih.gov/pubmed/17428524
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yoon%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Okada%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jung%20MW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Prefrontal%20cortex%20and%20hippocampus%20subserve%20different%20components%20of%20working%20memory%20in%20rats
http://www.ncbi.nlm.nih.gov/pubmed/17584979
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zammit%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Allebeck%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andreasson%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lundberg%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lewis%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Self%20reported%20cannabis%20use%20as%20a%20risk%20factor%20for%20schizophrenia%20in%20Swedish%20conscripts%20of%201969%3A%20historical%20cohort%20study
http://www.ncbi.nlm.nih.gov/pubmed/8925865
http://www.ncbi.nlm.nih.gov/pubmed/8925865

	cover_sheet_thesis
	University of Bradford eThesis

	PHD final version 26-06-12

