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Abstract

Glutamate is the primary excitatory amino acid neurotransmitter in the mammalian central 
nervous system. Glutamate is also critically important in the development of the central nervous 
system, and in order for normal development to occur, an optimal level of glutamate signalling is 
needed. Previous studies in our lab have demonstrated that an alteration in the glutamatergic 
system, through low non-convulsive doses of domoic acid (DOM) and kainic acid (KA)
(selective for kainate receptors, a distinct class of glutamate receptors), administered chronically 
(s.c.) to rats during a critical period of brain development, caused permanent neuroanatomical, 
neurochemical and behavioural alterations. Such changes include an altered response to a novel, 
spatial environment, and alterations in hippocampal morphology. The altered response in a novel 
enviromnent suggests that the rats treated with DOM in these studies had an alteration in systems 
modulating response to novelty. The dopaminergic system is important in modulating response 
to both novelty and reward. Glutamate signalling, through kainate receptors, has been shown to 
modulate dopamine release in the mesocorticolimbic dopamine pathway, and if  expression of 
these receptors is altered by administering DOM, then the result could be alterations in response 
to novelty and reward. Therefore, the objective of this thesis was to examine the effects of 
similar low doses of DOM (20pg/kg), administered during a critical period of brain development 
when the system is undergoing rapid change (postnatal day 8-14), on behaviours specifically 
designed to assess responses to reward and novelty. It is knovm that systems undergoing rapid 
change are the most susceptible to insult, therefore such treatment could result in permanent 
change to the functional integrity of the nervous system, rather than just producing transient 
effects.

The first set of experiments involved the administration of 20pg/kg of DOM to rat pups, over 
PND 8-14. The rats were then assessed as juveniles and adolescents in the open field. During 
adulthood, rats were tested in an open field, a sucrose consumption task, the playground maze 
and in a nicotine-induced conditioned place preference (GPP) paradigm. Activity levels were 
altered in the DOM-treated rats in open field behavior at each time point assessed. In the 
playground maze the DOM-treated male rats had an altered response to novelty, as indicated by 
an increase in time spent exploring objects during the novelty trial of the playground maze. This 
was not found in DOM-treated female or control rats. The DOM-treated female rats had an 
increased sensitivity to nicotine in the nicotine-induced GPP paradigm, with a conditioning to 
nicotine as indicated by a preference for the nicotine-paired compartment of the test arena. This 
preference was maintained for at least a month following the final drug-compartment pairing.

hi the second set of experiments, 20 pg/kg of DOM was administered to rat pups over PND 8-14. 
The rats were assessed in the nicotine-induced GPP paradign, during late adolescence. Peri- 
adolescence is a period of increased sensitivity to the rewarding properties of nicotine, and a 
period of maturation for the mesocorticolimbic pathway. In the DOM-treated rats, there was a 
decrease in the sensitivity to nicotine in the nicotine-induced GPP, compared to the saline control 
rats. The DOM-treated rats failed to manifest the age-appropriate preference for the nicotine-

11
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paired compartment.

The results of these studies demonstrate the effects of early DOM exposure on the emergence of 
behaviors mediated hy the mesocorticolimbic pathway, specifically activity levels, response to 
the rewarding properties of nicotine and response to novelty. These differences are also gender 
related, and manifested differently at differing stages of development. These results are 
discussed in light of the putative mechanism of initial KA receptor mediated activation and the 
link to the DA mesocorticolimbic system.

Ill
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Preface

The excitatory amino acid neurotransmitter glutamate, is critically important in the development 

of the central nervous system, and in order for normal development to occur, an optimal level of 

glutamate signalling is needed. Previous studies in our lab have revealed that early exposure to 

low doses of domoic acid (DOM) a naturally occurring glutamate analogue, produces changes in 

behavioural and neuroanatomical measures of maturation in the rat. Based on known sites of 

action for DOM, these long term changes are speculated to be mediated initially through 

activation of kainate (KA) receptors, a glutamate receptor (GluR) subtype. These studies have 

demonstrated that an alteration in the glutamatergic system, through low non-convulsive doses of 

DOM or kainic acid (KA) (selective for kainate receptors), administered chronically to rats 

during a critical period of brain development, caused permanent neuroanatomical, neurochemical 

and behavioural alterations. Such effects included behavioural changes suggestive of an altered 

response to novelty and /or a novel spatial environment, and alterations in hippocampal 

morphology. The altered response in a novel environment suggests that, the rats treated with 

DOM, had an alteration in systems modulating response to novelty. The dopaminergic system is 

important in modulating response to both novelty and reward . Glutamate signalling, through 

kainate receptors, has been shown to modulate dopamine (DA) release in the mesocorticolimbic 

DA pathway, and if expression of these receptors is altered by administering DOM, then the 

result could be alterations in response to novelty and reward. Interestingly, neurodevelopmental 

disorders such as schizophrenia have been linked to both DA and Glu dysfunction.

Understanding a link between early modification of glutamate signalling (putatively via KA

xiii
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receptor activation)and long term behavioural ehanges in novelty and reward behaviours 

(mediated via DA signalling) will aid in furthering our understanding of behavioural and 

neurological changes that may eontribute to the development of schizophrenia.

Based on these past observations, the primary hypothesis of this thesis was that DOM exposure 

would produce long lasting behavioural changes in spécifié responses to novelty and reward. 

These behaviours served as behavioural assays to evaluate the functional integrity of the 

mesocorticolimbie DA pathway. The secondary hypothesis of this thesis was to determine, based 

on the outcome of these behavioural assays, whether the peri-natal DOM rat model has potential 

as an animal model of schizophrenia. Therefore, a series of experiments were designed to test 

the hypotheses.

Chapter 2 “Determining the length of retention for object memory using the playground maze: A 

pilot study” was a pilot study conducted to determine whether the playground maze methodology 

could be replicated in our laboratory, producing data similar to that reported in the literature. The 

playground maze is a relatively new behavioural test used to assess response to novelty in the rat, 

and it was important to determine the reliability of the maze, as the novelty assessment was 

central to the thesis. Using this maze, we also tested different retention intervals as a potential 

variable to be manipulated in the subsequent study. This also allowed us to assess the relative 

value of the objects used in future testing, verifying that the novel object was not intrinsically 

more interesting than the familiar objects. Therefore, we were able to replicate the procedure for 

the maze, and determine the appropriate objects for later use in the maze (Chapter 3).

xiv
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Chapter 3 “Drug-seeking and altered responses to novelty in adult rats treated 

neonatally with domoic acid” was designed to directly assess the primary hypotheses. Low doses 

of DOM were administered, from post natal day (PND) 8-14, and assessment of both 

developmental measures, and behaviours during adulthood, were conducted. The primary 

behavioural tests used in the study were; 1) the sucrose consumption test (to assess response to 

reward), 2) the playground maze (to assess response to novelty), and 3) the nicotine-induced 

conditioned place preference (CP?) paradigm (to assess response to pharmacological reward). 

The tests were conducted during adulthood, to determine if there were any permanent alterations 

in response to novelty and reward.

Chapter 4 “Low dose domoic acid in neonatal rats abolishes nicotine induced conditioned place 

preference during late adolescence” was designed to further investigate the nicotine induced 

CPP. This study was a specific follow-up based on the finding reported in Chapter 3, of an 

altered nicotine CPP in the adult DOM females. Low doses of DOM were administered during 

PND 8-14, and developmental measures were assessed. The nicotine-induced CPP was 

conducted during late adolescence, to determine whether there was a developmental difference 

in the DOM rats, with respect to the rewarding properties of nicotine. This was important, as the 

there is a developmental shift in the normal response to this maze and the DOM-treated rats had 

demonstrated differences in behaviours during different stages of development in previous 

studies.

XV
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The series of experiments outlined above allow for a thorough assessment of the primary 

hypotheses of this thesis, that DOM exposure would produce long lasting behavioural changes in 

specific responses to novelty and reward. These results are then evaluated with respect to the 

relevance of this DOM rat model to existing animal models and clinical symptoms of 

schizophrenia.

XVI
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Chapter 1: General Introduction 

1. Introduction

1.1. The Glutamate System

Glutamate (Glu) is an amino acid and is the most abundant excitatory neurotransmitter in the 

mammalian central nervous system (CNS) (Ozawa et al., 1998). Glutamate signaling underlies 

many of the normal neurological processes within the brain, and a majority of the neurons are 

excited by Glu (McDonald & Johnston, 1990). Glutamate is also important in shaping the 

neuronal circuitry involved in learning and memory throughout an organisms life span (Ozawa et 

al., 1998). However, excessive levels of Glu, and related compounds, are also implicated in 

neuronal pathogenesis and disease such as Huntington’s disease, Parkinson’s disease, 

Alzhiemer’s disease, epilepsy and ischemia (Bettler & Mulle, 1995). Optimal levels of Glu 

signaling are also needed for normal CNS development, as it plays an important role in many 

physiological processes that underlie CNS maturation, including neuronal survival, dendritic and 

axonal structure, synaptogenesis and synaptic plasticity (McDonald & Johnston, 1990).

However, while an optimal level of Glu is needed for normal CNS development, excessive Glu 

can have excitotoxic effects that result in abnormal development, neuronal injury and even cell 

death, while too little Glu can impede development and also have detrimental effects (McDonald 

& Johnston, 1990).
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1.1.1. Glutamate Receptor Classification

Glutamate functioning is mediated by a family of receptors which include both ionotropic and 

metabotropic receptors (Bleakman & Lodge, 1998; Ozawa et ah, 1998). The ionotropic receptors 

are further subdivided into N-methyl-D-aspartate (NMDA) receptors and non-NMDA recptors. 

The non-NMDA receptors are alpha-amino-3-hydroxy-5methylisoxazole-4-propionate (AMPA) 

and kainate (KA) receptors (Bettler & Mulle, 1995; Bleakman & Lodge, 1998) (see Figure 1.1). 

The terms ionotropic and metabotropic originated in an article by Eccles and McGeer (1979) and 

described the two major forms of neurotransmission. Ionotropic transmission allows ions to 

cross the membrane of the neuron, through the ion channel and produces rapid and relatively 

large conductance changes in the post-synaptic membrane. In contrast, metabotropic 

transmission stimulates cyclic nucleotide production or activates/inhibits other second messenger 

cascades (Ozawa et ah, 1998) which, in turn, cause metabolic changes in the post-synaptic 

neuron; these effects are slow mediating (Eccles and McGeer, 1979).

1.1.2. Metabotropic Glutamate Receptors

Metabotropic glutamate receptors (mGluR) are coupled to G-proteins which in turn, are linked to 

various effector systems such as phospholipase C, adenylate cyclase and ion channels (Schoepp 

et ah, 1999). The mGluR subtypes are divided into three groups based on their degree of shared 

sequence homology and the G-proteins to which they are coupled. Group 1 includes mGluRl 

and mGluRS. Group 2 includes mGluR2 and mGluRS. Group 3 includes mGluR4, mGluR6,
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NR1

Kainate

AMPA

Metabotropic

Ionotropic

NR3A
NR3B

Glutamate
Receptors

NR2A
NR2B
NR2C
NR2D

NMDA

non-NMDA
“High Affinity’

KA1
KA2

GluR1
GluR2
GluR3
GluR4

Low Affinity'

GluRS
GluR6
GluR7

mGluR2
mGluR3

Group2

mGluRI
mGluRS

Group 1

Group 3

mGluR4
mGluRS
mGluR7
mGluRS

Figure 1.1. Glutamate receptor classification. Adapted from Bettler & Mulle, 1995; Bleakman & 
Lodge, 1998; Kew & Kemp, 2005; Lerma et al., 2001; Ozawa et al., 1998; Schoepp et al., 1999.
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mGluR7, and mGluRS (Schoepp et al., 1999) (see Figure 1.1). The mGluR family of receptors 

generally exert a modulatory role, regulating neuronal excitability and synaptic transmission.

The group 1 mGluRs are predominately located post-synaptically in somatodentric domains, 

whereas the group 2 and 3 mGluRs are located predominately pre-synaptically on axon terminals 

and in axon domains (Kew & Kemp, 2005).

1.1.3. NMDA Receptors

NMDA receptors are both voltage- and ligand-gated cation channels. They are considered 

voltage-gated because the channel pore is blocked by a magnesium ion (Mĝ "̂ ) at resting potential 

of the cell, and ligand-gated because they require the activation of the glycine and glutamate 

binding sites on the outside of the NMDA receptor protein complex (Ozawa et al., 1998). The 

Mg^  ̂is released when the cell membrane is depolarized by the influx of monovalent cations, 

typically achieved via ion-flux through non-NMDA channels (Ritter et al., 2002). The NMDA 

receptors are permeable to calcium ions (Ca^^) and are located primarily post-synaptically 

(McDonald & Johnston, 1990). To date total of seven NMDA subunits have been cloned (NRl, 

NR2A-NR2D, NR3A, and NR3B) (see Figure 1.1). A functional NMDA receptor requires a 

tetramer composed of two NRl subunits and two NR2 subunits, usually composed of a dimer 

(i.e. pair), of dimers (Kew & Kemp, 2005). The NRl subunit is considered obligatory, while 

NR2 functions as a modulatory subunit (e.g. as the properties of the NMDA receptor are 

dependent on which NR2 subunits are present). For example incorporation of the NR2A and 

NR2B subunits generally result in higher conductance through the NMDA receptor than do the
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NR2C and NR2D subunits (Ozawa et al., 1998). However, it is likely that if  a NR3 subunit is 

present, it will substitute for one of the NR2 subunits in an NMDA receptor complex, because 

they cannot form a functional receptor when expressed with NRl or NR2 alone (i.e. both NRl 

and NR2 subunits must be present) (Kew & Kemp, 2005). Also, the presence of a NR3 subunit 

results in a decrease in Ca^  ̂permeability through the NMDA receptor (Kew & Kemp, 2005).

NMDA receptors are located throughout the mammalian CNS, with particularly high densities 

expressed in the hippocampus and the forebrain (Ozawa et al., 1998). This receptor complex 

also plays a pivotal role in learning (Bliss & Collingridge, 1993) and in the many neuronal 

processes that occur during development (McDonald & Johnston, 1990). However, the NMDA 

receptor has also been implicated in a wide variety of neuropathological states (e.g. cell death 

accompanying both acute and chronic neurodegenerative diseases) (Bettler & Mulle, 1995).

1.1.4. AMPA Receptors

AMPA receptors are ligand-gated, are responsible for mediating fast, desensitizing responses and 

are located post-synaptically (Bleakman & Lodge, 1998). To date a total of four AMPA subunits 

have been cloned (GluRl-GluR4) (see Figure 1.1) (Bettler & Mulle, 1995). AMPA receptor 

subunits assemble as functional heteromeric tetramers, forming ion channels which are usually 

only permeable to sodium ions (Na^) (Kew & Kemp, 2005). The GluR2 subunit is important in 

the permeability of Ca^  ̂ through the AMPA receptor and if  the GluR2 subunit is not present, the 

receptor is also permeable to Ca^  ̂(Kew & Kemp, 2005). During development there are a high
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concentration of AMPA receptors which are permeable to Câ "̂ , however, in the mature brain 

there are few AMPA receptors which flux Câ "̂ , except in disease states (e.g. epilepsy). This is 

believed to play a major role in the plasticity of the developing brain (Simeone et al., 2004). The 

AMPA receptor complexes are located throughout the CNS, however there are high 

concentration located in the hippocampus (Ozawa et al., 1998).

1.1.5. Kainate Receptors

The KA receptor complex is ligand-gated and elicits a fast onset and a desensitizing response and 

can be located both pre- and post-synaptically (Chittajallu et ah, 1999; Lerma, 2003). To date 

five KA receptor subunits, including GluRS, GluR6, GluR7, KA-1 and KA-2, have been 

identified through molecular cloning (see Figure 1.1) (Bettler & Mulle, 1995; Ozawa et ah,

1998). As with other ionotropic Glu receptors, the pharmacological properties and channel 

kinetics of KA receptors depend on the subunit composition (Chittajallu et ah, 1999; Lerma, 

2003). The KA receptor is permeable to N a \ however, when the GluR6 subunit is incorporated 

into the complex, the channel may display permeability to Ca^  ̂(Ozawa et ah, 1998).

The KA subunits are classified as either “high affinity” (KAl, KA2) or “low affinity” (GluRS- 

GluR7) based on their affinity to the naturally occurring toxin KA. At relatively low 

concentrations, KA will bind selectively to high affinity subunits, and the naturally occurring 

toxin, domoic acid (DOM), will selectively bind to the low affinity subunits (Lerma et ah, 2001), 

and at very low concentrations DOM shows the greatest affinity for GluR6 (Verdoom et ah.
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1994). Both KA and DOM are agonists for kainate receptors, however as concentrations 

increase, selectivity is lost (Lerma et ah, 2001).

1.2. Glutamate Involvement in CNS Development

Ionotropic and metabotropic Glu receptor subunit mRNA is present in the rat embryonic brain, 

however Glu receptor complexes are not functional until later in development (Lujan et ah, 

2005). Metabotropic Glu receptors are differentially regulated throughout development, with 

some receptor subtypes (mGlul and mGlu5) detected, although at low levels, as early as 

embryonic development (Lujan et ah, 2005). While the NMDA receptor subunit NR2B can be 

detected throughout the embryonic brain, other subunits such as NR2A, are not expressed until 

postnatal development. The NR2A subunit is also expressed only in the forebrain (Lujan et ah, 

2005, Takai et ah, 2003). This demonstrates differential expression of NMDA subtypes, 

however, all subunits are present by postnatal day (PND) 7 (Takai et ah, 2003). Similar patterns 

of differential receptor subtype expression is apparent for AMPA and KA receptor subtypes 

(Lujan et ah, 2005, Ritter et ah, 2002) and both have receptor subtypes present as early as 

embryonic development (Lujan et ah, 2005). There are periods of transient increases for certain 

AMPA receptor subtypes, such as an increase in the expression of GluR 2 and GluR4, around 

PND 7, and PND 28 for GluR3 (Ritter et ah, 2002). There is also a complex pattern of transient 

increase in expression of KA receptor subtypes during early postnatal development (e.g. in the 

first and second week of postnatal life), each with a specific period of increased expression 

(Ritter et ah, 2002). Sueh differential expression of Glu subunits and subunit combinations
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througliout development may play a functional role in neuronal development. These changes are 

likely to occur during critical periods of known plasticity and may be important in development, 

with different properties associated with different subunit composition in Glu receptors (Ritter et 

al., 2002).

Evidence in support of the importance of Glu in normal neuronal development is apparent in a 

study conducted by Mattson et al., (1988) which was designed to examine the effects of Glu on 

the outgrowth of dendrites and axons in isolated hippcampal pyramidal-like neurons in cell 

culture. Hippocampal cells were obtained from Sprague-Dawley (SD) rat fetus (i.e. embryonic 

day 18), and placed in cell culture. The isolated hippocampal pyramidal-like neurons were 

exposed to varying doses of Glu and the Glu agonists, quisqualate (QA), KA and NMDA (the 

largest dose 1 mM). Results indicate that while the highest dose resulted in cell death, lower 

doses caused dose-dependent alterations in neuronal structure (e.g. reduction in dendritic length 

and with increasing doses, a reduction in axonal length) (Mattson et al., 1988).

In a similar study by Wilson & Keith (1998), the effects of Glu on the growth of hippocampal 

pyramidal cells was also examined. Tissue was obtained from SD rats (embryonic day 18-20) 

and placed into cell culture. Data from this study demonstrated that 50pM of Glu (which does 

not cause cell death) initially caused dendritic outgrowth after 4 hours. However, after 8 hours, 

Glu caused dendritic retraction (i.e. from prolonged exposure) (Wilson & Keith, 1998).

Data from these studies, and others, underscore the importance of optimal Glu on normal
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neuronal development, illustrating that Glu can alter axonal and dendritic growth during 

development, altering neuronal form, and can even result in cell death.

Often, studies exploring the effects of Glu signaling in development, focus on the excitotoxic 

effects of Glu agonists on the developing rodent brain. This has been a focus in research, since 

Glu excitotoxicity will result in convulsions and has been used as a model of epilepsy. However, 

it has been suggested that the adverse effects of excitoxicity are less pronounced in the immature 

brain then the mature brain (Sarkisian et ah, 1997). For instance, in one study, multiple 

administrations (4 administrations, i.p.) of a convulsant dose of KA was administered to rats over 

two day intervals early in development (PND 20, 22, 24, 26). These animals were then compared 

to other rats subjected to the same procedure during adulthood (PND 60, 62, 64, 66). The results 

demonstrated that the developing rats had less severe seizures, and after a one month period 

demonstrated no impairment in spatial memory, and no gross cell loss in the hippocampus. In 

contrast, these effects were apparent in the adult rats treated with KA (Sarkisian et ah, 1997).

However, this does not mean that the developing brain is entirely protected against the excitoxic 

effects of Glu. This is demonstrated by Sayin et ah, (2004) whose work demonstrated that a 

single administration of KA, which induced seizures early in development (ranging ft-om PND 1- 

24) resulted in permanent alterations in cognition and anxiety in these same rats during adulthood 

(Sayin et ah, 2004). It has also been demonstrated that relatively low doses of KA (2 mg/kg, 

i.p.), administered early in development (PND 12), will lead to non-convulsive seizures and 

produce alterations in exploratory behavior on PND 18 and PND 25, with an increase in
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locomotor activity noted, even in the absence of gross morphological changes (Kubova et a l, 

2001). These studies demonstrate that early exposure to KA-induced seizures can result in long­

term behavioral consequences.

Few studies, however, have looked at the effects of Glu receptor activation on development 

without looking at the excitotoxic effects. A few studies, however, have looked at the effects of 

very low equi-efficacious non-convulsive doses of DOM (5 or 20 pg/kg, s.c.) and KA (25 or 100 

pg/kg, s.c.) administered during a critical period of development (Doucette et a l, 2004, Doucette 

et a l, 2003). Such studies are important, since they aid in furthering our understanding of the 

role of KA receptors in CNS development. In this series of studies, DOM and KA were 

administered between PND 8-14 in the rat (i.e. a period known as the brain growth spurt) (see 

section 1.6), and the rats were then assessed, during development, and as adults, for behavioural, 

neuroanatomical and neurochemical alterations. Developmental changes that were observed in 

these animals included early eye opening in the rats treated with 20 pg/kg of DOM and an 

increase in conditioning in the 20 pg/kg of DOM animals in an odor-conditioning place 

preference (CP?) paradigm. In the KA treated female rats, but not in the KA treated males, there 

was a decrease in activity found in the GPP with fewer center crosses, however, no conditioning 

was present in either the KA treated or saline control rats. No drug-induced alterations were 

found for weight gain or maternal retrieval, which suggests that neither DOM or KA produce any 

sign of overt toxicity at these doses (Doucette et a l, 2003). During adulthood, drug-induced 

differences were apparent in a number of assessments. Firstly, alterations were seen in response 

to a novel spatial environment. When rats were placed in the Morris water maze (MWM), the
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treated rats displayed behaviors on the platform that were characterized by hunched posture, 

mastication with tongue protrusion, facial clonus, repetitive eye blinking and squinting, head 

bobbing, ear twitching and forelimb clonus. These behaviors are similar to partial seizure 

behaviors and have been termed NIS-L (novelty induced seizure-like) behaviors. Additionally, 

along with such behavioral changes, alterations were noted in hippocampal structure and 

chemistry, evidenced as an increase in mossy fibre sprouting, an elevation in hippocampal brain 

derived neurotrophic factor (BDNF) and a reduction in hippocampal cell counts; all found in 

toxin-treated rats, relative to saline controls (Doucette et al., 2004). Therefore, although the 

doses used in these studies were low non-convulsive doses, there were long lasting alterations in 

behavior and in hippocampal morphology throughout development and into adulthood (Doucette 

et al., 2004, Doucette et al., 2003).

Some of the differences found in treated animals (reported above) suggest that the dopaminergic 

system may also be altered as a consequence of early DOM or KA exposure (e.g. such as altered 

responses to a novel spatial environment and morphological and neurochemical changes in the 

hippocampus) (Doucette et al., 2004). The dopaminergic system, especially the 

mesocorticolimbic pathway, is important in the modulation of response to novelty (Bevins et al., 

2002, Legault & Wise, 2001) and has connections with the hippocampus (Pennertz & Kitai, 

1991) (see sections 1.3 and 1.5).

11
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1.3. The Dopamine System

Dopamine (DA) is a catecholamine neurotransmitter and is distributed with specific projection 

pathways in the brain. The DA system is important in many functions which include, but are not 

limited too; locomotor activity, endocrine regulation, cognition, emotion, regulation of food 

intake, and positive reinforcement (Missale et al., 1998).

The midbrain dopaminergic neurons are organized into three major pathways: the 

tuberoinfundibular/ tuberohypophysial, nigrostriatal and mesocorticolimbic (sometimes referred 

to as mesocortico and mesolimbic pathways separately) pathways (Prakash & Wurst, 2006; Hess 

& Creese, 1987) (see Figure 1.2). The tuberoinfundibular/ tuberohypophysial pathway originates 

in the para- and peri-ventricular hypothalamic nucleus, innervates the median eminence of the 

hypothalamus and the pituitary gland, and is important in neuroendocrine control (Prakash & 

Wurst, 2006). The nigrostriatal pathway originates in the substantia nigra and innervates the 

caudate nucleus, putamen, and globus pallidus (which, together, are referred to as the basal 

ganglia) (Hess & Creese, 1987). This pathway is important in functions such as voluntary 

muscle movements and body posture (Prakash & Wurst, 2006). The mesocorticolimbic pathway 

originates in the ventral tegmental area (VTA) and innervates the ventral striatum, nucleus 

accumbens (NAc), amygdala and olfactory tubercle (mesolimbic pathway), and also projects to 

the prefrontal cortex (PFC) (mesocortico pathway) (Prakash & Wurst, 2006). This pathway 

appears important in cognition and in the regulation of reward behaviors (Prakash & Wurst, 

2006).

12
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Figure 1.2. The Dopamine Pathways. 1) Nigrostriatal pathway, 2) Mesocorticolimbic pathway, 
3) Tuberoinfundibular pathway. Adapted from McKim (2003).
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Dysfunctions in DA pathways are associated with the development of various disorders. For 

instance, dysfunction in the tuberoinfundibular system is associated with hyperprolactinemia (e.g. 

a condition with elevated levels of prolactin); dysfunction in the nigrostriatal pathway is 

associated with Parkinson’s disease; and dysfunction in the mesocorticolimbic pathway is 

associated with addictions and schizophrenia (Prakash & Wurst, 2006). The mesocorticolimbic 

pathway is of particular interest to this thesis and, as mentioned earlier, is important in 

modulating responses to novelty (Bevins et al., 2002, Legault & Wise, 2001) and to reward 

(Wise, 2005). Other neurotransmitter systems are involved in modulating the activity of this 

pathway including the gamma-aminobutyric acid (GABA) and the Glu systems (see section 1.5).

All known DA receptors are metabotropic (i.e. coupled to G-proteins) (Missale et al., 1998). It 

was first proposed ini 979 that two classes of DA receptors existed, and were classified based on 

the effects of receptor activation on adenylyl cyclase activity (Kebabain & Caine, 1979). A total 

of five DA reeeptors have been cloned to date and are divided into two major classes; the Dl-like 

receptors and the D2-like receptors (Missale et al., 1998). The Dl-like receptors include the D1 

and D5 receptors and the D2-like reeeptors include D2, D3 and D4 receptors.

1.3.1. Dl-Like Receptors

The Dl-like receptors were first described based on their ability to activate adenylyl cyclase and 

promote cyclic-AMP (cAMP) accumulation in cells, and are therefore stimulatory (Kebabain & 

Caine, 1979). Historically the Dl-like receptors, D1 and D5, have not been easily differentiated
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using pharmacological techniques. Recently, however there has been remarkable progress in 

identifying compounds which demonstrate selectivity for the D5 receptor (Mohr, et al., 2006, 

Wittig et al., 2004). D1 and D5 receptors are primarily located post-synaptically, although some 

expression has been observed pre-synaptically (Missale et al., 1998). In the brain, the D1 

receptor is widely distributed throughout the mammalian CNS, however, the D5 receptor is 

poorly expressed in the rat brain in comparison, with distribution restricted to the hippocampus, 

the lateral mammillary nucleus and the parafascicular nucleus of the thalamus (Missale et al,

1998).

1.3.2. D2-Like Receptors

The D2-like receptors were first described based on the ability to cause a decrease in cAMP in 

cells (Kebabain & Caine, 1979). The D2-like receptors are negatively coupled to adenylyl 

cyclase and inhibit cAMP, and are therefore inhibitory (Missale et al., 1998). There has been 

better progress in the pharmacological differentiation of D2-like receptors, and although the 

pharmacological profile is similar, there are compounds which show selectivity to D2, D3 and 

D4 receptors, illustrating that they can be readily differentiated (Missale, et al., 1998). The D2 

receptors are predominately localized within in the striatum, the NAc core, and the olfactory 

tubercle. The D3 receptors have more specific distribution throughout the limbic system, they 

are found in the shell of the NAc, but have poor expression in the striatum and are found in low 

concentrations within the hippocampus. Finally the D4 receptor is highly expressed in the 

hippocampus, hypothalamus, mesencephalon, amygdala and frontal cortex (Missale et al., 1998).
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1.4. Dopamine in CNS Development

Dopamine receptors are evident during embryonic development, with fully differentiated DA 

neurons present by approximately embryonic day 12 in the rat (Prakash & Wurst, 2006). The DA 

neuron projections reach adult morphology by the third postnatal week in the rat (Broening & 

Slikker, 1998; Prakash & Wurst, 2006). In the second postnatal week of the rat, D1 receptor 

densities are over expressed by approximately 200% in the PFC. The normal DA content does 

not reach adult concentrations in the striatum until approximately PND 50-60 in the rat 

(Broening & Slikker, 1998)

Data obtained from studies using 6-hydroxydopamine in developing rats have revealed the 

importance of DA in normal neurodevelopment. For instance, in one study, where rats were 

given a intracistemal administration of 6-hydroxydopamine at 5 days of age (which results in the 

depletion of brain DA), a decrease in habituation to spontaneous locomotor activity between 15 

and 19 days of age (a period of development when there is already a heightened arousal) was 

found (Shaywitz et al., 1977). It is suggested that habituation is mediated by catecholamines, 

especially DA, and habituation of activity is dependent on a normal functioning DA system 

(Shaywitz et al., 1977). In another study, effects of 6-hydroxydopamine was shown to produce 

alterations in measures of activity, resulting in stereotyped behaviors, a decrease in anxiety on the 

elevated plus maze, and impaired self stimulation of the lateral hypothalamus during adulthood. 

However, the effects were demonstrated to a greater degree when exposure occurred postnatally 

rather than prenatally. This demonstrates not only the importance of normal development of the
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DA system, but also an increased sensitivity to manipulations of the system during early 

postnatal development, when the system is undergoing rapid change (Shabenov et al., 2005).

1.5. Interactions betw een the Glutamate and Dopamine Systems in the 

Mesocorticolimbic Pathway.

There is substantial evidence of glutamatergic interactions with the mesocorticolimbic DA 

pathway. Glutamate receptors have been demonstrated to be located on DA neurons within the 

mesocorticolimbic pathway, and can modulate the release of DA (Crowder & Weiner, 2002, 

Legault & Wise, 2001, Mathé et al., 1998). Functional KA receptors, in particular, have been 

located both pre- and post-synaptically in the rat NAc, and it is believed that KA receptors inhibit 

excitatory transmission through presynaptic activation (Crowder & Weiner, 2002). The exact 

mechanism for this inhibition is not fully understood, but could be mediated through KA 

receptors on GABA neurons (e.g. by potentiation of GABAergic synaptic transmission in the 

NAc via presynaptic KA receptors located on these GABA neurons) (Crowder et al., 2006).

Dopamine release in the NAc and the caudate nucleus is also modulated by KA and AMP A 

receptors in freely moving rats (hnperato et al., 1990). The modulation of DA through Glu 

receptors, was demonstrated with enhanced release of DA in the caudate nucleus and NAc, after 

the perfusion of QA and KA into these structures. In this study the effect was antagonized with 

an AMPA/KA antagonist but not with an NMDA antagonist (hnperato et al., 1990). Therefore, 

KA receptors are not only located in the NAc, but also appear to play a functional role in the
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modulation of DA release.

There is also a role for AMP A and KA receptor modulation of DA release within the VTA as 

demonstrated using AMPA/KA antagonist (LY293558) applied to the VTA. In a study by 

Takahata & Moghaddam (2000), mierodialysis probes were used to perfuse 100 pM of 

LY293558 into the VTA, and DA content in the NAe and the medial prefrontal cortex (mPFC) 

were measured. An increase in DA levels in the NAc and a decrease in DA levels in the PFC 

were found (Takahata & Moghaddam, 2000). Further evidence to support the role of Glu 

receptors on DA release comes from an eleetrophysiological study by Wang & French, (1995). 

Their work provides support for the idea that non-DA neurons in the VTA, perhaps GABAergic 

intemeurons and projection neurons, contain NMDA, AMP A and KA receptors. In non­

dopamine neurons, obtained from the VTA of male SD rats, AMP A, KA, and NMDA resulted in 

a depolarization of the neurons with a rank order of potency (AMPA>KA>NMDA) (Wang & 

French, 1995). These studies collectively demonstrate the importance of Glu reeeptors, 

particularly non-NMDA reeeptors, in the modulation of DA release within the mesocorticolimbic 

pathway, through the VTA and the NAc.

There is also Glu interaction from the mPFC to the mesocorticolimbic pathway. The primary 

output of the mPFC occurs through Glu pyramidal cells, and have inputs in the VTA and NAe. 

Activation of the DA VTA projections to the mPFC causes a decrease in Glu activity, creating a 

feedback loop to the mesocorticolimbic pathway (Steketee, 2003). The VTA projections provide 

an inhibitory influence in the mPFC, either by activating inhibitory GABA intemeurons in the
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mPFC, or by directly inhibiting Glu pyramidal neurons in the mPFC (Steketee, 2003) (see Figure 

1.3).

Glutamate reeeptors also appear to play a role in many of the behaviors that are modulated by the 

mesocortieolimbic pathway. Alvarez & Ruarte (2001) demonstrated a glutamatergie modulation, 

through the NAe, of the response to novelty, in the rat. Administrations of antagonists for mGlu 

receptors (AP3), NMDA reeeptors (AP7) and AMPA/KA receptors (CNQX), and glutamic acid 

were injected into the NAe and the different groups were eompared on exploratory behaviors in a 

eonflictive (elevated plus maze) and a non-conflictive (hole-board) environment. Results 

indicated that administration of glutamie aeid resulted in an inhibition of some exploratory 

behaviors in both the eonflictive and non-eonflictive environments. In the conflietive 

environment, the effects of glutamic acid were blocked by the Glu reeeptor antagonists.

However, only AP7 and CNQX (NMDA and AMPA/KA antagonists, respeetively) were 

effective in blocking some of the effects of glutamic acid in the non-conflictive environment 

(Alvarez & Roarte, 2001). This demonstrates the importance of Glu receptors (metabotropie and 

ionotropic) in the modulation of exploration in environments produeing anxiety (elevated-plus 

maze). However, only the ionotropic receptors appear to be important in the modulation of 

exploration in a non-conflictive environment (hole-board). This demonstrates a differential role 

for metabotropie and ionotropic Glu receptors in exploration, depending on the level of anxiety
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Figure 1.3. Connections from the Prefrontal Cortex to the Mesocorticolimbic Pathway. (mPFC= 
medial prefrontal cortex, NAc= nucleus accumbens, VTA= ventral tegental area). Adapted from 
Steketee (2003).
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produced by the environment (Alvarez & Ruarte, 2001).

Also AMPA/KA receptors play a role in the “rewarding properties” attributed to activity with the 

mesocorticolimbic pathway. As mentioned earlier, the mesocorticolimbic pathway is important 

in the modulation of positive reinforcement (Missale et al., 1998). Evidence to support 

AMPA/KA involvement comes from a study by Choi et al. (2005) where AMPA/KA receptor 

antagonists (CNQX and NBQX) were shown to be effective in blocking brain self stimulation of 

the VTA, when administered with a DA D2/3 receptor agonist (7-OH-DPAT) in the NAc of the 

rat. However, brain self stimulation could not be effectively blocked when CNQX, NBQX or 7- 

OH-DPAT was administered alone. Therefore, AMPA/KA and D2/3 receptors may act 

synergistically within the NAc in mediating brain self stimulation, however the mechanism(s) of 

action are unclear. This demonstrates the importance of the interaction between non-NMDA 

receptors and DA receptors on the behavioral modulation of response to reward (Choi et al., 

2005). Further evidence has been provided with receptor blockade of NMDA and AMPA/KA 

receptors which resulted in prevention of the acquisition of D2/3 dopamine receptor stimulation 

conditioned place preference (CPP) (Biondo et al., 2005).

Therefore, Glu receptors are important in the modulation of DA release and in behaviors, such as 

response to novelty and reward, which are modulated by the mesocorticolimbic pathway. Also 

there appears to be an interplay between DA receptors and Glu receptors in the functional 

integrity of the mesocorticolimbic pathway.
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1.6. Neurodevelopment in the Rat

Development is a continuous process which lasts throughout an organisms lifespan (Vorhees, 

1986a). However, there are a number of developmental stages in the CNS during which there is 

an increased susceptibility to toxins (Vorhees, 1986b). Understanding the fundamental principles 

of neurodevelopment and the time course for critical periods of vulnerability in the rat is 

important in order to more clearly interpret the practical significance of research findings, and to 

better understand the relevance of animal models to the human condition.

The development of the rodent brain is similar, in many respects, to human brain development. 

However, unlike humans, the regional development of the rodent brain occurs on a timeline of 

days, rather than weeks or even months (Rice & Barone, 2001). Stages of development where 

there is increased susceptibility to disruption include pre-implantation, organogenesis, 

histogenesis and functional organization. Each of these stages (in the human) occur prenatally, 

with the exception of functional organization, which extends throughout the postnatal period and 

into adolescence (Vorhees, 1986b; Rice & Barone, 2001).

If a developing organism is exposed to a toxin during pre-implantation, the result is an “all or 

nothing” effect, either the toxin kills the organism (e.g. by preventing implantation into the 

uterine wall) or the organism survives and there is no apparent secondary consequence (Vorhees, 

1986b). Interference during organogenesis, a period of cellular organization, will usually result 

in a physical malformation in the organism. Organogenesis occurs predominately during the
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embryonic stage of development in the rodent (Vorhees, 1986b). The stages of increased 

susceptibility for the maturing brain is during finer levels of CNS development (e.g. histogenesis 

and functional organization). With respect to time lines, histogenesis overlaps with 

organogenesis, and occurs during the fetal period of development in the rodent. It is a period of 

finer cellular organization, and disruptions due to toxins can result in cellular abnormalities, 

changes in growth, and even functional impairments (Vorhees, 1986b). The last stage of 

development is known as functional organization, with its commencement overlapping with 

histogenesis and extending into adolescence (humans and rodents). This stage of CNS 

development involves even finer levels of organization, such as establishment of receptor and 

secretory sites and the activation of biochemical pathways, resulting in the final function of each 

system. Interference due to toxins during this period could result in functional impairments, such 

as changes in behavior or cognition which manifest in absence of gross physical malformations 

(Vorhees, 1986b).

Events occurring in the brain during the stages of development discussed above include 

neurogenesis, neuronal migration, differentiation, synaptogenesis, gliogenesis, myelination and 

apoptosis (Rice & Barone, 2001). Neurogenesis is the growth and development of neurons and is 

a highly regulated process with different periods of development for various brain regions (e.g. 

rostral to caudal) (Rice & Barone, 2001). These neuronal cells then migrate to the appropriate 

locations within the brain and if neurogenesis is disrupted, migration will also be disrupted (Rice 

& Barone, 2001). Also integral to neurogenesis and migration is the differentiation of neuronal 

cells and the expression of the terminal phenotype (Rice & Barone, 2001). Synaptogenesis is the
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formation of functional synapses, is important for cell-to-cell communication, and occurs during 

the first three weeks of postnatal development in the rat. Each of these events of neuronal 

development can be susceptible to interference due to drugs, toxins and other environmental 

agents. Synaptogenesis, in particular, is a period of increased susceptibility (e.g. especially 

during the first two weeks of postnatal life in the rat) (Rice & Barone, 2001) and occurs during 

functional organization. The development and maturation of supporting cells, such as neuroglial 

cells in the brain is also crucial for normal brain development (e.g. gliogenesis and myelination) 

Gliogenesis and myelination is an extended developmental process (i.e. myelination occurs into 

adolescence in both rodents and humans), and interference with either process will result in 

functional impairments in the brain (Rice & Barone, 2001). Finally, normal brain development 

also requires an appropriate degree of apoptosis (programmed cell death), which systematically 

removes neurons during development (Rice & Barone, 2001).

A particularly vulnerable period of development, is known as the brain growth spurt. This is a 

period of development when the brain is undergoing rapid growth, where the brain has many of 

the complexities of the adult brain, but also additional complexities due to the rapid development 

(Dobbing & Smart, 1974). This period of development occurs during the first two weeks of 

postnatal life in the rat, and is approximately equivalent to the third trimester in humans 

(Dobbing & Smart, 1974). The brain growth spurt occurs during functional organization and 

includes many of the developmental processes mentioned above, such as synaptogenesis, and is 

of particular interest to this thesis.
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1.1. Neurodevelopmental Disorders

The term neurodevelopmental disorder, is a relatively new term used in the medical community. 

It is used for disorders in which there are developmental delays or variations in the brain, 

believed to be caused by environmental insults, genetic variations, unspecified reasons which are 

not known yet, or some combination therein. These variations or delays in neurodevelopmental 

process may result in problems in learning and behavior with varying degrees of dysfunction. To 

date, there are many neurodevelopmental disorders that have been characterized, such as 

epilepsy, attention deficit hyperactivity disorder (ADHD), fetal alcohol syndrome (FAS), autism 

spectrum disorder, and potentially schizophrenia, as just a few examples.

Many of the neurodevelopmental disorders mentioned above are believed to be a result of a 

combination of genetic variations and environmental insults, however the exact etiology is not 

presently known (Little, 2000). However, even for those neurodevelopmental disorders in which 

the etiology is known, such as is the case for FAS (e.g. due to alcohol consumption during 

pregnancy), there are still many questions that presently remain unanswered (e.g. How much 

alcohol must be consumed to result in functional alterations in the child? During which stage of 

development is the child the most susceptible? How is the child functionally impaired?) (Riley 

& McGee, 2005), demonstrating the complexity of, and the need for, further research on 

neurodevelopmental disorders.
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1.8. Schizophrenia as a Neurodevelopmental Disorder

According to the American Psychiatric Association, Diagnostic and Statistical Manual of Mental 

Disorders (4* ed.) text revision (2000), schizophrenia is a serious mental disorder which is 

characterized by symptoms such as delusions, hallucinations, disorganized speech, disorganized 

or catatonic behavior and negative symptoms (e.g. such as affective flattening or alogia). In 

order for a diagnosis of schizophrenia to be made, two or more of these symptoms must be 

present for significant portions of time for a duration of a month (or less, if  treatment is 

successful) (DSM-IV-TR, 2000). Schizophrenia also results in social and occupational 

dysfunction, and the symptoms and dysfunctions are not due to a general medical condition or 

due to substance use (DSM-IV-TR, 2000). Substance use can, however, precipitate or aggravate 

psychosis in schizophrenia (Carlson, 2007), and substance abuse is often co-morbid with 

schizophrenia (see section 1.8.5.).

Schizophrenia is a devastating disorder which results in a great emotional and financial costs to 

the individual and those directly affected. This disorder also results in great financial costs to the 

Canadian economy. The total cost of this disorder in Canada in 2004 was estimated at 6.85 

billion dollars. For instance the greatest cost to the economy was the loss of productivity due to 

the decrease of functioning within the work force and mortality (predominately due to suicide) of 

the afflicted individuals, accounting for over two thirds of the total cost (Goeree, et al., 2005).

Schizophrenia afflicts approximately 0.9% of the Canadian population, resulting in
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hospitalization, unemployment, the need for assisted services and, unfortunately, even suicide 

(Goeree et al., 2005). Therefore the need for researchers to better understand the etiology of this 

disorder is great, as this will aid in the development of better treatment, which in turn, will 

improve functioning in the afflicted individuals and perhaps ultimately may result in ways by 

which schizophrenia may be prevented.

Symptoms of schizophrenia are classically defined as positive or negative symptoms. A patient 

may have other symptoms such as cognitive deficits, and may be described as having 

predominately positive or negative symptoms, or may present with a mixture of positive and 

negative symptoms (Andreasen & Olsen, 1982). Positive symptoms include hallucinations, 

delusions, positive formal thought disorder, and bizarre or disorganized behavior (Andreasen & 

Olsen, 1982). Hallucinations are perceptions of stimuli that are not present (Carlson, 2007). 

They can include auditory, olfactory, visual or tactile sensory hallucinations. Delusions are false 

beliefs which may be prosecutory, jealous, religious or grandiose in content. Marked formal 

thought disorder includes marked incoherence, illogical thought, or derailment of thought 

(Andreasen & Olsen, 1982). In turn, negative symptoms include alogia, affective flattening, 

anhedonia, social withdrawal, avolition, and attentional impairment. Alogia is a marked poverty 

of speech, with a very limited content. Affective flatting is a decrease in a range of expressing 

emotions. Anhedonia is a decrease in the ability to experience pleasure, and often is interrelated 

with social withdrawal, as it often results in the inability to feel intimacy. Avolition is the 

inability to finish something, such as a project, once it is started and is often related to a decrease 

in occupational or school fimctioning (Andreasen & Olsen, 1982).
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Schizophrenia appears to have a fairly specific time course with respect to the manifestation of 

clinical and pathological stages (e.g. during development there appear to be different stages of the 

disorder) (see Figure 1.4). First to manifest is the premorbid stage, appearing at childhood - 

adolescence with symptoms such as mild cognitive and soeial impairments and mild impairments 

in motor coordination. The following stage is the prodromal stage, starting approximately during 

adolescence - early adulthood with many symptoms such as cognitive and attentional 

impairments, anxiety, social withdrawal, substance abuse and even mild psychotic symptoms. 

Both stages appear before the onset and diagnosis of schizophrenia, whieh in turn, is known as the 

onset stage, with active psychosis warranting a diagnosis (described previously in this seetion) 

with onset most often oeeurring during early adulthood. This stage is often brought on by a life 

stressor which triggers a psyehotie episode. Finally the chronic or residual stage oeeurs after the 

onset of schizophrenia and lasts from adulthood into senescence, with symptoms for chronie 

stages similar to onset, and residual stages consisting of primarily negative and eognitive 

symptoms. During the chronie or residual stage symptoms are attempted to be managed with 

antipsychotic treatment (Lieberman et al., 2001). Although this the typical time-course pattern for 

schizophrenia, there are also cases of child-onset schizophrenia, and in such cases the symptoms 

are often more severe (Rapoport et ah, 2005).

The predominate theory to date of the etiology of schizophrenia is that it is a neurodevelopmental
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Environmental Influences:
Exposure to illeness, life 
stressors, etc (pre/perinatal)

Epigenetics

Premorbid Stage:

Childhood/ adolescence

Prodromal Stage: 
Adolescence and 
early adulthood 
(may last longer for 
females).

Onset of Schizophrenia:

Late adolescence/ early 
adulthood (perhaps later 
for females)

Genetic Influences:
Susceptibility genes such as 
COMT,NRGl,and DISCI

Possible Symptoms:
Mild cognitive and social 
impairments, poor motor 
coordination

Possible Symptoms:
anxiety, anhedonia, social 
withdrawl, drug abuse, 
cognitive and sensorimotor 
gating impairments

tressor(s) 
drug abuse

Symptoms:
Positive symptoms 
(psychosis), negative 
symptoms, cognitive and 
social impairments

Chronic/ Residual Symptoms:
Schizophrenia:

Similar to onset o f
Adulthood into schizophrenia, hopefully
senescence managed with antipsychotics

and possibly behavioral therapy

Figure 1.4. Developmental sequence of schizophrenia. Adapted from Lieberman et al., (2001) and 
Rapoport et al., (2005). COMT = catechol-O-methyltransferase, NRG1= neuregulin 1 
DISCl=Disrupted-In-Schizophrenia 1.
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disorder with an interplay between genes and environment. The theory of schizophrenia as a 

neurodevelopmental disorder proposes that schizophrenia is a result of an aberration in 

neurodevelopmental processes which occurs before the onset of schizophrenia symptoms.

However alterations in normal behavioral and social functioning may be present throughout 

development (e.g. such as attentional deficits). This is considered to be due to environmental and 

genetic interactions with CNS development, such as exposure to stress early in development 

(reviews Duncan et ah, 1999; Keshavan, 1999; Lieberman, et ah, 2001; Murray, et ah, 2004; and 

Rapoport et ah, 2005). There is an abundance of evidence in support of this theory, however, it is 

broad and increased specificity for the potential environmental and genetic risk factors and the 

resulting neurostructural and neurochemical alteration, is needed to strengthen and modify the 

theory.

1.8.1. Evidence of Prenatal and Perinatal Environmental Factors

There are a number of environmental factors that have been investigated as potential risk factors 

for the later development of schizophrenia. Much of the investigation has recently focused on 

prenatal and perinatal environmental factors, which provides support for schizophrenia as a 

neurodevelopmental disorder. Such environmental factors have included obstetric complications 

(Clarke et ah, 2006), nutrition (Hoek et ah, 1998; McNamara & Carlson, 2006), prenatal (Brown et 

ah, 2004) and early postnatal illness (Abrahao et ah, 2005), prenatal exposure to radiation 

(hnamura et ah, 1999) and trauma/stress (e.g. child abuse and neglect) (van Os et ah, 2005).
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One environmental factor for which there is strong evidence and focus within the literature, is the 

link between early exposure to infection and the later development of schizophrenia. Studies have 

shown there to be a strong relation between prenatal immune infections (e.g. such as polio) and 

schizophrenia (Suvisaari et al., 1999). Also, a relation between a general elevation of pro- 

inflammatory cytokines (IL-8) in the second trimester of pregnancy and adult onset schizophrenia 

has also been reported (Brown et ah, 2004). It has also been demonstrated that there is an 

increased risk of schizophrenia in the offspring of mothers diagnosed with maternal genital and 

reproductive infections (Babulas et ah, 2006) and an increased risk has also been reported for 

offspring of mothers infected with the parasite Toxoplasma gondii (Mortensen et ah, 2006).

The relation between infection and later development of schizophrenia is not completely restricted 

to prenatal infections. For instance Abrahao et ah, (2005) demonstrated a relation between early 

childhood meningitis and an increased risk for psychosis and schizophrenia in adulthood. In this 

study, the authors report that children who were diagnosed with meningitis during the first four 

years of life had an increased rate for the diagnosis of schizophrenia and the occurrence of 

psychotic symptoms (without being diagnosed with schizophrenia) later in life than did sibling 

controls (i.e. who did not have meningitis as a child). Such research offers strong support for the 

involvement of early exposure to infection as an environmental risk factor for schizophrenia.

1.8.2. Evidence of Genetic Factors

Schizophrenia appears to be a heritable disorder, with an incidence among first degree relatives,
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such as parents and siblings, of approximately 15% (Kandel et al., 2000). The involvement of 

genes in schizophrenia is most readily apparent in studies of identical twins and fraternal twins. 

When comparing monzygotic twins to dizygotic twins the heritability of schizophrenia is evident, 

as monozygotic twins have a much higher concordance 41-65 % than dizygotic twins 0-28% 

(Cardno & Gottesman, 2000). The concordance of monozygotic twins demonstrates that genetic 

factors are just part of the etiology of schizophrenia (Cardno & Gottesman, 2000).

To date there have been several susceptibility genes identified for schizophrenia, including 

catechol-O-methyltransferase (COMT), dystrobrevin binding protein 1 (DTNBPl), neuregulin 1 

(NRGl), regulator of G-protein signaling 4 (RGS4), Disrupted-In-Schizophrenia 1 (DISCI), and 

G72. There are also several candidate genes under investigation, leading to a promising future for 

understanding the genetics which may underlie schizophrenia (Harrison & Weinberger, 2005). 

Interestingly, it has been demonstrated that intermediate phenotypic measures of impaired 

neurodevelopment are actually associated with many of the same genes that have been identified as 

susceptibility genes for schizophrenia (Rapoport et al., 2005). This gives support to the 

neurodevelopmental model of schizophrenia, as genes associated with schizophrenia also result in 

phenotypic measures during development that are associated with the later onset of schizophrenia 

(Rapoport et al., 2005).

Another promising area of study for understanding schizophrenia, is the study of epigenetics, 

where regulation of gene activity is tissue specific, age-dependent, and susceptible to 

developmental stage and environmentally induced changes (Rapoport et al., 2005). Such
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influences on gene expression may be important in understanding the variations in susceptibility 

genes in schizophrenia. An interesting study looking at the influences of epigenetics of 

schizophrenia, investigated the DNA modiflcation status of the DA D2 receptor gene in 

monozygotic twins. Interestingly, the study demonstrated a greater epigenetic similarity between 

unrelated individuals with schizophrenia, in the D2 receptor gene, than with their own 

monozygotic twin who was unaffected by schizophrenia (Petronis et al., 2003) This provides 

evidence of the influence of epigenetics in the expression of genes related to schizophrenia.

Further investigation in this area may provide greater clarity in understanding the interplay between 

environment and genetics and the later development of schizophrenia.

1.8.3. Summary of the Neurodevelopmental model of Schizophrenia

The etiology of schizophrenia appears to be a complex interaction between genetics, epigenetics, 

and environmental factors (e.g. such as exposure to illness and life stressors, preceding the onset of 

the symptoms). This supports the idea that schizophrenia is a neurodevelopmental disorder 

(Rapoport et al., 2005). While the exact mechanism(s) which underlie the development of 

schizophrenia may actually be unique for each individual, it is still of utmost importance to 

understand specific environmental and genetic risk factors and the course of neurological 

maladaptive development, because this may aid in prevention or at least better treatment(s) and/or 

earlier interventions for this disorder.
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1.8.4. Brain Alterations in Schizophrenia

While the precise etiology of schizophrenia is not known, many neuroanatomical and 

neurochemical correlates are consistently present. The negative and cognitive symptoms present in 

schizophrenia is thought to be due to an underactivity in the PFC, predominately in Glu activity. 

The positive symptoms are thought to be due to an increase in DA activity in the 

mesocorticolimbic pathway (Carlson, 2007). There have been alterations found in the 

hippocampus and PFC in the brains of patients with schizophrenia (see section 1.8.4.1.). Such 

neuroanatomical alterations provide evidence of brain structures that might be altered and 

responsible for the negative and cognitive symptoms found in schizophrenia. Other disorders, such 

as depression, often have similar alterations in such structures which could account for an overlap 

in symptomatology between schizophrenia and other disorders (Carlson, 2007). There has also 

been strong support for altered DA transmission in the mesocorticolimbic pathway, and in Glu 

transmission from the PFC into the mesocorticolimbic pathway (see section 1.8.4.2.). These 

neuroanatomical and neurochemical correlates found in schizophrenia will be discussed further in 

the following sections.

l.S.4.1. Gross Neuroanatomical Alterations in Schizophrenia

The hippocampus has been extensively investigated in schizophrenia patients, and there appear to 

be many alterations present within this forebrain structure. Using immunoreactivity, a post mortem 

study found a decrease in the dendritic expression of GluR 5, 6, and 7 subunits in the hippocampus

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of patients who were diagnosed with schizophrenia (Benes et ah, 2001), a decrease which was not 

present in patients diagnosed with manic depression or in controls (Benes et ah, 2001). Takahashi 

et ah, (2000) report an increase in BDNF mRNA in the hippocampus and in the anterior cingulate 

cortex of patients with schizohprenia. A reduction in hippocampal pyramidal cell counts, and a 

disarray in the organization of hippocampal pyramidal cells has also been reported following post 

mortem analyses of brain tissue obtained from patients with schizophrenia (Jdnsson et ah, 1999). 

Further anatomical anomalies have been reported by Bogerts et ah, (1985) who found shrinkage in 

not only the hippocampus, but also the amygdala, parahippocamapal gyrus, and the pellidum 

internum. There have also been differences found in the ventricles in patients with schizophrenia, 

with an increase in ventricle size. Increased ventricle size, in turn, has been associated with poor- 

outcome in schizophrenia patients (Davis et ah, 1998). Other changes that have been reported 

include reductions in dendritic spine density in the PFC (Kolluri et ah, 2005), increases in mGlu 

receptor expression (mGLuRl and mGluR2/3), in the PFC (detected using immunohistochemistry) 

(Gupta et ah, 2005), and altered KA receptor mRNA expression in the PFC (i.e. an increase in 

GluR7 mRNA and a decrease in KAl mRNA) of patients with schizophrenia (Meador-Woodruff et 

ah, 2001).

1.8.4.2. Dopamine and Glutamate Dysfunction in Schizophrenia

Ample evidence exists to support the idea that Glu and DA dysfunction may be the primary 

candidates underlying the neuropathology associated with schizophrenia. The role of DA in the 

pathology and treatment of schizophrenia has been the subject of investigation for approximately
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50 years. It was originally hypothesized that DA hyperactivity was responsible for positive 

symptoms manifested by patients with schizophrenia (Carlsson & Lindqvist, 1963). The focus of 

DA dysfunction in schizophrenia has, historically, been largely due to two reasons, 1) the efficacy 

of antipsychotics in treating the symptoms associated with this disorder and 2) the action and 

effects of psychomotor stimulants (i.e. regarding the manifestation of schizophrenia-like 

symptoms, in otherwise “normal” individuals).

Antipsychotics were originally developed by a French surgeon, Henri Laborit, who discovered that 

a drug used as a tranquilizer for surgery was also successful in reducing anxiety (Carlson, 2007).

A related compound, chlorpromazine, was later developed and found to be effective in treating 

positive symptoms in patients with schizophrenia (Carlson, 2007). This drug is a typical 

antipsychotic and acts primarily as a DA receptor blocker. The typical antipsychotics are primarily 

blockers of the D2 receptor, and those with the greatest efficacy in treating the symptoms of 

schizophrenia also have the greatest affinity for the D2 receptor. Typical antipsychotics appear to 

be primarily effective against positive symptoms (McKim, 2003). Atypical antipsychotics were 

developed later, and show a preferential affinity for the D3/4 receptors. They also have an 

advantage, in that some of the Parkinson’s- like side effects manifested by patients treated with the 

typical antipsychotics are largely avoided (McKim, 2003). Differential expression of DA receptors 

throughout the brain results in different brain areas affected with antipsychotics (e.g. atypical 

antipsychotics primarily target cortical and limbic structures, and typical antipsychotics target the 

striatum resulting in Parkinson’s-like side effects) (see Figure 1.5) (McKim, 2003).
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Figure 1.5. Dopamine receptor distribution of targeted receptors of typical and atypical 
antisychotics. (Typical antipsychotics - D2; Atypical antipsychotics - D3, D4). Adapted from 
McKim, 2003.
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Psychomotor stimulants, such as amphetamine and eoeaine, are DA agonists. These drugs inerease 

activity within the mesocorticolimbie pathway, they strongly reinforce behavior, and they can 

cause positive symptoms of sehizophrenia, if  taken in large doses (Carlson, 2007). Such drugs act 

by increasing DA activity in the synapse. For instance cocaine and amphetamine block DA re­

uptake, and amphetamine will also cause the spontaneous release of DA into the synapse and an 

increase in the amount of DA released in response to an aetion potential (McKim, 2003).

Lamelle et al. (1999) explored DA hyperaetivity in sehizophrenic patients. Their result 

demonstrated that patients with schizophrenia have inereased DA transmission in response to 

amphetamine, compared to controls, and when administered to schizophrenic patients, 

amphetamine would exacerbate positive symptoms. These effects were present in both males and 

females. Furthermore, these effects were also manifested in schizophrenia patients never exposed 

to neuroleptic dmgs, supporting the elaim that the DA change is associated with the illness and not 

a result of neuroleptie treatment. With respect to the illness phases of sehizophrenia, the effect was 

more pronouneed during episodes of illness exacerbation, and is present at the onset, however, it 

does not worsen as the illness progresses and is not present during periods of remission (Lamelle,

1999). While these important findings offer support to the hypothesis of DA dysregulation being an 

integral part of schizophrenia, they offer little toward any explanation for the negative symptoms 

associated with schizophrenia nor do they provide much insight into periods of remission.

More recent hypotheses of the neuropathophysiology of sehizophrenia inelude an interaction 

between DA and Glu (Lamelle et al., 2005). Lamelle et al., (2005) suggest that schizophrenia
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pathology is associated with interconnected dysfunctions and abnormalities in both the Glu and DA 

systems underlie the pathogenesis. More specifically, one current theory of schizophrenia proposes 

that NMDA hypofunction within the PFC will result in a pattern of dysregulation in the DA 

system, which could, in turn, further damage and weaken the glutamatergic connectivity (Lamelle 

et al., 2005) (see Figure 1.3).

1.8.5. Gender Differences and Co-morbidities in Schizophrenia.

Many gender differences exist in schizophrenia. For instance, women generally have a later onset 

of illness than men (Hafiier, 2003). As well, with respect to social and symptom related course of 

illness, men fare poorly compared to women during a younger age, however, after menopause, 

women tend to fare worse than men, suggesting hormonal and age-dependent differences in men 

and women (Hafher, 2003). In another study, Salokangas et ah, (2003) investigated age related 

differences between genders in the diagnosis of schizophrenia and reported that women had a 

slightly later age of first admission than males, but with a peak increase much later, approximately 

40-44 years of age. In particular, paranoid schizophrenia appears to have a later onset for women 

than men (Salokangas et ah, 2003). Among those diagnosed with schizophrenia, women also have 

superior social skills than men, and this difference is not present in patients with affective disorder 

or in non-patient controls (Mueser et ah, 1990). Improved social skills and functioning are also 

related to improved outcome with schizophrenia (Preston, 2000). It is suggested that these 

improved social skills in females, relative to males, are due to the later onset of the illness (Hafiier, 

2003).
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Others have suggested that estrogen during brain development provides protection for symptoms of 

schizophrenia in women (Rao & Kdlsch, 2003). However, in contrast to Salokangas et al. (2003), 

data would appear to offer support for the suggestion that estrogen is protective against the 

negative symptoms of schizophrenia rather than paranoid schizophrenia (Rao & Kdlsch, 2003). 

Finally, other data has been offered to support the idea that estrogen interacts with treatment, with 

females showing better treatment responses during the menstrual cycle (i.e. when estrogen is high) 

(Rao & Kdlsch, 2003).

Schizophrenia is a disorder which is often associated with co-morbid diagnosis. One of the most 

commonly reported co-morbid diagnosis with schizophrenia is substance abuse. Further, substance 

abuse is also more commonly associated with male patients and with positive symptoms of 

schizophrenia (Talamo et ah, 2006). Additionally, Rosen et ah, (2006) report the most common 

co-morbid diagnoses in patients who have met the criteria for the prodromal stage of schizophrenia 

are major-depressive disorder and cannabis dependence. In this particular study, although there 

were other co-morbid conditions found in patients meeting the criteria for schizophrenia prodrome, 

there was not a greater prevalence for any particular co-morbid condition, compared to patients not 

meeting this criteria (Rosen et ah, 2006). Furthermore, cigarette smoking is very common within 

the schizophrenia population, even when other factors, such as institutionalism, substance use and 

antipsychotic treatment, are controlled for (de Leon et ah, 1995). Others have demonstrated that 

not only is smoking more prevalent in patients with schizophrenia, but that smokers with 

schizophrenia also smoke more often and more intensely than do non-psychiatric patients (Tidey et 

ah, 2005).
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Schizophrenia is currently believed to be a neurodevelopmental disorder (section 1.8.), with onset 

typically delayed until adulthood. However, it is also interesting to examine cases where the 

diagnosis of this condition occurs at a younger age. Interestingly, in childhood-onset sehizophrenia 

there are many co-morbid diagnoses (Ross et ah, 2006). In one recent study, data revealed that in 

81 children with schizophrenia, 99% presented with a co-morbid disorder. The most commonly 

associated disorders were ADHD, oppositional defiant disorder, depression, and separation anxiety 

disorder (Ross et ah, 2006). Oner & Monir, (2005) investigated attentional and cognitive skills of 

children with ADHD and children at high risk (HR) of sehizophrenia (parents with schizophrenia) 

and age matched controls. Within the HR population of children (n=24) a total of 11 were 

diagnosed with ADHD. Children with ADHD and HR presented with deficits in attention and 

cognition, however, children with HR and ADHD had an even greater detriment (Oner & Munir, 

2005). While such studies are interesting, and important in their own right, it is important to note 

that childhood-onset schizophrenia is considered more severe than adult-onset and it is therefore 

difficult to make direct comparisons between the two.

1.9. Animal Models of Schizophrenia

Sehizophrenia is a complex mental illness with symptoms that inelude disorganized thought and 

speech pattern, hallucinations, delusions and dysfunctions in other solely human behaviors. It 

appears then, that it would be a daunting, if  not an impossible task, to model this disorder in 

animals. However, for several years this has been the very challenge that many researchers have 

undertaken (reviews Lipska & Weinberger, 2000; Powell & Miyakawa, 2006; van den Buuse et ah,
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2005). The question, however, then hecomes: what can actually be modeled in animals, if 

schizophrenia is indeed a uniquely human mental illness? First, to address this question, it is 

important to understand the validity of animal models and how they are used to mimic mental 

disorders.

1.9.1. Validity in animal models

In a recent review paper, Kalueff & Tuohimaa (2004) explored the limitations and benefits of 

animal models of anxiety and depression. Issues that were raised/addressed in this review are also 

relevant to animal modeling of schizophrenia, and will therefore be discussed, in brief, here. As 

pointed out by Kalueff & Tuohimaa (2004), a good animal model should ideally have face validity, 

predictive validity and construct validity. Face validity means that the model has similarities in 

phenomena to the human pathology (Kalueff & Tuohimaa, 2004). However, this criterion can be 

difficult to meet, since disorders often have a wide range of symptoms; symptoms which most 

often cannot be directly reflected in a single animal model or perhaps even in animals (Powell & 

Miyakawa, 2006). More often, good animal models are able to demonstrate predictive and 

construct validity. Predictive validity reflects the ability of the model to predict the therapeutic 

efficacy of drugs/manipulations that may be effective in humans (Kalueff & Tuohimaa, 2004).

This is important, as predictive validity is often the criterion used to verify the useftilness of a 

novel animal model by using currently available efficacious drugs and demonstrating a beneficial 

change in the animal in response to this drug. In turn, this animal model may then be used as a 

tool to screen for novel drug therapies. Construct validity means that the theoretical rationale
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behind the model reflects the current theories of the human disorder (Kalueff & Tuohimaa, 2004). 

An example of an animal model demonstrating construct validity, is the immuno-precipitated 

neurodevelopmental rodent model of schizophrenia (see section 1.9.3.2.) which reflects one of the 

current theorized risk factors of schizophrenia. Construct validity is most commonly what is first 

reflected in animal models, and animal models are often designed to reflect the current theories 

behind the disorder and the current etiological considerations.

1.9.2. Modeling schizophrenia symptoms in rodents

Which specific behavioral paradigms should be used to mimic symptoms in schizophrenia are not 

completely agreed upon in the research community. Animal models of schizophrenia often use 

many different behavioral paradigms to reflect negative/positive symptoms and cognitive deficits 

that are seen schizophrenia. Behavioral paradigms can reflect symptoms that are seen in the 

clinical populations either directly (e.g. Pre-pulse inhibition (PPI); see Figure 1.4) (reflective of 

cognitive deficits) or perhaps indirectly (e.g. reflecting behaviors with some similarity to the 

population but that cannot be directly mimicked, such as response to novelty which may be 

indicative of either positive or negative symptoms). Some of the symptoms that are mimicked in 

animal models are not unique to schizophrenia (e.g. negative and cognitive symptoms) and may be, 

and often are, reflected in other disorders. This is actually reflective of the clinical population, as 

some symptoms of schizophrenia are not unique to the disorder in humans and may be seen in 

disorders such as depression (Candido & Romney, 2002), bi-polar disorder (Murray et al., 2004), 

epilepsy (Matsuura et ah, 2004) and addictions (Kedzior & Martin-Iverson, 2006). There is also a
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Figure 1.4. Pre-pulse inhibition. Adapted from Swerdlow et al., (2000).
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high co-morbidity with schizophrenia and other disorders such as epilepsy (Giatatzis et ah, 2004) 

and drug abuse (Talamo et ah, 2006). Therefore, in order to determine if an animal model is 

relevant to schizophrenia, several behavioral paradigms are typically used. Also there are 

neurochemical and neuroanatomical similarities that are often investigated, however, this is 

difficult since there are many confounding factors in the clinical population, such as antipsychotic 

treatment. The difficulty and complexity of modeling this disorder is however understandable, as 

it reflects the complexity of the disorder itself.

I.9.2.I. Cognitive Symptoms

Behavioral paradigms directed at cognitive deficits often include PPI, latent inhibition (LI) and the 

MWM. There are other behavioral paradigms that are used, however, these are perhaps the most 

common.

Pre-pulse inhibition is commonly used in animal models of schizophrenia since it is disrupted in 

people with schizophrenia (Braff et ah, 2005; Candenhead, 2000; Mackeprang, 2002) and even in 

relatives who do not have schizophrenia (Candenhead, 2000). Deficits in PPI reflects deficient 

sensorimotor gating (Swerdlow et ah, 2000). Sensorimotor gating is the habituation to repetitious, 

unimportant stimuli. Essentially, it is a way for the brain to focus on the important stimuli and 

reserve its resources (Javanbakht, 2006). This is an important brain function, as we are often 

exposed to simultaneous stimulation in the world and normally we leam to focus our attention on 

the important stimuli, while filtering (or gating) the irrelevant or less important stimuli
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(Javanbakht, 2006). Pre-pulse inhibition is a phenomenon that is present in all mammals, and is 

one of the simplest measures of sensorimotor gating. Typieally, a weak pre-pulse will inhibit the 

startle reflex to a more powerful stimulus, and the degree to which the reflex is inhibited is 

measured and can be compared to the reflex without the pre-pulse in the experimental setting 

(Swerdlow et al., 2000). A deficit in pre-pulse inhibition is manifested as the failure to inhibit the 

reflex with the presence of a pre-pulse (see Figure 1.4). Deficits found in PPI are reflective of 

dysfunctions in the neural substrates that modulate PPI such as the hippocampus, mPFC, 

basolateral amygdala, NAc, and the pedunculopontine nucleus (cortico-striato-pallido-pontine 

circuitry) (Swerdlow & Geyer, 1998). Therefore alterations in PPI reflect not only an inability to 

appropriately filter sensory information, but could also reflect mild alterations leading to 

attentional and cognitive impairments, which could lead to some of the symptoms manifested in 

schizophrenia (Braff & Geyer, 1990).

The inability to properly filter sensory information, and having dysfunctions in the neural 

substrates mentioned above, could lead to the misinterpretation of incoming information, resulting 

in delusions and hallucinations (Javanbakht, 2006). However, deficits in PPI are not unique to 

schizophrenia and can be seen in other clinical populations such as Parkinson’s disease, dementia 

with Lewy bodies (Perriol et ah, 2005), Tourette’s co-morbid with ADHD (Castellanos et al 1996), 

Schizotypal personality disorder (Candenhead, 2000) and chronic cannabis abuse (Kedzior et ah,

2006). However, some researchers suggest that deficits in PPI are nonetheless, a reliable trait 

marker for schizophrenia and that it a candidate phenotype of schizophrenia, but not a primary 

symptom. Therefore other conditions with alterations in similar neural substrates could also result
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in deficits in PPI, but it is reliably found as a deficit in the schizophrenia population. Pre-pulse 

inhibition has been investigated to determine the genes that are important in PPI and this might be 

used to help identify genes affected in schizophrenia (Joober, et al., 2002).

Latent inhibition is also a sensorimotor deficit that is found in patients with schizophrenia 

(Schmajuk, 2005). Latent inhibition is a phenomenon in which pre-exposure to a conditioned 

stimulus (CS) causes a decrease in the subsequent generation of conditioned responses (CR) when 

the CS is later paired with a unconditioned stimulus (US) (Barker, 2001). The hippocampus and 

the NAc are involved in normal functioning of LI, and disruptions within either brain region can 

cause an impairment in this task (Schmajuk, 2005). A disruption in LI would result in the previous 

exposure to the CS, not resulting in a decrease in the generation of a CR when it is later paired with 

a US. This has been demonstrated in patients in the acute phase of schizophrenia, but it is later 

repaired with the treatment of antipsychotics (Schmajuk, 2005). A decrease in LI has also been 

reported in various animal models of schizophrenia, including the neonatal ventral hippocampal 

lesioned (nVH) model (Grecksch et al., 1999) (see section 1.9.3.3.) and the immuno-precipitated 

neurodevelopmental model (Zuckerman et al., 2003) (see section 1.9.3.2.).

The MWM is a test of spatial processing, and is often used to assess cognitive function (the maze 

consists of a round pool filled with opaque water). There are at least two general methods for 

running the maze: (1) the hidden platform version and (2) the visible platform version. Using the 

hidden platform task, a platform is placed in a fixed location in the pool about 2 cm below the 

water surface, so that it is not visible. The rat must use room cues to find the platform and escape
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the water. Under normal conditions a rat will readily locate the platform, and will do so with 

increasing ability from any location of the pool, with further trials (i.e. indicates “learning”). The 

idea is that the rat will construct a spatial map of the pool to find the platform using room cues 

(Morris, 1984). This test relies on the ability of the hippocampus to form a spatial map, and 

dysfunctions in hippocampal structure/function will result in poor performance in the maze 

(Martson et al., 1993). In the visible platform method, the platform is located above the surface of 

water. This procedure uses different learning strategies (i.e. studies suggest that rats rely on the 

basal ganglia rather than the hippocampus to solve this task [Packard & Knowlton, 2002]), and is 

also used to test the rats swimming and visual abilities and degree of motivation (Morris, 1984).

Interestingly, a study by Hanlon et al., (2006) compared patients diagnosed with schizophrenia and 

control participants in a computer version of the MWM, known as a virtual MWM. The virtual 

MWM uses the same general procedure as does the standard MWM (used for rodents). Results 

from this study indicated that patients with schizophrenia traveled farther and took longer to reach 

the hidden platform than did the control participants. This is similar to results of animal models of 

schizophrenia, specifically in the nVH model (Silva-Gomez et ah, 2003). There was no difference 

found with the visible platform, however, it is difficult to determine there are no deficits in this 

learning strategy as it may have actually reflected how easy the task was (Hanlon et ah, 2006). The 

results of this study are important as they offer a more direct link between animal and human 

studies. However, in human studies, there is the potential confound of treatment, with the 

schizophrenic patients receiving treatment with anti-psychotics which, in turn, could also impact 

on spatial processing (Hanlon et ah, 2006). Although this confound is present and should be
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acknowledged, it is a confound that is present in all clinical research. This fact underscores the 

importance of and need for good animal models, as they allow for eontrolled conditions that would 

not be ethical in research conducted with the clinical population.

1.9.2.2. Negative Symptoms

The negative symptoms of sehizophrenia can be modeled in animals. However, there are only a 

couple of symptoms which are commonly reflected in animal models. These symptoms inelude 

social withdrawal and the associated negative symptom, anhedonia (reviewed by Ellenbroek & 

Cools, 2000). Other classic negative symptoms of schizophrenia such as avolition, apathy and 

alogia are all obviously very difficult to model in animals (Ellenbroek & Cools, 2000).

Ahedonia is listed as associated negative symptoms in the DSM-IV-R (2000) and ean be seen in 

other disorders such as depression. It reflects a reduction in the capacity for pleasure and is very 

common in schizophrenia (Wolf, 2006). This can be modeled in animals by using appetitive or 

drug rewards, and measuring their consumption in comparison to control animals. One of the most 

common measures of appetitive reward in animals is measuring sucrose or saccharin solution 

consumption (Ellenbroek & Cools, 2000). However, there are several experimental methods used 

ineluding a basic two choice task (water or sucrose) for either a restricted period of time (Turgeon 

& Hoge, 2003) or for a 24 hour period (Shimura et al., 2002). Other techniques include more 

complex methods using conditioning and measuring the motivational levels of the animals by 

determining the amount of effort the animal is willing to exert for the reward (Merali et al. 2003).
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When looking at drug reward, common procedures include the CPP test (LePen et ah, 2002) or self 

administration (Chambers & Self, 2002) using addictive drugs such as amphetamine (LePen et ah, 

2002) or cocaine (Chambers & Self, 2002). Such tasks are also relevant since appetitive and drug 

rewards are reliant on the mesocorticolimbic pathway (discussed in section 1.3.), a pathway which 

also appears altered in the brains of schizophrenic patients (section 1.8.4.2.). However, such 

differences make it difficult to interpret animal models of anhedonia. For example one study 

looking a the nVH model (described in section 1.9.3.3.) found that rats demonstrated an increase in 

sucrose consumption (using pellets instead of a solution) and drug self-administration. These 

findings could be interpreted to reflect positive symptoms and are reflective of the high rate of drug 

addiction observed in the schizophrenic population (Chambers & Self, 2002). However, using the 

same model a decrease in preference for saccharin solution and amphetamine CPP was noted in 

rats subjected to nVH suggesting that this model could also mimic the negative symptoms of 

schizophrenia (LePen et al., 2002). Therefore, results fi"om studies need to be looked at critically 

since different methods used for sucrose consumption and tests such as self-administration and 

CPP and different drugs could lead to different results in the same animal model.

Social withdrawal is considered to be a negative symptom of schizophrenia (DSM-IV-TR, 2000) 

and is also a symptom of premorhid functioning (e.g. with social withdrawal in childhood 

associated with symptoms later in adulthood) (Baum & Walker, 1995). Social withdrawal and 

functioning is also associated with community survival in patients with schizophrenia, with 

increased antisocial behavior predicting poorer community survival (Preston, 2000). Social 

interaction in rodents was characterized by File, (1980) as a measure for detecting anxiolytic
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effects of drugs. The optimal procedure involves placing two rodents, matched for sex and 

treatment, in an unfamiliar environment and observing the interaction between the two animals. In 

this test, a decrease in social interaction is reflective of social withdrawal. Social interaction has 

been adapted by many researchers interested in animal models of schizophrenia. The basic method 

which is commonly used is the consistent in most studies, however specific variables do vary 

across studies. For instance, social interaction paradigms vary dramatically with respect to the age 

of the rodents tested (e.g. some studies test adult rodents [Silva-Gomez et al., 2003], others assess 

adolescent rodents [Venerosi et al., 2006]). The varying ages reflect interesting questions for the 

clinical population, as social withdrawal is a symptom that is present before the onset of 

schizophrenia (Baum & Walker, 1995), but direct comparisons between results presented from 

such studies are difficult to make.

1.9.2.3. Positive Symptoms

The positive symptoms of schizophrenia can also be modeled in animals. Behaviors that are 

considered to have relevance to positive symptoms include increased locomotor activity, response 

to novelty, and increased sensitivity to DA agonists (amphetamine) and NMDA antagonists (MK- 

801 and phencyclidine [PCP]) (Powell & Miyakwa, 2006). Researchers who have used the nVH 

model (see section 1.9.3.3.) have reported that treated rats show an increase in spontaneous 

locomotor activity in and increase in responsiveness to a novel environment (Black et al., 1998). 

This increase in activity levels, seen in treated rats when compared to control rats, is also 

differentially expressed throughout development and between genders. For instance, while both
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male and female rats exhibited this increase in spontaneous locomotion, it was observed only 

during post adolescence, and this effect was expressed later in development in the female rats when 

(PNDIOO) compared to the male rats (PND56). These data are suggested to mimic the delayed 

onset of symptoms seen in the clinical population, which do not typically manifest until the post 

adolescence period, and the increased delay for onset of symptoms within females ultimately 

diagnosed with schizophrenia (Black et ah, 1998).

Silva-Gomez et ah, (2003) reported similar results with the nVH model with respect to increased 

locomotor activity in response to a novel environment. These authors reported an increase in 

rodent activity levels in a novel environment during post adolescence, however they did not find a 

delay in this measure in the nVH female rats. Silva-Gomez et ah, (2003) suggest that this 

difference is because they monitored (and controlled for) the estrous cycle, and locomotor tests 

were conducted during the estrous stage of the females (a variable that was not controlled for by 

Black et ah, [1998]).

Another animal model of schizophrenia, (i.e. immune activation during pregnancy; see section

1.9.3.2.) used the measure of spontaneous locomotion and locomotion in response to amphetamine 

as potential symptom of positive symptoms (Zuckerman et ah, 2003). However, in this particular 

study, no differences were found between treated and control rats in activity levels, either with or 

without amphetamine (Zuckerman et ah, 2003).

Within the nVH model, tests using psycho-mimetic drugs have also been implemented. Such
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studies have found an increased response to the PCP, using a measure of activity, post adolescence 

(Kato et al., 2000) and also an increase in responding to the rewarding properties of cocaine, as 

measured by self-administration (Chamber & Self, 2002). This demonstrates how activity levels 

and response to DA agonists and Glu antagonists are eommonly used as measures of potential 

positive symptoms. However, the number of measures used to detect schizophrenia symptoms 

reflected in animals, are expanding as our number of animal models expand. The advancement in 

our models of the etiology of schizophrenia, will result in an advancement of measures of 

schizophrenia symptoms (Powell & Miyakwa, 2006).

1.9.3. Modeling Schizophrenia in Rodents

1.9.3.1. Drug Induced (Amphetamine, MK801, PCP) Models

Drug induced schizophrenic-like symptoms in animals was one of the first animal models of 

schizophrenia (Gambell & Kometsky, 1976). Such models are used to mimic the alterations in the 

neurotransmission that is seen in the clinical population. Dopamine agonists, such as 

amphetamine, result in symptoms which represent the exeess in DA transmission (see section

1.8.4.2.). It has been demonstrated that a large enough dose of amphetamine can induce a 

psychotic episode in humans. Also the schizophrénie population is more sensitive to the effects of 

amphetamine resulting in increased release of DA and an exacerbation of psychotic symptoms 

(Ujike, 2002).

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Interestingly, Tenn et al., (2005) proposed an amphetamine-indueed animal model of the 

prodromal state of schizophrenia. The study was based on earlier findings which demonstrated an 

amphetamine-induced sensitized state in the rat which had similarities in neurochemical and 

cognitive alterations to human schizophrenia patients (Tenn et ah, 2003). Using a regimen of a 

series of escalating doses of amphetamine (1-5 mg/kg) they demonstrated a heightened response to 

amphetamine, disruptions in PPI, and altered binding in D2 receptors, similar to that seen in the 

clinical population (Tenn et ah, 2003). Tenn et ah, (2005) examined not only the amphetamine- 

induced sensitized state, but also looked at a partial sensitization. Typical and atypical 

antipsychotics were used on the partial and complete amphetamine-induced animals and compared 

with appropriate controls. The amphetamine sensitized state included a full regimen of 

amphetamine, with daily i.p. injections of amphetamine for three weeks, with increasing doses 

introduced each week (week 1- 1 mg/kg, week 2= 2mg/kg, week 3 - 3mg/kg). The partial 

sensitization included a partial regimen, with only the first week of injections and SAL for the 

second and third week. They demonstrated that the partial regimen did not produce all of the 

alterations seen in the full regimen and that intervention with antipsychotics also prevented all of 

the alterations seen in the full regimen (Tenn et al., 2005). This study is interesting, as it not only 

postulates an animal model of chronic schizophrenia, but also a model of prodromal stage of 

schizophrenia and may have predictive validity (see section 1.9.1.) for preventative treatments of 

schizophrenia psychoses (Tenn et ah, 2005).

Glutamate antagonists such as MK801 and PCP are also used to mimic schizophrenic-like 

symptoms. Both compounds are non-competitive antagonists of the NMDA receptor and actually
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bind to the same site actually known as the PCP binding site located inside the pore of the NMDA 

receptor (Morris et al., 2005). Phencyclidine is a drug that is used illicitly and causes symptoms 

such as hallucinations, and can cause a profile similar to schizophrenia and exacerbates the 

symptoms in schizophrenic patients (Morris et al., 2005). Turgeon & Hoge (2003) demonstrated 

that exposure to PCP (15mg/kg) 20 hours prior to testing resulting in a decrease in sucrose 

consumption and also decreased responding for food reward in an operant conditioning task in rats. 

This was hypothesized to be due to PCP-induced attentional deficits and to be reflective of the 

negative symptom, anhedonia, in schizophrenia. Rung et al., (2005) found MK801 to also produce 

alterations in behavior reflective of negative symptoms of schizophrenia. It was demonstrated that 

single injections of MK801 at varying doses not only increased motor activity, but also decreased 

social interaction in the rat. This was compared to amphetamine, where an increase in motor 

activity was found but no decrease in social interaction was observed. It is suggested that MK801 

administration is a model for both positive symptoms (e.g. represented by increased motor activity) 

and negative symptoms (e.g. represented by a decrease in social interaction) (Rung et al., 2005). 

Deficits in PPI have also been detected with the administration of both PCP (Pouzet et al., 2005) 

and MK801 (Levin et al., 2005).

Based on the evidence presented, drug induced animal models of schizophrenia appear to have face 

validity. However, the models have only minimal construct validity. Although amphetamine 

models represent the dysfunction in DA functioning and PGP and MK801 models represent 

dysfunction in Glu functioning, they are not reflective of the neurodevelopmental theory of 

schizophrenia.
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1.9.3.2. Immuno-precipitated neurodevelopmental Model

The primary aim of immune-based neurodevelopmental animal models of schizophrenia is to 

mimic a possible risk factor found in the human population. Early exposure to infection, both 

prenatally, and early postnatally results in an increased risk for the later development of 

schizophrenia (see section 1.8.1.). Zuckerman & Weiner (2005) developed one such model in rats, 

using the synthetic cytokine releaser polyriboinsinic-polyribocytidilic acid (poly EC), which 

mimics viral infection, in pregnant rats. The pregnant rats were administered 4 mg/kg of poly EC 

on gestational day 15 and the offspring were then later tested during adulthood. The infected 

offspring demonstrated a loss of LI (a sensorimotor gating task, see section 1.8.2.1.), and an 

enhanced reversal learning in a water-based t-maze. Both tasks represent prior experiences having 

less influence on current experience as compared to the control animals. These differences were 

corrected by the atypical antipsychotic clozapine, demonstrating a predictive validity of the this 

model. There were also differences found with an increase in activity levels with MK-801 

administration, however, there were no differences found in the MWM (Zuckerman & Weiner, 

2005). This model demonstrates how maternal immune infection results in alterations in 

sensorimotor gating that can be seen in schizophrenia and can be corrected by antipsychotic 

treatment, as well as alterations in the Glu system as demonstrated by the sensitivity to MK-801. 

This provides some face validity for the model and is promising, as the model also is based on 

current etiological theories of schizophrenia as a neurodevelopmental model that has increased risk 

with maternal immune response. Another study by Fortier et ah, (2004) proposed a similar model 

using a bacterial endotoxin lipopolysaccharide (EPS) (50 pg/kg) administered on gestational day
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18 and 19 of pregnancy in the rat. The results of this study demonstrated an increase in 

amphetamine induced locomotion and in acoustic startle in PPI in the resulting offspring in 

adulthood.

hnmuno-preeipitated animal models of schizophrenia demonstrate face, predietive and eonstruct 

validity. However evidenee is still preliminary, and further characterization of these, and similar 

models will aid in the validity of the model. The exaet mechanisms involved to result in sueh 

alterations is not yet understood, therefore only provide preliminary construet validity. Also, 

exposure to infection is only one potential risk faetor for sehizophrenia and therefore only provides 

validity to a subgroup of the clinieal population.

I.9.3.3. Neonatal ventral hippocampal lession (nVH) Model

This model was originally developed by Lipska et al. (1993), and is probably one of the most 

studied and reflects the current theory of schizophrenia as a neurodevelopmental disorder. This 

model involves lesioning the ventral hippoeampus using ibotenic acid, on PND 7 of the rat. This 

animal model of schizophrenia represents the theory of an alteration in the hippocampus of 

schizophrenics, and that it is a neurodevelopmental disorder whieh originates with some insult to 

the hippoeampus during early development.

There have been several behavioral alterations demonstrated in the nVH model. For instanee 

hyperactivity in a novel environment and sensitivity to the locomotor effects of amphetamine were
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demonstrated in adulthood (PND56) but were not present at adolescence (PND35) (Lipska et al., 

1993). This demonstrates the face validity, such as the post-adolescent onset of symptoms and is 

reflective of positive symptoms (following the same course as schizophrenia). Silva-Gomez et al., 

(2003) reported a decrease in social interaction in both the male and female nVH rats, however, 

there was a deficit found in only the males in the MWM in latency to find the platform. This also 

reflects the gender differences that are found in schizophrenia. Interestingly, Alquieer et al., (2004) 

examined DA content in the brain of the nVH rats and also nVH rats which were socially isolated 

immediately after weaning (PND 21) and appropriate controls. They demonstrated that nVH rats 

had an elevation in DA content in the hippocampus, while social isolation alone caused an increase 

in DA content in the limbic regions such as the PFC, NAc and hippocampus. However, the effect 

of social isolation in nVH was an exacerbation of these increases except in the NAc. This suggests 

a sensitivity to the alterations in the dopaminergic system to stressors such as social isolation in the 

nVH model (Alquieer et al., 2004). Such alterations demonstrate face validity for this model of 

schizophrenia.

1.9.3.4. Genetic based mouse models

There have been several genes identified as susceptibility genes for schizophrenia, including 

COMT, DTNBPl, NRGl, RGS4, DISCI, and G72 (Harrison & Weinberger, 2005) (reviewed in 

section 1.8.2.). Therefore, animal studies have been developed which target the susceptibility 

genes using mice. Results from such studies have yielded inconclusive evidence for a phenotype 

relevant to schizophrenia (review O’Tuathaigh, 2006). Mouse models targeting the NRGl and
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DISCI genes, have found alterations in behavioral phenotypes relevant to schizophrenia 

(O’Tuathaigh, 2006). However, other mouse models targeting the RGS4, DTNBPl, COMT genes 

have not yielded behavioral phenotypes which are relevant to schizophrenia (O’Tuathaigh, 2006). 

However, whether or not the genetic mouse models provide behavioral phenotypes relevant to 

schizophrenia, understanding the roles schizophrenia susceptibility genes play in development, 

brain metabolism and function of relevant neurotransmitter systems (such as Glu and DA), has 

provided understanding of the roles these genes could play in the development of schizophrenia 

(O’Tuathaigh, 2006).

There are other genetic mouse models of schizophrenia, which do not directly target specific 

schizophrenia susceptibility genes, but rather genes targeting features that have been identified as 

altered in schizophrenia. An example of one such animal model is the NRl hypomorphic mouse. 

This genetic mouse model has chronically and developmentally reduced in NMDA receptors, 

specifically this results in a large reduction in the NRl subunit (Duncan et al., 2004). Results from 

this genetic mouse model has demonstrated a deficit in PPI and a decrease in social affiliation. The 

social affiliation test was similar to the social interaction test (described in section 1.9.2.2.), 

however, the test mouse was placed in a covered open field with an unfamiliar mouse and there is 

no direct interaction between the mice. The NRl hypomorphic mice spent less time on the side of 

the arena with the unfamiliar mouse (Duncan et al., 2004). Interestingly, this model was tested for 

predictive validity using typical and atypical antipsychotics in restoring PPI, however, the results 

indicated there were no improvements found above what was demonstrated also in the control 

(wild-type) mice (Duncan et al., 2006). However, it was suggested that the NRl hypomorphic
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mouse model may provide potential as a tool to test novel antipsychotics that do not target the 

dopaminergic system (Duncan et al., 2006). This model demonstrates face validity and construct 

validity, mimicking the NMDA hypofunctioning in schizophrenia. However, it failed to provide 

predictive validity using a few of the existing antipsychotics, but this does not mean there is not 

future potential for this model in providing predictive validity.

1.9.4. Summary of Animal Models of Schizophrenia

The existing animal models of schizophrenia which model the current theories of the etiology of 

schizophrenia, demonstrate how much is still to be understood about this disorder. Each of the 

models reflects at least one aspect of schizophrenia. However, the primary symptoms of 

schizophrenia such as disorganized thinking and speech, hallucinations, and delusions, cannot be 

directly modeled in animals. This leaves only symptoms which are often reflected in the 

prodromal stage of schizophrenia and even in other disorders. However, this does not mean the 

models are of no importance because they cannot model the primary symptoms of schizophrenia. 

Each model provides insight into risk factors, neural dysfimctions and provides tools for novel 

treatments. Therefore, each model provides new insight and understanding and each model has 

strengths and weaknesses and are actually not in direct competition. There will not be one “ideal” 

model of schizophrenia, as schizophrenia is a disorder where the exact etiology is most likely 

different for each individual.
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1.9.5. Comparing and contrasting the perinatal domoate rat model to existing 

rodent models of schizophrenia

In order to begin to look at the perinatal domoate rat model as a potential model of schizophrenia, 

we must look at the validity of this model and determine what is known and what needs to be 

explored. This animal model presents with seizure-like behaviors similar to temporal lobe epilepsy 

(see section 1.6.). Interestingly, there is co-morbidity with schizophrenia and epilepsy. Within 

epilepsy, the rate of psychoses averages around 2 to 7%, while this rate is much higher than in the 

general population, ranging around 1%. When looking specifically at temporal lobe epilepsy, the 

rate of co-morbidity with psychosis raises to 10 to 19%, much higher than the normal population 

(Giatatzis, 2004). Perhaps by further investigating this model by focusing on behaviors relevant to 

schizophrenia, we will gain some understanding of the similarity in underlying developmental 

pathology in schizophrenia and epilepsy.

Interestingly, there are alterations found in the hippocampus of the schizophrenia population (see 

section 1.8.4.1.). It has been shown that there is a decrease in cell count in the CAl and CA3 

region of the hippocampus in the schizophrenic population (Jonsson et al., 1999 and Luts et al., 

1998). This is consistent with Doucette et al., (2004) where a decrease in cells in the CAl and 

CA3 of the treated animals was found. Also there has been reported an increase in BDNF mRNA 

in the hippocampus of schizophrenic patients (Takahashi et al., 2000). This is also consistent with 

Doucette et al., (2004) where elevations in BDNF mRNA in the hippocampus of these treated 

animals was noted. This also demonstrates neuroanatomical and neurochemical alterations within

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



this model that are reflective of the clinical population of schizophrenia, also providing some face 

validity of the model.

Some of the observations seen in these animals have suggested an alteration in the 

mesocorticolimbic DA system pathway (see section 1.6). Such observations include the altered 

response to a novel spatial environment and alterations in the hippocampus (Doucette et al., 2004). 

Further investigation is needed in order to know if  the mesocorticolimbic pathway has been altered 

(neurochemically, neuroanatomically and/or functionally) in the perinatal domoate rat model. 

However, if  the functional integrity of this pathway has been altered this model would provide 

construct validity. This model would reflect the neurodevelopmental theory (see section 1.8.), and 

the alterations seen in the Glu and DA systems (section 1.8.4.2.). Therefore the basis of the 

following studies was to examine the functional integrity of the mesocorticolimbic pathway 

throughout development in the perinatal domoate rat. This would provide further information as to 

the face and construct validity and potential of this model as an animal model of schizophrenia.

1.10. The Perinatal Domoate Rat Model: Are There Behavioural Alterations in the 

Mesocorticolimbic Pathway Relevant to Schizophrenia?

The primary hypothesis of this thesis is that low doses of DOM, during a critical period of 

development, will result in alterations in behaviours reliant on the functional integrity of the 

mesocorticolimbic DA pathway. The secondary hypothesis of this thesis is that the perinatal 

domoate rat model has potential to serve as an animal model of schizophrenia.
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In order to test the primary hypothesis, three different behavioural tests were used, the sucrose 

consumption test, the playground maze, and the nicotine-induced place preference paradigm. The 

sucrose consumption test was used as an assessment of response to reward. This test has 

previously shown a decrease in sucrose consumption in an animal model of schizophrenia, 

reflecting anhedonia, a negative symptom of schizophrenia (Le Pen et al., 2002). The baseline 

water consumption was measured to determine if  there was a difference. An increase in general 

fluid intake is known as polydipsia, also symptomatic of schizophrenia (Brookes & Ahmed, 2006).

The playground maze was used as a test of response to novelty. This maze was chosen as it can be 

used to look at alterations in response to novelty independent of alterations in locomotion and 

spatial processing (Nicholls et al., 1992). This is important because alterations in the dopamine 

system can result in alterations in activity levels, and we have found differences in the 

hippocampus of the perinatal domoate rat, which is important in spatial processing. Therefore, the 

playground maze can be used as a tool for detecting alterations in response to novelty without the 

mentioned confounds. Also, others have shown the playground maze and the amphetamine place 

preference paradigm used in conjunction, demonstrated a correlation between response to novelty 

and drug seeking behaviours (Bevins et al., 2002). This is interesting as response to novelty and 

reward are both modulated by the mesocorticolimbic pathway (Missale et al., 1998).

Finally the nicotine-induced conditioned place preference paradigm (CPP) will be used to 

challenge the functional integrity of the dopaminergic system. Nicotine is a drug that has been
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determined to be rewarding, because it directly activates the mesocorticolimbic pathway (Ikemoto 

et al., 2006; Balfour, 2002). Nicotinic administration results in the release of DA and Glu in the 

NAc (Reid et al., 2000). Interestingly, in schizophrenia there is a higher prevalence of smoking 

than in the general population (de Leon and Diaz, 2002) (mentioned in section 1.8.5). Also 

increased and decreased sensitivity to the rewarding properties of drugs has been used as positive 

and negative symptoms, respectively, of schizophrenia.

Using these tests, which all challenge the dopaminergic system, we will gain a better understanding 

of the effects of KA receptors in development and their impact on the dopaminergic system (see 

section 1.3). This will also help determine the potential of the perinatal domoate model as a 

potential model of schizophrenia, and help direct future directions for further research to 

characterize this model.

Chapter 2 “Determining the length of retention for object memory using the playground maze: A 

pilot study” was done to determine the procedure for the playground maze. This chapter was a 

pilot study looking at variations of inter-trial-intervals in the procedure of the playground maze. 

This study was done with the primary aim of exploring the reproducibility of the maze when used 

in or lab. The secondary goal was to determine the maximum length of retention for object 

recognition in the rat using the playground maze.

Chapter 3 “Drug-seeking and altered responses to novelty in adult rats treated neonatally with 

domoic acid” uses all three behavioral tests the sucrose consumption, playground maze and
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nicotine-induced place preference paradigm during adulthood. Developmental assessments were 

also conducted including an open field test as an assessment of locomotor activity throughout 

development (pre-adolescence, adolescence, and adulthood). This chapter explores the role of 

DOM exposure, during development, on the effects on behaviors mediated by the 

mesocorticolimbic pathway in the adult rat.

Chapter 4 “Low dose domoic acid in neonatal rats abolishes nicotine induced conditioned place 

preference during late adolescence” used the behavioral paradigm the nicotine-induced CPP 

paradigm during adolescence in conjunction with developmental assessments. This chapter deals 

with developmental differences in drug reward, as adolescence is a period of increased sensitivity 

to the rewarding properties of nicotine. This will also aid in the understanding of KA receptors in 

the normal development of behaviors mediated by the mesocortieolimbic pathway.
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Chapter 2

Determining the length of retention for object memory using the playground maze: A pilot

study
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Abstract

The playground maze was developed to detect responses to novelty, and designed to measure 

locomotion and exploration separately. The playground maze is a relatively new paradigm and 

has, to date, only been used in a few studies. The normal procedure for the maze is to have a 

number of trials to familiarize the rat to the objects on the maze. After the last trial the rat is 

removed for an inter-trial-interval of 1 minute, then returned to the maze with one of the “familiar” 

objects replaced with a new “novel” object. However, other paradigms used to detect response to 

novelty have used varying inter-trial-intervals in order to increase the sensitivity and detect 

alterations in object recognition in the rat. Therefore, this pilot-study was designed to measure 

length of retention for object memory using the playground maze in the rat. The inter-trial- 

intervals used were 1 min, 24 hours, and 48 hours. The results demonstrate a detection of the 

novel object (measured by an increased exploration of the novel object) in the groups with 1 min 

and 24 hours, but not 48 hours inter-trial-intervals. This demonstrates when object memory is 

abolished in the rat on the playground maze (48 hours) and that the playground maze is 

reproducible in our lab.
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2. Introduction

The playground maze was developed by Nicholls et al. (1992) for detecting alterations in response 

to novelty. This maze was designed to measure directed exploration and locomotion, separately. 

Previous tests for response to novelty often involved using a novel environment and the level of 

exploration in the environment was used as a measure of response to novelty. However, Nicholls 

et al. (1992) suggest that this may not be an accurate measurement of response to novelty, but 

rather that the level of locomotion may actually reflect the animals attempts to escape the novel 

environment rather than to explore it. Another problem with existing tests of response to novelty, 

which use locomotion as an indicator of novelty exploration, is that if drugs or other manipulations 

are being employed which themselves can alter locomotor levels, it is difficult to isolate the effects 

on novelty exploration. Therefore, the playground maze was developed in order to detect response 

to novelty in a familiar environment and to detect novelty directed behaviors in isolation from 

general locomotion.

Most of the studies to date which have used the playground maze have been interested primarily in 

altering the dopaminergic system, which modulates behavioral responses to novelty (Klebaur & 

Bardo, 1999; Nicholls et al., 1992; Mellanby et al., 1999). For instance Mellanby et al. (1999) 

used the playground maze to detect differences in response to novelty after altering both the 

dopaminergic system and the hippocampus. This was done by administering a tetanus toxin into 

the amygdala of some rats and to the hippocampus of other rats. This tetanus toxin resulted in an 

epileptic seizure originating from these locations. Measures of response to novelty showed that
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there was a significant novelty effect in the both the amygdala injected, and control groups, but a 

novelty effect was not present in the hippocampal injected group. This could be due to the fact that 

the hippocampus is important in memory (i.e. to respond to novelty, you have to remember the 

familiar first), and damage could affect memory or it could also be due to the modulation of 

response to novelty by the hippocampus (i.e. motivational state).

Another study by Klebaur and Bardo, (1999) used the playground maze to discriminate between 

animals which were high novelty seekers and low novelty seekers, and then compared results 

between the two groups on the results of CPP using amphetamine. Results from this study 

revealed that high novelty seekers showed greater amphetamine CPP but do not show a difference 

in the level of locomotion when compared to the low novelty seekers. This study has implications 

towards the hypothesis that novelty seeking and drug seeking are neuropharmacologically related.

Nicholls et a l, (1992) conducted a study looking at variations of the playground maze and its 

sensitivity to alterations in response to novelty and locomotion, due to drugs. The drugs used were 

choldiazepoxide (CDP), which targets the GABAergic system, and amphetamine, which targets the 

dopaminergic system. Choldiazepoxide (CDP+ increased the novelty effect, while amphetamine 

did not, and actually abolished it at the highest dose (4 mg/kg). The results of this study 

demonstrate that the effects of the drugs on locomotion and novelty directed explorations can be 

separated using the playground maze and can be sensitive to different doses of each drug.

All of these studies show how the playground maze is an effective tool for detecting differences in
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response to novelty, and how it can be separated from effects on locomotion, due to an alteration of 

a system which modulates response to novelty.

The playground maze is routinely conducted using an inter-trial interval of one minute between the 

last familiarization trial and the novelty trial. However, it has been shown that object recognition 

is possible with longer retention intervals. Pitsikas et al. (2002) demonstrated that retention 

intervals for object recognition can last up to an hour, but is abolished after 24 hours. Other 

studies have also demonstrated longer lasting retention intervals for object recognition, however, 

these studies used only two objects (Forwood et al., 2005; Pitsika et al., 2002; Puma & Bizot,

1998). Therefore the objective of this study was to determine if object recognition is still possible 

over such long intervals in the playground maze, considering that the number of items to be 

remembered is much greater (e.g. a total of eight objects). Knowing the length of object 

recognition in the playground maze could increase the sensitivity of the maze for future studies, by 

allowing another measure to be manipulated in studies in which object memory is of interest.

Also, another objective of this study was to examine the procedure to determine if it provides 

optimal object exploration in the rat. This is because one of the major selling points of the maze is 

the familiarization to the environment and the objects, however the objects are introduced in the 

first trial. Perhaps having an acclimation trial to the maze without the objects, may increase object 

exploration during the familiarization trials since the rat has been familiarized to the general 

environment of the maze first, therefore this is also being investigated in this study.
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2.2. Method and Materials

2.2.1. Animals

Sprague-Dawley rats (Charles River Laboratories, St. Constant, PQ, Canada) were used for this 

study. The rats were adults (>90 days of age) at the time of testing and a total of 28 (20 males, 8 

females) were used. All animals were housed with polypropylene caging with wood chip bedding 

and the colony room was maintained on 22.2°C with a 12 hour light/dark cycle (07:00-19:00h) 

with food (Purina Lab Chow) and water provided ad libitum. All procedures were approved in 

advance by the UPEI Institutional Animal Ccare Committee and adhered to the guidelines of the 

Canadian Council on Animal Care.

2.2.2. Playground Maze

The playground maze was a circular platform measuring 100 cm in diameter, and raised 54 cm 

from the floor. The circular platform had eight 14 cm circles placed evenly around the maze 20 cm 

from the edge (see Figure 2.1). Eight objects that fit within these circles were used as familiar 

objects, and one object, a yellow plastic dinosaur (13 cm (length) x 6 cm (height) x 4 cm (width) ), 

which fit inside the circles, was used as the novel object (see Table 1). All trials of the procedure 

were videotaped for later analysis. The time spent exploring each of the objects in the 

familiarization trials and the novelty trial were determined by visual scoring of the tapes.
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Figure 2.1. Dimensions of Playground Maze.
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Object Color Approximate 
Dimensions (cm)
(1X w  X h) or (di; h)

Mean % time

Sauce Cup (Metal)

Pencil Sharpener 
(Plastic)

Apple (Plastic)

Rectangular Dish 
(Plastic)

Silver 6; 4

Clear with black cap 3 x 5 x 7

Light Green 

Purple

Frog (Plastic) Dark green

4; 6

6 x 6 x 5

(Solved) Rubix Cube® Orange/Blue/White/ 5 x 5 x 5
Green/Red/Y ellow 
(Blue facing up, green 
facing in)

6 x 3 x 4

Salt Shaker (Plastic with Yellow with silver top 3; 7 
metal top)

Egg cup (Metal) Silver 4; 4

16.50

18.49

10.09

14.52

11.87

7.31*

8.31*

12.95

Table L Description of objects used in playground maze during familiarization trials and mean 
percentage of time spent with each object in the first trial using all groups. Height (h), length (1), 
width (w), diameter (di). (* denotes a significant decrease using a one-sample t-test (p=12.5%), 
p<0.05).
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2.2.2.1. Familiarization trials

The procedure for the playground maze was adapted from Nicholls et ah, (1994). In brief, it 

included a total of four familiarization trials followed by a novelty trial. The familiarization trials 

involved presentation of the same objects at three different locations. The novelty test trial 

involved replacing one of the now familiar objects with a novel object. Each familiarization trial 

was three minutes in length and 24 hours apart. The familiarization trials included eight familiar 

objects, one placed in each of the eight circles on the maze. The rats were each placed in the 

middle of the maze for a three minute trial and allowed to freely move around the maze. The rat 

was then removed from the maze, and the maze and objects were wiped clean between animals 

using Windex®. The location of each of the objects on the maze was changed for each of the four 

trials, with locations pseudo randomly selected.

1.2 2 .1. Novelty trial

The procedure for the novelty trial consisted of removing the rat from the maze after the fourth, 

and last, familiarization trial. The rat was placed in a holding cage (Groups 1 and 2: see below) or 

out of view of the maze or returned to home cage (Groups 3 and 4: see below) for the retention 

interval. During this time, one of the familiar objects was removed, with the remaining seven still 

in the same location, and the novel object, the “dinosaur,” was placed in the location of the object 

that was removed. The object removed was different for each rat in the group, and pseudo- 

randomly chosen. After the retention interval, the rat was then placed back in the middle of the
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maze facing away from the novel object and allowed to freely move around the maze for a total of 

three minutes.

2.2.2.2.1. Group 1 (1 minute interval)

This group contained a total of 7 rats (3 males, 4 females). The inter-trial retention interval for the 

novelty trial was one minute, during this time each rat was placed in a holding cage.

2.2.2.2.2. Group 2 (24 hour interval)

This group consisted of a total of 5 rats (3 males, 2 females). The inter-trial retention interval for 

the novelty trial was a total of 24 hours. During this interval each rat was returned to its home 

cage.

2.2.2.2.S. Group 3 (48 hour interval)

This group consisted of 7 male rats. The inter-trial retention interval for the novelty trial was a 

total of 48 hours. During this interval each rat was returned to its home cage.

2.2.2.2.4. Group 4 (1 minute interval with acclimation)

This group contained a total of 8 rats (4 males, 4 females). The inter-trial retention interval for the
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novelty trial was one minute, during this time each rat was placed in a holding cage. However, this 

group also had an acclimation trial, which consisted of being placed on the maze without any 

objects for 3 minutes. This trial took place 24 hours before the first familiarization trial. This was 

to determine if there was an alteration in exploration when familiarized to the environment, before 

the introduction of the objects.

2.2.3. Analysis

Novelty scores were determined by a percentage, which was the amount of time (sec) spent 

exploring the novel object / the total possible amount of time (sec) to explore (180 sec). A one- 

sample t-test (|i=12.5%) was used in order to determine if  there was a significant novelty effect 

(a=0.05). A one-way analysis of variance (ANOVA) was used to explore differences between 

Group 1 (1 minute interval) and Group 4 (1 minute interval with acclimation) (a=0.05).

Data are presented as (mean ± SEM).

2.3. Results

2.3.1. Group 1 (1 minute interval)

A one-sample t-test (p=12.5%) revealed there was a significant novelty effect (32.82% ± 4.86) 

(t(6)=5.18, j9=0.002) in the 1 minute interval between the last familiarization trial and the novelty 

trial, common to the literature (see Figure 2.2).
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Figure 2.2. Percent time spent with novel object during the novelty trial for Groups 1, 2 & 3. 
(* denotes a significant novelty effect, p<0.05).
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2.3.2. Group 2 (24 hour interval)

A one-sample t-test (p=12.5%) revealed there was a significant novelty effect (24.85% ± 3.40) 

(t(4)=3.536,/?=G.G24) with a 24 hour interval between the last familiarization trial and the novelty 

trial (see Figure 2.2).

2.3.3. Group 3 (48 hour interval)

A one-sample t-test (p=12.5%) revealed there was no significant novelty effect (11.90% ± 4.86) 

with an interval of 48 hours between the last familiarization trial and the novelty trial (see Figure 

2.2).

2.3.4. Group 4 (1 minute interval with acclimation)

Using a one-way ANOVA no significant differences were found compared to Group 1 in the mean 

time (sec) spent exploring out of total time (180 sec) in the first familiarization trial. There were 

no significant differences found compared to Group 1 in meant time (sec) spent exploring out of 

total time (180) in the novelty trial.

2.4. Discussion

The results of this study demonstrate consistent findings with those present in the literature when
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the similar procedures were used (e.g. Group 1 data). The results from group 2 (1 minute interval 

with acclimation) demonstrated that an acclimation trial to the maze, without any objects, did not 

alter exploration with the objects and is not necessary. These results are important in determining 

whether the procedure for the playground maze was reproducible in our lab.

The results from Group 2 (24 hour interval) demonstrated that the retention for object memory 

using the playground maze can last as long as 24 hours in the rat. This was demonstrated by a 

significant novelty effect in Group 2. However, there was no significant novelty effect found for 

Group 3 (48 hour interval) demonstrating that the retention for object memory in the playground 

maze in the rat is abolished by 48 hours. Previous studies looking at object recognition did not 

find retention for object memory to last up to 24 hours (Pitsika et ah, 2002). However most studies 

looking at when memory for objects is abolished often use less trials and fewer objects (Forwood 

et ah, 2005; Pitsika et ah, 2002; Puma & Bizot, 1998). The procedure for the playground maze 

requires several familiarization trial, each spaced 24 hours apart (Nicholls, et ah 1994), this would 

lead to a longer retention for object memory. If each trial is spaced 24 hours and the rat becomes 

familiarized with the objects, then it is reasonable to expect that memory for the objects would last 

up to 24 hours. However, the results from Group 3 (48 hour interval) reveal that retention for 

object memory is abolished by 48 hours. Therefore, the novel object is not detected as novel and 

results in a decrease in investigation with the object. The results of Group 3 (48 hour interval) are 

important because it demonstrates the novel object (dinosaur) used for the study was not inherently 

more interesting than the familiar objects. Group 3 (48 hour interval) did not spend more than 

significantly more time with the novel object than 12.5%, which is the average amount of time
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spent with all eight objects. Therefore, after 48 hours the objects in the familiarization trials are 

not “familiar” during the novelty trial, and the novel object is not detected as “novel”.

These results are important as they not only show the playground maze is reproducible in our lab, 

but that the procedure can include an interval of 24 hours between the last familiarization trial and 

the novelty trial. This is important because it could increase the sensitivity of the playground maze 

to different memory problems. The sensitivity of the maze is increased by knowing when object 

memory is abolished (e.g. after 48 hours). Increasing the latency between last familiarization trial 

and test trial is a test of longer term retention and could be sensitive to different memory alterations 

than that of the standard procedure. Therefore, future studies could include such manipulations in 

the procedure of the playground maze, to alter its sensitivity.
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Drug-seeking and altered responses to novelty in adult rats treated 

neonatally with domoic acid.

Melissa A. Burt^, Catherine L. Ryan’’, Tracy A. Doucette®

Departments of Biology® and Psychology’’, University of Prince Edward Island, 550 University

Avenue, Charlottetown, PEI, Canada, CIA 4P3

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Activity in the mesocorticolimbic DA system is linked to responses to novelty, reward, and drug- 

seeking behaviours. Glutamate signalling, through KA receptors, has been shown to modulate DA 

release in this pathway. In the present study, a low, non-convulsive dose of the KA receptor 

agonist, DOM was administered to rat pups over PND 8-14. As juveniles and adolescents, rats 

were assessed in the open field. During adulthood, rats were tested in an open field, a sucrose 

consumption task, the playground maze and in a nicotine-induced CPP paradigm. Drug-induced 

differences were found in open field behavior at each time point assessed. Male rats treated 

neonatally with DOM were more responsive to novelty, as indicated by an increase in time spent 

exploring objects during the novelty trial of the playground maze. In nicotine-induced CPP, DOM- 

treated females developed a conditioned place preference for the nicotine-paired compartment of 

the test arena, an effect that was maintained for at least a month following the final drug- 

compartment pairing. The results of this study underscore the importance of the Glu system in the 

ontogeny of behaviors that rely on the functional integrity of the mid-brain DA system.
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3. Introduction

The development of the mammalian CNS is a complex process, as the CNS of the young animal is 

much more vulnerable and reactive to insult than is that of the mature organism (Dobbing & Sands, 

1979; Dobbing & Smart, 1974; McDonald & Johnston, 1990; Vemadakis & Woodbury, 1969; 

Vorhees, 1986b). For instance, given any particular neurotoxicant, an adult CNS will respond with 

characteristic patterns of behavioural responses and lesions, with the timing of exposure resulting 

in no fundamental differences (Kaufinann, 2000), except for those which are attributed to the 

normal aging processes (Vemadakis & Woodbury, 1969; Vorhees, 1986b). However, the 

immediate effects of a neurotoxicant may not be the same as the delayed effects (Vorhees, 1986b). 

This is especially true in early development. Various agents have potential to induce delayed 

neurotoxicity well after exposure has ceased. The possibility of delayed neurotoxicity stems fi'om 

at least two separate scenarios. Firstly, the ontogeny of a particular function may occur late in 

development. Consequently, the manifestation of the pathological change would not be revealed 

until the function would ordinarily be present in the “normal” animal. Secondly, developmental 

insults which affect both anatomy and/or function may be masked or attenuated due to neuronal 

compensation or plasticity and could result in apparently transient effects, none-the-less having 

later sequella (Rice & Barone, 2000).

A particularly critical period of CNS development is the brain growth spurt which, in the rat, 

commences around the day of birth and extends until the third week of postnatal life (Dobbing & 

Smart, 1974). Characterized by axonogenesis, dendritic arborization, development of
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neurotransmitter systems, developmental cell death, synapse formation (as well as trimming of 

extraneous synapses), and myelination, the brain growth spurt is of considerable consequence when 

assessing potential developmental neurotoxicants, as it is known that systems becoming 

functionally mature are most susceptible to teratogenetic agents (Dobbing & Sands, 1979; Vorhees, 

1986b). Significantly, all processes which characterize the brain growth spurt rely on appropriate 

glutamate receptor signalling (McDonald & Johnston, 1990).

Glutamate mediates most of the excitatory neurotransmission in the mammalian CNS. In addition 

to its role as a neurotransmitter, Glu is intimately involved in regulating CNS maturation, and plays 

a critical role in a wide variety of both physiological and pathological processes (McDonald & 

Johnston, 1990; Meldmm, 2000; Meldrum & Garthwaite, 1990; Parsons et al., 1998). The effects 

of Glu are mediated through a complex family of receptors which include both ionotropic and 

metabotropic variations (Bleakman & Lodge, 1998; Ozawa et al., 1998). Ionotropic receptors are 

directly linked to ion channels while metabotropic receptors are coupled to G proteins. Ionotropic 

Glu receptors are tetrameric and the various combinations of protein subunits, specific for each 

receptor type, combine to form the receptor complex. Ionotropic receptors are further divided into 

NMD A and non-NMDA receptors. Kainate and AMP A receptors make up the non-NMDA class 

(Settler & Mulle, 1995; Bleakman & Lodge, 1998). Molecular cloning has revealed the existence 

of five KA receptor subunits that are commonly known as GluRS, GluR6, GluR7, KA-1 and KA-2 

(Settler & Mulle, 1995; Ozawa et al., 1998).

Kainate receptor complexes can form homomeric and heteromeric assemblies. For all known
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functional recombinant KA receptors, KA elicits a fast onset and rapidly desensitizing response, 

however, other pharmacological and functional properties differ depending on subunit 

composition. Kainate receptors are located both presynaptically and postsynaptically (Chittajallu 

et ah, 1999; Lerma, 2003; Lerma et ah, 2001; Malva et ah, 1995; Malva et ah, 1996; Patemain et 

ah, 2000; Patemain et ah, 1998; Xt et ah, 2006). In addition, the diversity of KA receptors is 

furthered by post-transcriptional subunit modifications which include alternative splicing and RNA 

editing, with both processes capable of altering the gating characteristics of the resulting receptor 

complex (Bettler & Mulle, 1995; Gregor et ah, 1993; Grigorenko et ah, 1998; Grigorenko et ah, 

1997; Kohler et ah, 1993; Ozawa et ah, 1998; Paschen et ah, 1996; Schiffer et ah, 1997; Sommer 

et ah, 1991). Finally, many developmental shifts occur with respect to regional subunit expression 

and post-transcriptional modification (Bernard et ah, 1999; Bernard et ah, 1994; Monyer et ah, 

1991; Paschen et ah, 1997), any of which, have potentially important implications for plasticity and 

neurotoxicity.

Rather than producing a transient pharmacologieal effect, receptor acting compounds administered 

to the immature organism, especially during the brain growth spurt, have the potential to cause 

permanent, irreversible insult. This insult can be expressed as either a permanent dysfunction to 

the neurotransmitter system involved, or may result in “irreversible imprinting” of receptor 

densities, which in turn results in lasting functional and/or structural changes to the nervous system 

(Kaufinann, 2000). Thus, alterations in glutamate receptor signalling at particular receptor 

subclasses may potentially be of significant consequence to the developing organism, but as such, 

may also reveal important physiological roles for particular receptor classes in ontogenetic
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processes.

Domoic acid, and the related kainoid, KA are excitatory amino acids, structurally similar to the 

endogenous excitatory neuro transmitter, Glu. At low concentrations, both compounds are selective 

for the KA class of ionotropic glutamate receptors (Tasker et al., 1996; Verdoom et al., 1994). 

Domoic acid has greater affinity for the so-called “low-affinity kainate receptors” (comprised of 

GluR5-7), while KA binds with greater affinity to the KAl, KA2 subunits, which when 

incorporated into a KA receptor assembly form “high-affinity kainate receptors” (Ozawa et ah, 

1998; Ritter et ah, 2002; Tasker et ah, 1996; Verdoom et ah, 1994). However, at increasing 

concentrations, this distinction is lost and other Glu receptors may be activated by these ligands.

To date, the majority of studies using these agonists to study the role that KA receptors play in 

early development, have used relatively large, seizure-producing doses. However, recent work in 

our lab has shown that repeated subcutaneous (s.c.) injections of low (non-convulsive) equi- 

efhcacious doses of DOM (5 or 20pg/kg) or KA (25 or lOOpg/kg) (Doucette et ah, 2000) during a 

critical period of development (PND 8-14) (i.e. the brain growth spurt) produced differences in 

pre-weaning physical and neurobehavioural assessments, as well as long-lasting behavioral 

changes, and neurochemical and neuroanatomical anomalies within the hippocampus (Doucette, et 

ah, 2004; Doucette et ah, 2003; Tasker et ah, 2005).

Glutamate receptors (including KA receptors) are located throughout dopaminergic systems, 

including within the mesocorticolimbic pathway, and can modulate DA release (Crowder &
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Weiner, 2002; Legault & Wise, 2001; Mathé et a l, 1998). For instance, functional KA receptors 

have been found on neurons in the rat NAc core, and can have pre- and postsynaptic consequences 

upon activation (Crowder & Weiner, 2002). It has also been demonstrated that DA release is 

modulated by non-NMDA receptors (Mathé et al., 1998) and NMDA receptors (Legault & Wise, 

2001) in the VTA. Not only do Glu receptors modulate DA release in the mesocorticolimbic 

pathway, but they can also modulate behaviors mediated by this pathway such as response to 

novelty (Bevins et al., 2002; Legault & Wise, 2001). The mesocorticolimbic pathway is also 

known to have critical involvement in modulating behavioral responses to appetitive reward and to 

drug reward and drug seeking behaviors (Salamone et al., 2005; Spanagel & Weiss, 1999). It is 

therefore reasonable to speculate that alterations in Glu signalling during development could then, 

in turn, affect dopaminergic function.

By assessing a variety of behaviors which are largely modulated by DA, the current study was 

designed to determine whether early exposure to DOM would alter the functional integrity of the 

mesocorticolimbic system. Based on a previously reported procedure, rat pups were treated with a 

low dose of DOM from PND 8-14 (Doucette et al., 2003, Doucette et al., 2004). These animals 

were subsequently evaluated in behavioral paradigms reflective of mesocorticolimbic DA integrity; 

the open field as a measure of activity, sucrose consumption and nicotine-induced GPP as a 

measure of reward sensitivity, and the playground maze as a measure of novelty responsiveness.
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3.1. Materials and Methods

3.1.1. Experimental Animals

Experimental manipulations were conducted on the offspring of untimed pregnant female SD rats 

(Charles River Laboratories, St. Constant, PQ). Dams and litters were housed in individual cages, 

under standard laboratory conditions with food and water provided ad libitum and a 12 hour 

light/dark cycle (lights on at 07:00). The day of birth of the litter was designated as PND 0. Within 

24 hours, the litters were culled to 10 pups per litter (5 males and 5 females, where possible). Pups 

were weaned at 21 days of age (PND 21) with two to three rats per cage and then individually 

housed on PND 49. The total number of rats used for the experimental procedures was 48 rats, 20 

females and 28 males. All procedures were conducted according to the guidelines established by 

the Canadian Council on Animal Care and in accordance with the Animal Care Committee at the 

University of Prince Edward Island.

3.1.2. Toxin Treatment

Domoic acid was obtained from Diagnostic Chemicals Ltd. (Charlottetown, PE). The drug was 

dissolved in sterile SAL and injections were administered s.c. The pups received a single daily 

injection of either 20 pg/kg DOM or equal volume of SAL, over PND 8-14. Within each litter, half 

the males and half the females received DOM and the other half received SAL; this was quasi 

randomly assigned in each litter. A total of 24 rats were treated with DOM (10 females, 14 males)
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and 24 rats served as saline control (SAL) (10 females, 14 males). The experimenter was blind to 

the individual treatment conditions of each animal throughout the experiment. To individuate pups 

within the litter, rat pups were marked daily until weaning, using a non-toxie ink marker.

3.1.3. Developmental Measures

Several developmental measures were assessed starting on PND 8, as described below.

3.1.3.1. Weight Gain

Weights were assessed daily until weaning on PND 21. Rats were then weighed weekly until the 

end of the experiment.

3.1.3.2. Auditory Startle

Animals were tested daily until criterion was reached. Auditory startle was defined as a visible 

startle response to a noise made by a small clicker held approximately 14 cm above the pup’s head.

3.1.3.3. Eye Opening

Eye opening, as defined as a break in the suture of the eye, was assessed daily. Pups were 

examined for this developmental milestone until a break in the suture of both eyes was noted.
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3.I.3.4. Sexual maturation

Testes descent or vaginal opening was assessed in all rats starting on PND 19 until criterion was 

reached. In order to ensure consistency of handling, these assessments were continued daily for 

each rat until all rats reached criterion.

3.1.4. Behavioural Testing

3.1.4.1. Open field

Animals were placed in an open field for 10 minutes and activity was measured as number of grid 

crosses and rearing. A grid cross was defined as both fore paws crossing into the next grid, and 

rearing was defined as only the hind paws touching the ground. Rats were tested in the open field 

at each of three different developmental ages: PND 18 (pre-adolescence), PND 36 (adolescence) 

and again at approximately PND 150 (adulthood). The open field arena used for testing at both 

PND 18 and PND 36 measured 77 x 44 cm, however, with grid sizes measuring 4.5 x 4.5 cm (8 

inner and 16 outer grids) for PND 18, and 16 x 16 cm (3 inner and 12 outer grids) for PND 36.

The open field arena used for testing at PND 150 measured 105 x 105 x 40 cm, with grids 

measuring 25 x 25 cm (4 inner and 12 outer grids). Each trial was video taped for later scoring and 

the dependent measures included total number of grid crosses, total inner and total outer crosses, 

number of rearing episodes, as well as a defecation score. Additionally, a habituation score was 

calculated. This consisted of the number of grid crosses in the first five minutes minus the number
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of grid crosses in the last five minutes.

3.1.4.2. Playground Maze (PND 56)

The playground maze was a circular platform measuring 100 cm in diameter, and raised 54 cm 

from the floor. The circular platform had eight 14 cm circles placed evenly around the maze 20 cm 

from the edge. Eight objects that fit within these circles were used as familiar objects, and one 

object, a plastic “dinosaur”, was used as the novel object. Each trial was videotaped for later 

scoring. In brief, testing included a total of four familiarization trials followed by a novelty trial.

3.I.4.2.I. Familiarization trials

The procedure for the playground maze was adapted from procedures outlined elsewhere (Nicholls 

et al., 1992) (also see Chapter 1). Each familiarization trial was three minutes in length and 24 

hours apart. The familiarization trials used eight familiar objects (see Table U), one placed in each 

of the eight circles on the maze. For a single trial, each rat was placed in the middle of the maze for 

3 min and allowed to freely move around the maze. While the objects remained constant, the
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Object Color Approximate Dimensions (cm)
(1X w X h) or (di; h) as appropriate

Sauce Cup (Metal) Silver 6; 4

(Solved) Rubix Cube® Orange/B lue/White 
Green/Red/Y ellow 5 x 5 x 5

Pencil Sharpener (Plastic) Clear with black cap 3 x 5 x 7

Salt Shaker (Plastic with 
metal top) Yellow/Silver 3; 7

Egg cup (Metal) Silver 4; 4

Rectangular Dish (Plastic) Purple 6 x 6 x 5

Frog (Plastic) Dark Green 6 x 3 x 4

Apple (Plastic) Light Green 4; 6

Table H. Description of objects used in the playground maze during familiarization trials. Height 
(h), length (1), width (w), diameter (di).
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location of each of the objects on the maze was changed for each of the four trials, this was pseudo 

randomly chosen.

3.I.4.2.2. Novelty trial

The procedure for the novelty trial consisted of removing the rat from the maze after the fourth (i.e. 

last) familiarization trial. The rat was placed in a holding cage, out of view of the maze, for 1 min. 

During this time, one of the familiar objects was removed, with the remaining seven still in the 

same location, and the novel object, the “dinosaur,” was placed in the location of the object that 

was removed. The object to be replaced was pseudo-randomly chosen, and balanced across 

treatment groups. Following this, the rat was then placed back in the middle of the maze facing 

away from the novel object and allowed to freely move around the maze for a total of three 

minutes.

All trials of the procedure were videotaped for later analysis. The time spent exploring each of the 

objects in the familiarization trials and the novelty trial were determined by visual scoring of the 

tapes and time spent in locomotion and distance travelled were determined using Ethovision (v.2.0, 

Noldus).

3.1.4.3. Sucrose Consumption: Two choice task (commencing on PND 63)

Water was measured every 24 hr for three consecutive days, to determine baseline water
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consumption. Each bottle was filled with 450 ml of water, and total amount (ml) consumed within 

each 24 hr interval was measured. On subsequent days, two water bottles were placed in the home 

cage, one containing 450 ml water and the other containing 450 ml of sucrose solution (5%). The 

amount consumed from each bottle was measured and then replaced with 450 ml of fresh tap water 

and 450 ml of fresh sucrose solution every 24 hours for three consecutive days. The locations of 

the bottles (suspended from the left or right side of the cage lid) was alternated each day.

3.1.4.4. Nicotine Induced Conditioned Place Preference: Unbiased procedure

(approximately PND 200-240)

(-)-nicotine hydrogen tartrate salt (obtained from Sigma, Canada) was diluted in SAL (0.5 ml/kg) 

for a dose of 0.6 mg/kg, and pH was adjusted to 7.0 using NaOH. The CPF chamber was 

constructed from 1/4 inch plexi-glass, to the dimensions of 110 x 40 x 45 cm with a removable 

partition in the center (i.e. which could divide the maze into two compartments measuring 55 x 40 

cm). In turn, the two compartments were visually and tactually distinct with one compartment 

consisting of a smooth floor (plexiglass) with two horizontal stripes (6.5 cm in width) across each 

of the four walls, and with the other compartment consisting of a ridged (each ridge 2 mm) plastic 

floor, with 3 vertical strips (4 cm width) equi-spaced on the 55 cm long walls and 2 vertical stripes 

spaced equi-distant on the 40 cm long walls. The walls and floor were dark green and the stripes 

were a light brown.

The nicotine induced CP? procedure involved an initial injection-habituation phase, followed by
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an habituation trial, eight conditioning trials and finally, a test trial. The injection-habituation 

phase involved administering a SAL injection (s.c.) in the room in which the injections during 

conditioning would take place. This was followed by a habituation trial in which the rats were 

injected with saline and placed in the CPP maze with the central partition removed, such that the 

rat was allowed access to both maze compartments, for a total of 15 minutes. The rats were then 

removed fi'om the maze and returned to their home cage for 24 hrs until the start of the 

conditioning trials. The conditioning trials included administering either SAL or nicotine (s.c.; 

experimenter blind) to the rat and then placing it in the appropriate compartment for 30 minutes. 

Following this, the rat was then removed and placed in the home cage for 24 hours until the next 

trial, for a total of eight trials (four paired with nicotine and four with SAL).

The procedure used was an unbiased procedure, with half of the rats in each treatment condition 

(DOM and SAL) receiving nicotine always paired with one compartment, and the remaining rats 

receiving nicotine always paired with the other compartment. This was done to control for any 

biases that could exist in inherent preference for either of the two compartments. Each rat received 

four pairings of nicotine and four pairings of SAL, with drug (either nicotine or saline) on the 

initial conditioning day, counter balanced across conditions. Each day the pairing was alternated. 

After the eight conditioning trials, the rats were then placed in the CPP maze again for the test trial.

The test trial was conducted 24 hrs after the last conditioning trial and was 15 min in duration. The 

rat was placed in the middle of the maze, with the door removed, and allowed access to both 

compartments. A second test trial (Test Trial 2) was conducted approximately one month after the
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first test trial (Test Trial 1).

All procedures (i.e. habituation, conditioning trials, test trials) were videotaped for later scoring. In 

order to determine a compartment preference, the test trial was scored for time spent in each 

compartment and number of times the rat crossed from one compartment to the other. Criterion for 

compartment entry was determined once the head and front shoulders passed the centre line into 

that compartment.

3.1.5. Data Analysis

Initially, all data were analyzed using 2-way (gender x treatment) ANOVAs, and with repeated 

measures where applicable. If a significant main effect was found for gender, or if  an interaction 

was present with this variable, then separate analyses were conducted on data obtained from male 

and female rats. Data analyses were conducted using SPSS (SPSS v.l 1.2, Chicago), and for all 

analyses, the significance level was set at a=0.05.

3.2. Results

3.2.1. Physical and neurobehavioural assessments

Various indices of physical and neurobehavioural development were assessed in the rat pups, 

commencing on PND 8 and continuing daily until weaning.
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3.2.1.1. Weight Gain

Weight gain was assessed over 24 hr intervals from PND 8-14. An initial analysis revealed a 

significant interaction between day and gender (F(6,264)=2.269, j?=0.037). For data obtained from 

male rats, a subsequent repeated measures ANOVA revealed a significant main effect for day 

(F(6,156)=2.915,^=0.010), but a comparable effect was not found with the data obtained from 

female counterparts. There was no significant effects or interactions found for the between- 

subjects variable (i.e. treatment) in any of the analyses conducted.

3.2.1.2. Pre-weaning Weight

Body weights were assessed on PND 18 using a 2 way-ANOVA. No significant effects or 

interactions were found.

3.2.1.3. Auditory Startle

Analysis for data reflecting the PND on which an acoustic startle reflex was first observed in rat 

pups revealed no significant main effects or interactions.

3.2.1.4. Eye Opening

A two-way ANOVA on data obtained for eye-opening (defined as the PND on which a break in the
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suture of both eyes was present) revealed a significant effect for gender, with female pups opening 

their eyes prior to their male counterparts (14.25 + 0.18 and 14.79 ± 0.14, for females and males 

respectively)(F(l,47)=6.135,/)=0.017). Consequently, separate independent samples t-tests were 

conducted on data obtained from male and female rat pups. Analyses revealed that female rats 

treated with DOM reached criterion at a younger age than those treated with SAL (t(18)= -2.178, 

p=0.022) (DOM: 13.9 ± 0.38 and SAL: 14.6 ± 0.16), an effect not present in male rat pups (DOM: 

14.19 ± 0.19 and SAL: 14.19 ± 0.21).

3.2.1.5. Sexual Maturation

Independent samples t-test were done to determine whether treatment effects were present for the 

PND on which testes descent / vaginal opening occurred. No significant effects were present in 

either male (DOM: 22.50 ± 0.33 and SAL: 22.64 ± 0.31) or female (DOM: 31.1 ± 0.41 and SAL: 

31.3 ± 0.62) rats for these indices of sexual maturation.

3.2.2. Behavioural Testing

Behavioural assessments were conducted with each rat at juvenile, adolescent and adult time 

points.
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3.2.2.1. Open Field

Each rat was tested for 10 min in an open field arena on PND 18, 36, and 150. Measures obtained 

included habituation scores, grid crosses, rearing, and fecal boli counts (see Table HI).

3.2.2.1.1. PND 18 (pre-adolescent)

A habituation score was calculated for each rat by subtracting the number of total grids crossed 

during the last 5 min of a 10 min trial from the total number of grids crossed during the first 5 min. 

Analysis of habituation scores revealed that unlike SAL-treated rats, those rats exposed to DOM as 

neonates did not habituate to the open field arena during the 10-min trial (F(l, 47)=4.479, jtJ=0.040) 

(-5.21 ±8.10 and 12.46 ± 4.48, for DOM-treated and SAL-treated rats, respectively).

No significant differences were found for total number of grid crosses over the 10 min interval, 

total grid crosses during the first 5 min of the trial, total number of inner grids crossed or total 

number of outer grids crossed. A significant main effect was found for treatment, in the total 

number of grid crosses which occurred during the last five minutes of the 10 min trial (e.g. as 

reflected in the habituation score) (F(l,47)=5.024,/?=0.030) with the DOM-treated rats crossing 

more grids (50.42 ± 9.61) than SAL-treated rats (29.38 ± 5.46).

While significant main effects for gender were found for total number of rears during the 10 min 

trial (males: 71.96 ± 8.93 and females: 100.00 ± 17.19) (F(l,47)-6.003,p-0.018) and number of
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Males Females
Measure Saline DOM Saline DOM
PND 18 

Grid (#)
Grid Block 1 (#) 
Grid Block2(#) 
Habituation 
Inner Grid (#) 
Outer Grid (#) 
Rearing (#) 
Fecal Boli (#) 
Grooming (#) 
Grooming (s) 

PND 36 
Grid (#)
Grid Block 1 (#) 
Grid Block 2 (#) 
Habituation 
Inner Grid (#) 
Outer Grid (#) 
Rearing (#)
Fecal Boli (#) 
Grooming (#) 
Grooming (s) 

PND 150 
Grid (#)
Grid Block 1 (#) 
Grid Block 2 (#) 
Habituation 
Inner Grid (#) 
Outer Grid (#) 
Rearing (#)
Fecal Boli (#) 
Grooming (#) 
Grooming (s)

70.07 (±11.82) 
40.71 (±6.83)
29.36 (±6.64)
11.36 (±6.46) 
14.93 (±2.78) 
55.14 (±9.75)

9.14 (±2.13) 
0.93 (±0.41) 
3.36 (±0.45) 

28.16 (±5.36)

198.86
126.80
72.00
54.86
30.57

161.14
63.29

5.36
3.93

24.94

151.21 (±9.69) 
86.86 (±5.58) 
64.36 (±5.92) 
22.50 (±6.19)
27.64 (±2.42) 

123.57 (±8.10)
23.64 (±2.79) 

4.21 (±0.66) 
2.79 (±0.32)

19.79 (±3.61)

73.86 (±13.82)
38.86 (±5.99) 
35.00 (±9.14)*

3.86 (±6.94)* 
17.36 (±2.69) 
56.50 (±12.67)
10.86 (±2.16) 

1.21 (±0.39) 
3.36 (±0.31) 

28.18 (±4.37)

(±9.26)
(±6.02)
(±6.67)
(±8.71)
(±2.74)
(±11.81)
(±5.05)
(±0.63)
(±0.67)
(±5.15)

189.07
125.00
64.07
69.93
31.36

157.71
51.86

4.79
3.71

29.69

72.80 (±18.25)
43.40 (±9.56)
29.40 (±9.69)
14.00 (±6.21)
18.90 (±4.47)
53.90 (±14.25)
14.00 (±4.50) 
0.60 (±0.27) 
3.00 (±0.54)

32.37 (±6.77)

(±11.84)
(±7.09)
(±6.17)
(±10.53)
(±3.07)
(±10.26)
(±4.84)
(±0.59)
(±0.61)
(±6.05)

196.90
127.30
68.80
58.50
25.40

171.50
50.00

4.90
3.40

26.96

(±15.52)
(±7.67)
(±9.26)
(±7.01)
(±2.99)
(±13.09)
(±5.34)
(±0.96)
(±0.62)
(±4.96)

118.92 (±7.21)* 
70.54 (±5.32)*
48.38 (±3.75)* 
22.15 (±5.71)
17.38 (±1.97) 

101.54 (±6.07)
21.92 (±3.37) 

3.85 (±0.68) 
3.23 (±0.67) 

23.18 (±4.42)

127.20 (±27.39) 
54.10 (±14.71) 
72.00 (±17.59)* 

-17.90 (±16.57)* 
26.80 (±7.51) 
100.40 (±20.84) 
21.90 (±4.62) 

1.10 (±0.38) 
1.70 (±0.37) 

15.56 (±4.10)

230.80
138.40
88.20
56.60
33.70

197.10
69.00

3.08
2.70

21.66

(±13.67)
(±11.00)
(±7.06)
(±12.19)
(±2.68)
(±12.93)
(±5.68)*
(±0.92)
(±0.34)
(±4.78)

137.90 (±11.16) 
76.00 (±7.25)
61.90 (±5.47)
14.10 (±6.36)
21.90 (±3.23) 

115.90 (±8.87)
35.10 (±4.85) 

1.60 (±0.76) 
3.90 (±0.31)

23.30 (±3.12)

166.70 (±8.19)*
97.00 (±5.86)*
71.10 (±5.58) 
25.90 (±6.17) 
31.50 (±4.85)

136.60 (±6.16)
31.00 (±2.65) 

0.40 (±0.40) 
3.30 (±0.63)

15.10 (±3.57)

Table m. Data obtained in the open field arena for male and female rats treated with either saline 
or 20 pg/kg DOM. Variables are quantified as latency, in seconds (s) or number (#). Values in 
parentheses represent standard errors. (PND) Postnatal day; (Grid) Total grid crosses; (Block 1) 
Minutes 1-5; (Block 2) Minutes 5-10; (Habituation) Total grid crosses during Block 1 - Total grid 
crosses during Block 2. * denotes p < 0.05, relative to saline.
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grooming episodes (males: 3.36 ± 0.27 and females: 2.35 ± 0.35) (F(l,47)=5.627,;?=0.022), no 

significant effects were present for treatment, nor were any interactions present. Finally, analysis 

of variance revealed no significant effects or interaction for the number of fecal boli present at the 

end of the 10 min open-field trial.

3.2.2.I.2. Open Field PND 36 (adolescent)

No significant main effects or interactions were found in separate analyses conducted for total grid 

crosses during the 10-min trial, habituation scores, total grid crosses during either the first or last 5 

min of the 10 min trial, or for total inner grid crosses. However, a significant gender effect was 

present for total outer grid crosses (males: 159.43 + 7.68 and females: 184.30 ± 9.42) 

(F(l,47)=4.238,p=0.045), Subsequent analyses on data obtained from male and female rats using 

separate independent samples t-tests revealed no significant differences between DOM- and SAL- 

treated animals among either gender.

A significant gender x condition interaction was found for total number of rears occurring during 

the 10 min trial (F(l,47)=8.003,^-0.007). Independent samples t-tests conducted separately for 

data from male and female rats demonstrated a significant effect for treatment in females 

(t(18)=2.375,/?=0.015) with the DOM-treated rats rearing more frequently (69.00 ± 5.68) than 

those neonatally treated with SAL (50.50 ± 5.34).

Finally, no significant differences were found for defecation, number of grooming episodes, or
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time (sec) spent in bouts of grooming.

3.2.2.I.3. Open Field PND 150 (adult)

Analysis of the total number of grid crosses in the total 10 min trial revealed a significant gender x 

treatment interaction (F(l,47)=l0.946,;?=G.GQ2). Independent samples t-tests were therefore 

conducted for data obtained from males and females separately. Significant, and opposite 

treatment effects were found for both males (t(26)= -2.674,p=0.007) and females (t(l8)=2.082,p = 

0.026), with male DOM-treated rats crossing fewer grids than did their saline counterparts (118.92 

± 7.21 and 151.21 ± 9.69), and with female DOM-treated rats crossing more grids than did those 

treated with SAL (166.70 ± 8.19 and 137.90 ± 11.16).

Similar effects were found when data obtained during the first 5 min of the trial were analyzed, 

revealing a significant gender x treatment interaction (F(l,47)=9.601,/?=0.003).

Again, subsequent analyses demonstrated comparable main effects for treatment in both male and 

female rats, with DOM-treated males crossing fewer grids than their saline counterparts (t(26)— - 

2.118,/?=0.022) (70.54 ± 5.32 and 86.86 ± 5.58), while DOM-treated females crossed significantly 

more grids than did those treated with SAL (t(l8)=2.254,^=0.018) (97.00 ± 5.86 and 76.00 ±

7.25).

With respect to the total number of grids crossed in the last five minutes of the trial, there was a 

significant interaction between gender and treatment (F(l ,47)=6.026, ̂ =0.018). Subsequent
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analysis using an independent samples t-test difference revealed that DOM-treated male rats 

crossed fewer grids than did SAL-treated males (t(26)=-2.282,p=0.016) (48.38 ± 3.75 and 64.36 ± 

5.92). A comparable effect was not found for treatment among female rats.

No significant main effects or interactions were found when habituation scores were analyzed 

using a 2-way ANOVA.

A gender x treatment interaction was found to be present for the number of inner grid crossings 

(F(l,47)=l0.509,/?=0.002). Independent samples t-tests were therefore done for females and males 

separately. Analyses revealed that a treatment effect was present only for male rats, with DOM- 

treated animals crossing significantly fewer grids than those treated with SAL (t(26)= -3.295, 

p=0.002) (DOM: 17.38 ± 1.97; SAL: 27.64 ± 2.42).

hi the number of outside grid crosses in the 10 min trial, there was a significant effect for 

interaction between gender and condition (F(l,47)^8.049, j?=0.007). Further analyses demonstrated 

that in female rats, DOM-treatment resulted in significantly more outer grid crosses (t(18)=1.917, 

p=0.036) (136.60 ± 6.16 and 115.90 ± 8.87 for DOM- and SAL-treated rats respectively), whereas 

in male rats, DOM-treatment produced rats who demonstrated fewer outer grid crosses (t(26)= - 

2.178,^=0.020) (101.54 ± 6.07 and 123.57 ± 8.10 for DOM- and SAL-treated rats respectively).

While a significant main effect was present for gender with respect to total number of rears 

(F(l,47)=8.693,/?=0.005) (males: 22.78 ± 2.15 and females: 33.05 ± 2.73), no significant treatment
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effects were found for either males or females on this variable. Similarly, a significant gender 

effect was present for number of fecal boli (F(l,47)=18.792,/)<0.001) (males: 4.03 ± 0.48 and 

females: 1.00 ± 0.50), but again no treatment effect was found.

Finally, no significant effects or interactions were present for number of grooming episodes or for 

the total time spent grooming.

3.2.2.2. Sucrose Consumption

The average water consumption over three days was analyzed using a 2 way-ANOVA (gender x 

treatment). There was a significant effect for gender (F(l,48)=38.448,/?<0.001) with male rats 

consuming more water, on average, than female rats (males:48.58 ± 1.62; females: 34.76 ± 1.25). 

Analyses, however, revealed no effect for treatment.

The amount of sucrose consumed over three consecutive days was analyzed using an ANOVA with 

the repeated measure of day. While a significant between subjects effect for gender 

(F(l,44)=l 1.911, p=0.001) was present with males consuming more than female counterparts 

(males: 152.32 ± 9.92; females: 99.27 ± 11.74), subsequent analyses demonstrated that treatment 

effects were not present.
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3.2.2.3. Playground Maze

3.2.2.3.1, Novelty Effect

To determine whether a significant response to novelty was present, a one sample t-test (p=12.5%), 

using the percent of time spent with the novel object for each treatment group, was used (see 

Nicholls et al., 1992). Data obtained from female rats demonstrated significant effects for both 

SAL-treated (r(9)=2.164, j?-0.03) (22.63% ± 4.68) and DOM-treated (t(9)=3.054,/)=0.007) 

(29.19% ±5.46) rats.

Similarly, in male rats, both DOM- and SAL-treated rats spent a significant proportion of the total 

time interacting with novel objects (DOM: t( 13)=3.310, j3=0.003, 21.56% ± 2.74; SAL: 

r(14)=3.648,;?-0.002, 24.43% ± 3.27)

Independent samples t-tests were done to compare the percent of time spent with the novel object 

between the conditions in the females and males. No significant differences were found.

3.2.2.3.2. Novelty Trial

A significant treatment x gender interaction was found in an analysis of the total time (sec) spent 

with all eight objects (F(l,47)=7.624,/?=0.008). While no treatment effects were found for female 

rats, analysis revealed that DOM-treated males spent significantly more time with the objects than
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did their SAL-treated counterparts (t(26)=2.534, J7-0.009) (78.41 ± 4.16 and 58.65 ± 6.18) (Figure 

3.1). There was no significant difference between the conditions in the females (Figure 3.1).

No significant effects or interactions were found for mean distance (cm) moved between two time 

points taken by the program during the trial, for velocity (cm/sec), for movement fi'cquency, nor for 

total duration (sec) of movement.

3.2.2.4. Nicotine-induced condition place preference

3.2.2.4.1. Test Trial 1

Paired samples t-tests were used to compare the time (sec) spent in the nicotine paired 

compartment with the time spent in the saline paired compartment in each of the treatment groups. 

Only the DOM females demonstrated a nicotine-induced conditioned place preference, as evident 

in the time (sec) spent in the nicotine paired compartment (522.00 ± 35.54) relative to the time 

(sec) spent in the saline paired compartment (390.00 ± 35.13) (t(9)=1.871,^=0.047) (Fig. 3.2).

In the number of center crosses, a 2-way ANOVA (treatment x condition) revealed no significant 

differences.

3.2.2.4.2. Test Trial 2

The nicotine-induced place preference was maintained, as evident by a reassessment approximately
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Figure 3.1. Mean time (sec) spent with objects during the novelty trial on the playground maze for 
male (A) and female (B) rats. Error bars represent standard errors. (* indicates p  < 0.05 relative to 
saline group).
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Figure 3.2. Mean time (sec) spent in nicotine-paired and unpaired chambers in the 24 hr following 
the final conditioning trial for male saline (A) and DOM-treated (B) rats and for female saline (C) 
and DOM-treated (D) rats. Error bars represent standard errors. (* indicates p  <0.05 relative to 
unpaired compartment).
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1 month later. Again, DOM-treated females spent significantly more time (sec) in the 

compartment previously paired with nicotine (563.30 ± 27.64), than in the compartment previously 

paired with saline (372.60 ± 29.25) (f(9)-3.372,^=0.004) (Figure 2.3). This effect was not found 

for male rats or SAL-treated females (Figure 3.3).

Again, no significant differences were found for the number of center crosses, as evidenced using a 

2-way ANOVA.

3.3. Discussion

Results of the present study support the idea that DOM exposure, presumably via early low-level 

activation of KA receptors, during a critical period of development results in alterations in 

behaviors that are reliant on the functional integrity of the mesocorticolimbic DA pathway. Data 

have shown that while no overt signs of toxicity were present in rat pups following DOM- 

treatment were (as assessed by weight gain), the dose used was of physiological relevance (as 

evidenced by accelerated eye opening in female DOM-treated pups).

Differences between the treated and control rats varied across the stages of development in the 

open field arena. During pre-adoleseence (PND 18), the DOM treated groups demonstrated a 

decrease in habituation to the open field, as evidenced by grid crosses, with an increase in activity 

found only in the last five minutes of the 10 min trial. During adolescence (PND 36) an increase in 

rearing was found in the female DOM treated rats. During adulthood (PND 150) DOM treated
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Figure 3.3. Mean time (sec) spent in nicotine-paired and unpaired chambers approximately 30 days 
following the final conditioning trial for male saline (A) and DOM-treated (B) rats and for female 
saline (C) and DOM-treated (D) rats. Error bars represent standard errors. (* indicates p  <0.05 
relative to unpaired compartment).
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males demonstrated a decrease in grid crosses relative to saline controls, while an increase in grid 

crosses was found in the DOM treated females when compared to their SAL counterparts. These 

results are interesting since they demonstrate not only alterations in activity in treated animals, but 

that changes manifested are gender related and different at various stages of ontology.

Dopamine is important in modulating activity in the open-field, as evidenced by studies looking at 

neonatal-6-hydroxydopamine lesioned rats (Breese et al., 2005). This model has been shown to 

produce a selective reduction of brain DA and results in hyperactivity during adolescence and 

impaired habituation (Breese et al., 2005). Therefore, one possible explanation for our present 

findings is that the alterations in activity found in the open field reflect an alteration in DA 

function.

In the playground maze, DOM-treated male rats demonstrated an altered response during the 

novelty trial (i.e. increased exploration of all objects), suggesting that when novelty is introduced, 

DOM-treated male rats increase generalized exploration to familiar objects, while still detecting 

the novel object. However, as compared to saline controls, no differences were found with respect 

to directed exploration of the novel object. This finding suggests an intriguing parallel to the 

negative symptoms of schizophrenia, whereby the introduction of novelty causes a retreat to the 

familiar. For example, it has been shown that a tetanus toxin-induced epilepsy (i.e. by injecting a 

tetanus toxin in the ventral hippocampus) abolishes the novelty response, but does not alter 

exploration of the familiar objects in the playground maze (Mellanby et al., 1999). It has been 

proposed that the rats with tetanus toxin-induced epilepsy using the ventral hippocampus, may be
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demonstrating behaviors parallel to the negative symptoms of schizophrenia (Mellanby et al., 

1999). The novel object is not detected as “new” and receives similar attention as the familiar 

objects.

Perhaps similar mechanisms may be involved in the male DOM rats, demonstrating that although 

the novel object is detected as “new” there is also an increase in exploration of the “familiar”. 

Either this could be due to a lack of habituation to the familiar objects, or a gravitation to 

familiarity in a novel situation. While this effect was not found for females in the present study, 

others have reported that estrogen may be protective against the negative symptoms of 

schizophrenia (Rao & Kolsch, 2003).

Previous literature has demonstrated how difficult it can be to achieve nicotine-induced place 

conditioning, and important considerations include age, dose, and procedure. For instance, a dose 

that is too high will cause an aversion, whereas a dose too low will not induce conditioning; a 

biased procedure is far more sensitive to conditioning (LeFoll & Goldberg, 2005); and juvenile rats 

are far more sensitive to developing a conditioned place preference than are adult rats (Vastola et 

al., 2002). In comparison, although our protocol employed a relatively low dose in adult animals 

and used an un-biased procedure, we were none-the-less able to show a nicotine-induced 

conditioned place preference in DOM-treated female rats, suggesting an increased sensitivity to the 

rewarding properties of nicotine, which was maintained for at least one month.

It is interesting to note that mild alterations in Glu signaling during development resulted in an
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increased sensitivity to the rewarding properties of nicotine in the adult female rats, as nicotine 

dependence is proposed to be dependent on the plasticity of the mesocortico limbic pathway 

(Balfour, 2002). The results of the nicotine-induced CPP would therefore suggest that the 

functional integrity of the DA system has been altered due to the perinatal treatment with DOM.

While a similar effect was not found for male rats, other studies report gender differences in an 

operant conditioning task with nicotine. For instance, in a self-administration study it has been 

shown that female rats responded more to both the nicotine-reinforced and non-reinforced lever 

when the signal light was not present, and also responded more to the reinforced lever when the 

signal light was present, than did males (Chaudri et ah, 2005). Still others have shown gender 

differences in brain metabolism in response to nicotine (Fallon et ah, 2005), and it has also been 

reported that females are more susceptible to drugs of abuse and have enhanced behavioral 

sensitivity, and the that higher rates of use reported in males may be due to social constraints 

(Lynch, 2006).

Of interest to note is the strong connection between smoking and schizophrenia (de Leon & Diaz, 

2005). Although there has been much research exploring the cognitive benefits of nicotine with 

respect to schizophrenia (Levin et ah, 2006), there has been little looking at the rewarding 

properties of nicotine in animal models of schizophrenia. Therefore, it is interesting to speculate 

that perhaps the conditioning to nicotine, found in the female DOM treated rats, may reflect 

positive symptoms of schizophrenia, similar to that reported for amphetamine-induced place 

preference conditioning (Le Pen et ah, 2002).
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Because schizophrenia is a heterogeneous disorder, no single “ideal” animal model can represent 

the entire population of schizophrenic patients (Lipska, 2004). As pointed out by others (Powell & 

Miyakawa, 2006) it is likely that with the advent of additional models, each new model might 

represent a subpopulation or even a particular aspect or endophenotype of schizophrenia. Using 

this model, we have, presently and in previous work, reported behavioural, neurochemical, and 

neuroanatomical consistencies with both clinical and experimental literature, which includes i) 

seizure susceptibility [e.g. There is co-morbidity with schizophrenia and epilepsy. Within epilepsy 

the rate of psychoses averages around 2 to 7%, while this rate is much higher when looking 

specifically at temporal lobe epilepsy, the rate raises to 10 to 19%, much higher than the normal 

population (Giatatzis et ah, 2004)], ii) alterations in DA-related behaviours, including activity 

levels (Black et ah, 1998), and altered responses to reward and to novelty, iii) elevated 

hippocampal BDNF mRNA (Takahashi et ah, 2000) and iv) decreased hippocampal cell counts 

(Grigorenko et ah, 1998; Grigorenko et ah, 1997) leaving this to be an intriguing speculation 

worthy of further study. However, whether or not our model with have further utility in 

schizophrenia-related research remains to be determined.

hr conclusion, we believe that the results of the current study provide evidence that early exposure 

to low doses of DOM during a critical period of development, will produce a variety of anomolous 

behaviours that would suggest that KA receptors play an important role during early ontogeny with 

respect to establishing the functional integrity of the midbrain DA system.
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Abstract

The mesocortico limbic DA system is important in mediating behaviors in response to reward, 

including the rewarding properties of nicotine. The Glu system has been demonstrated to modulate 

DOM release within the mesocortico limbic pathway. The current study used low, non-convulsive 

doses of the KA receptor agonist, DOM (20 pg/kg), administered in rat pups over PND 8-14, a 

critical period of development in the rat. The rats were later tested in the nicotine-induced CPP 

paradigm during late adolescence. Peri-adolescence is a period of increased sensitivity to the 

rewarding properties of nicotine, and a period of maturation for the mesocorticolimbic pathway. 

The results of this study demonstrated nicotine-induced conditioning in the control rats, and an 

abolishment of conditioning in the rats treated neonatally with DOM. This study demonstrates the 

importance of KA receptors in the normal development of behaviors mediated by the 

mesocorticolimbic pathway, specifically response to the rewarding properties of nicotine during 

adolescence.
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4. Introduction

Glutamate is an excitatory amino acid and an important signaling molecule in the mammalian 

CNS. An optimal level of Glu activity is needed for normal CNS development, as it plays a key 

role in many physiological processes that underlie CNS development, including neuronal survival, 

dendritic and axonal structure, synaptogenesis and synaptic plasticity (for review see McDonald & 

Johnston, 1990). Glutamate functioning is mediated by a family of receptors that include both 

ionotropic and metabotropic receptors (Bleakman & Lodge, 1998; Ozawa et al., 1998). The 

ionotropic receptors are further subdivided into NMD A, AMP A and KA receptors (Bettler & 

Mulle, 1995; Bleakman & Lodge, 1998). To date five KA receptor subunits, GluR5, GluR6, 

GluR7, KA-1 and KA-2, have been identified through molecular cloning (Bettler & Mulle, 1995; 

Ozawa et al., 1998). These subunits are classified as either “high affinity” (KAl, KA2) or “low 

affinity” (GluR5-GluR7) based on their affinity to the naturally occurring toxin KA. However, the 

naturally occurring toxin DOM has shown affinity to the low affinity subunits (GluR5-GluR7). 

Both KA and DOM are agonists for kainate receptors (Lerma et al., 2001). The pharmacological 

properties and functioning of KA receptors depend on the subunit composition, however, all 

functional KA receptors elicit a fast onset and a desensitizing response, and can be located both pre 

andpostsynaptically (Chittajallu et al., 1999; Lerma, 2003).

Few studies, to date, have been directed at exploring the role that Glu and its receptors play in early 

development without focusing on the excitotoxic properties of this transmitter. This is especially 

true with respect to the involvement of KA receptors in CNS development. However, some studies
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have looked at the effects of very low equi-efficacious non-convulsive doses of DOM (5 or 

20[ig/kg) and the related kaniod, KA (25 or lOOqg/kg) at a critical period of development 

(Doucette et ah, 2004, Doucette et ah, 2003). In these studies, low doses of DOM and KA were 

administered to rat pups during PND 8-14, a period known as the brain growth spurt. Changes in 

development and in the resulting adult were subsequently observed. The brain growth spurt is a 

period of rapid CNS development, and is therefore a period when there is great susceptibility to 

alterations in normal development (Dobbing & Smart, 1974). Therefore, although the doses used 

in these studies were low non-convulsive doses, there were long lasting alterations seen in 

development, behavior, neurochemistry and neuroanatomy within the hippocampus (Doucette et 

ah, 2004, Doucette et ah, 2003).

Some of the changes seen in these animals suggest that treatment with DOM produces an alteration 

in the dopaminergic system. Such observations include the altered response to a novel spatial 

environment and alterations (e.g. anatomical and neurochemical) in the hippocampus (Doucette et 

ah, 2004). The dopaminergic system, especially the mesocorticolimbic pathway, is important in 

the modulation of response to novelty (Bevins et ah, 2002, Legault & Wise, 2001) and has 

connections with the hippocampus (Pennertz & Kitai, 1991). A previous study was conducted to 

address this question and examined the response to novelty and reward in animals treated 

perinatally with DOM (see Chapter 3). Using 20pg/kg of DOM from PND 8-14, differences were 

found in both response to novelty and reward in the treated animals. Observed differences include 

alterations in activity levels in the open field, which varied depending on the developmental time 

point. Also, alterations in response to novelty were detected in the DOM-treated males in the
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playground maze. With the introduction of a novel object, these animals manifested an increase in 

the investigation of familiar objects, compared to the control males. Of particular interest are the 

results found in the nicotine induced CPP paradigm. The DOM-treated females were the only 

treatment group to develop conditioning in adulthood to the dose of 0.6 mg/kg of nicotine. These 

results demonstrate that alterations in Glu signalling during development can alter behaviors reliant 

on the mesocorticolimbic DA pathway.

Glutamate receptors, including KA receptors, are expressed throughout the mesocorticolimbic 

pathway and have been shown to modulate the release of DA (Crowder & Weiner, 2002, Legault & 

Wise, 2001, Mathé et al., 1998). Kainate receptors have been located in the rat NAc and functional 

KA receptors are located both pre and postsynaptically (Crowder & Weiner, 2002). Kainate 

receptors also potentiate GABAergic synaptic transmission in the NAc, an effect which appears to 

be mediated presynaptically (Crowder et al., 2006). It has also been demonstrated that AMPA/KA 

antagonist (LY293558) applied to the VTA results in an increase in DA levels in the NAc and a 

decrease in DA levels in the PFC (Takahata & Moghaddam, 2000). There is also evidence to 

support the idea that non-dopamine neurons in the VTA, perhaps GABAergic intemeurons and 

projection neurons, contain NMD A, AMPA and KA receptors (Wang & French, 1995). NMDA 

and AMPA/KA receptors appear to play a role in the rewarding properties of drugs which produce 

their reinforcing effects by activating the mesocorticolimbic pathway (Biondo et ah, 2005; Suto et 

ah, 2003). For instance receptor blockade of NMDA and AMPA/KA receptors has been shown to 

prevent the acquisition of D 2/3 dopamine receptor stimulation CPP (Biondo et ah, 2005). The 

sensitizing effects of administration of amphetamine in the VTA, to the acquisition of cocaine self-
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administration, appears to require the activation of NMDA and AMPA/KA receptors and even 

mGluRs (Suto et al., 2003). This demonstrates not only the functional presence of glutamate in the 

mesocorticolimbic pathway, but also the importance of Glu in the rewarding properties of some 

drugs which activate this pathway.

Nicotine is an addictive drug, and the rewarding properties of nicotine appears to mediated through 

the mesocorticolimbic pathway (for reviews see Ikemoto et al., 2006; Balfour, 2002).

Interestingly, nicotine actually causes the release of Glu, in measurements of extracellular Glu 

levels, in the NAc of the rat when administered either 0.3 mg/kg s.c., causing a 30% increase, or 

0.6 mg/kg s.c, causing a 50% increase in Glu levels (Reid et ah, 2000). Doses of nicotine (0.15, 

0.3, 0.6 mg/kg i.p.) not only cause an increase in microdialysate content of Glu and other amino 

acids in the NAc, but has also been shown to induce CPP (Kashkin & DeWitte, 2005). Nicotine 

will induce conditioning in the CPP paradigm, but is only effective at optimal doses, too little or 

too much will not result in a preference for nicotine or could cause an aversion (Le Foil & 

Goldberg, 2005a). Nicotine will also be self administered by rats (Chaudri et ah, 2005, Le Foil & 

Goldberg, 2005b, Le Foil & Goldberg, 2006) further demonstrating the rewarding properties of 

nicotine.

The peri-adolescent period for the rat spans from approximately PND 28-60 and encompasses early 

adolescence (PND 28-35), late adolescence (PND 38-45) and young adulthood (PND 53-60) 

(Badanich et ah, 2006). During peri-adolescence the mesocorticolimbic pathway is maturing, with 

the DA autoreceptors becoming functionally mature (Spear & Brake, 1983).
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The adolescent rat is more susceptible than the adult rat to the conditioning effects of nicotine 

(Vastola et al., 2002) and other addictive drugs such as cocaine (Badanich et ah, 2006). Not only 

does the adolescent rat condition more readily than the adult rat, but the adolescent rat has distinct 

behavioral and neuroendocrine adaptations from the adult rat (Cruz et ah, 2005). Cruz et ah, 

(2005) found that the adolescent rat had an increased locomotor response to nicotine compared to 

adults with an acute dose, however, repeated injections of nicotine caused behavioral sensitization 

to a subsequent injection, 3 days later, resulting in an increase in locomotion in the adult which 

was not detected in the adolescent rat. Also Adriani et ah, (2003) reported that the peri-adolescent 

rat had enhanced neurobehavioral vulnerability to nicotine in comparison to the post-adolescent 

rat. The peri-adolescent rat had increased self-administration to nicotine in adulthood, when 

pretreated with nicotine during peri-adolescence. However, there was no such increase in self 

administration of nicotine in adulthood in the animals pretreated with nicotine during post­

adolescence (Adriani, et ah, 2003). Also, the rats pretreated with nicotine during peri-adolescence 

had an increase in nicotinic acetylcholine receptors (nAChR) that are DA neuron specific subunits 

(cc5, a6 and P2 acetylcholine (ACh) receptor subunits) in adulthood. This effect was not found in 

post-adolescent pretreated rats (Adriani, et ah, 2003). This study demonstrates the sensitivity of 

the adolescent rat to the rewarding properties of nicotine, and also characterizes a difference in the 

dopaminergic brain pathways mediating the underlying rewarding properties. Such findings show 

that the adolescent has very different responses to nicotine and that there is a developmental shift 

in the effects of such drugs which may be due to the maturation of the mesocorticolimbic pathway. 

Understanding how the adolescent is affected is important in the understanding of the development 

of the brain throughout the entire life span.
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The purpose of this study was to examine the effects of early exposure to low doses of DOM on the 

development of reward seeking behaviors in the late adolescent rat. Treatment with DOM eould 

ultimately alter the functional integrity of the mesocorticolimbic pathway, and in turn alter the 

conditioning of the treated animals during peri-adolescence, to nicotine in the CPP. Understanding 

how nicotine conditioning is altered in the DOM treated animals, can in turn aid in understanding 

the role KA receptors may play in the development of the mesocorticolimbic pathway.

4.1. Materials and Methods

4.1.1. Experimental Animals

All experimental manipulations were conducted on the offspring of untimed pregnant SD rats 

(Charles River Laboratories, St. Constant, PQ, Canada) with the day of parturition designated as 

PND 0. The litters were culled to 10-11 pups (5 males, 5 females where possible) within 24 hours 

of birth. The pups were weaned at 21 days of age (PND 21) with two to three rats (of same gender) 

per cage. All animals were housed within polypropylene caging with wood chip bedding, and the 

colony room was maintained at 22.2°C with a 12 hour light/dark cycle (07:00-19:00h) with food 

(Purina Lab Chow) and water provided ad libitum. A total of 60 rats were used in the experimental 

procedure (31 males, 29 females).
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4.1.2. Toxin treatment

Domoic acid was obtained from Diagnostic Chemicals Ltd. (Charlottetown, PE, Canada). The test 

chemical was dissolved in sterile SAL and injections were administered s.c. The pups received a 

single daily injections of either 20 pg/kg DOM or equal volume of SAL, from PND 8 until PND 

14. Within each litter, DOM and SAL injections were administered equally amongst the males and 

females, this was quasi randomly assigned in each litter. A total of 30 rats were treated with DOM 

(15 males, 15 females) and a total of 30 rats served as control (SAL) (16 males, 14 females). The 

experimenter was blind to the individual treatment conditions of each animal throughout the entire 

experiment. The pups were marked daily with non-toxic permanent marker, until weaning, for 

identification.

4.1.3. Developmental Measures

Developmental measures were assessed daily starting on PND 8, the assessments were taken prior 

to injections on PND 8-14. The weights of the animals were assessed daily until weaning on PND 

21. Auditory startle was assessed until criterion was reached, which was defined as a visible startle 

response to a noise made by a small clicker held approximately 14 cm above the pups head. Eye 

opening, defined as a break in the suture of the eye, was also assessed daily. The pups were 

examined for this developmental milestone until a break in the suture of both eyes was noted.
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4.1.4. Nicotine induced Conditioned Place Preference

The animals were conditioned starting at 40 days of age and were tested on PND 52 (i.e. during 

late adolescence in the rat), (-)-nicotine hydrogen tartrate salt (obtained from Sigma, Canada) was 

diluted in physiological saline (1 ml/kg) for a dose of 0.6 mg/kg, an was adjusted to pH 7.0 using 

NaOH. The CPP chamber was constructed from 1/4 inch plexi-glas, to the dimensions of 83 (1) x 

30.5 (w) X 46 (h) cm, with a removable partition in the center (i.e. which could divide the maze 

into two compartments of 41 (1) x 30.5 (w) x 46 (h) cm). In turn, the two compartments were 

visually and tactually distinct, with one compartment having a smooth floor with two horizontal 

stripes (6.5 cmin width) across each of the four walls, the other compartment having a ridged (each 

ridge 2 mm) plastic floor with 3 vertical strips (4 cm width) equi-spaced on the 41 cm wall and 2 

vertical stripes equi-spaced on the 30.5 cm walls. The walls and floor were dark green and the 

stripes were light brown.

The nicotine induced CPP procedure involved an initial injection-habituation phase, followed by 

an habituation trial, eight conditioning trials and finally, a test trial (as previously described in 

section 2.1.4.4.). In brief, the injection-habituation phase involved administering a saline injection 

in the room in which the injections during conditioning would take place. This was done to 

habituate the rats to the injection procedure and reduce anxiety before the conditioning trials began. 

This was followed by an habituation trial in which the rats were injected with saline and placed in 

the CPP maze with the door removed and allowed access to both maze compartments for a total of 

15 minutes. The rats were then removed from the maze and returned to their home cage for 24
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hours until the start of the conditioning trials. The conditioning trials included administering either 

saline or nicotine to the rat and then placing it in the appropriate compartment for 30 minutes. 

Following this, the rat was then removed and placed in the home cage for 24 hours until the next 

trial, for a total of eight trials (four paired with nicotine and four with saline). The procedure was 

an unbiased procedure with half of each treatment condition (DOM and SAL) receiving nicotine 

paired with compartment one and the other half receiving nicotine paired with compartment two. 

This was done to control for any biases that could exist in inherent preference for either of the two 

compartments. Each rat received four pairings of nicotine and four pairings of saline, with drug 

(either nicotine or saline) on the initial conditioning day (counter balanced across conditions). Each 

day the pairing was alternated. After the eight conditioning trials, the rats were then placed in the 

CPP maze again for the test trial. This trial was conducted 24 hours after the last conditioning trial 

and was 15 minutes in duration. The rat was placed in the middle of the maze, with the door 

removed, facing the wall, and allowed access to both compartments.

All testing was videotaped for later scoring. In order to determine a compartment preference, the 

test trial was scored for time spent in each compartment and number of times the rat crossed from 

one compartment to the other. The rat was determined to be in a compartment once the head and 

front shoulders passed the centre line into the compartment.

4.1.5. Adherence to guidelines

All procedures were approved in advance by the UPEI Institutional Animal Care Committee and
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adhered to the guidelines of the Canadian Council on Animal Care.

4.2. Results

4.2.1. Developmental Measures

Weight gain was assessed over 24 hr intervals from PND 8-14. Repeated measures ANOVA (days 

X gender x treatment) revealed no significant differences in weight gain over PND 8-14. Using 2- 

way ANOVA (gender x treatment) no significant differences in auditory startle or eye opening was 

revealed in the rats.

4.2.2. Nicotine Induced Conditioned Place Preference

Paired samples t-tests were used to compare the time (sec) spent in the in the nicotine paired 

(paired) compartment with the saline paired (un-paired) compartment in each of the treatment 

groups. Only the SAL males and SAL females demonstrated nicotine induced conditioned place 

preference. Interestingly, the DOM males and DOM females did not demonstrate conditioning.

The SAL males spent more time (sec) in the paired compartment (570.00 ± 46.50) relative to the 

un-paired compartment (355.81 ± 46.53) (t(15)=2.308,/?=0.036). The SAL females spent more 

time (sec) in the paired compartment (642.86 ± 62.66) relative to the un-paired compartment 

(312.79 ± 10.44) (?(13)=2.508,/j=0.026) (see Figure 4.1). In the number of center crosses, a 2-way 

ANOVA (gender x treatment) revealed no significant differences.
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Figure 4.1. Mean time (sec) spent in nicotine-paired and unpaired chambers in the 24 hr following 
the final conditioning trial for male saline (A) and DOM-treated (B) rats and for female saline (C) 
and DOM-treated (D) rats. Error bars represent standard errors.(* indicates p  <0.05 relative to 
unpaired compartment).
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4.3. Discussion

The results of this study demonstrate that early exposure to low doses of DOM result in an altered 

response to reward during adolescence. This was illustrated by the DOM-treated rats failing to 

demonstrate a place conditioning preference to nicotine, which was present in the control animals. 

Adolescent rats are sensitive to nicotine (Cruz et al., 2005) and condition to the drug under normal 

circumstances (Vastola et al., 2002). We not only demonstrated a sensitivity to the conditioning 

properties of nicotine that spans into late adolescence in the rat, but also that this sensitivity is 

altered in rats treated perinataly with low doses of DOM. Therefore, there would appear to be 

something fundamentally different about the mesocorticolimbic pathway, which mediates the 

rewarding properties of nicotine (reviews Ikemoto et al., 2006; Balfour, 2002), in the DOM-treated 

animals.

There are several different possible interpretations of the results of this study. Perhaps the DOM 

rats may have faster CNS development in the mesocorticolimbic pathway. This could be possible 

based on evidence in previous studies which demonstrated an accelerated eye opening in female 

DOM-treated rats (Doucette et ah, 2003, see Chapter 3) which suggests an acceleration in CNS 

maturation. Perhaps, the conditioning results from the DOM treated rat’s are similar to those from 

adult rats during nicotine conditioning, with the failure to condition to the nicotine. Previous 

studies demonstrate that an adult rat does not normally condition to 0.6 mg/kg of nicotine (Vastola 

et ah, 2002, see Chapter 2). However, in order to make this conclusion, further evidence would be 

needed. It would be important to characterize the DOM rat’s response to the other properties on
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nicotine such as self administration, activity levels, receptor densities (e.g. KA, nACh, and DA 

receptors) and neurotransmitter levels (e.g. DA and Glu in the VTA and NAe) in comparison to 

control adolescents and control adults. Also, it would be important to look at nicotine indueed 

CPP during early adolescence in theDOM-treated animals to further understand the development of 

the mesocorticolimbic pathway and the rewarding properties of nieotine in the treated animals.

At low doses DOM stimulates the GluR 5-7 subunits in KA receptors (Lerma et al., 2001).

Perhaps stimulating these receptors during the brain growth spurt has resulted in an alteration in 

the functioning of the mesocorticolimbic pathway, where KA receptors are located. Perhaps this 

stimulation has resulted in and increase in KA receptors located on the GABAergic neurons in the 

NAc (Crowder et al., 2006) during adolescence. Nicotine’s rewarding effects are thought to be due 

to the activation on the VTA resulting in an increase in DA release in the NAe (reviews Ikemoto et 

al., 2006; Balfour, 2002) and also causes an increase in Glu levels in the NAc (Reid et ah, 2000). 

The release of Glu could in turn activate the KA receptors on the GABAergic neurons in the NAe 

and this could result in a greater inhibitory tone of the mesocorticolimbie pathway in the DOM- 

treated animals during adolescence and could potentially aeeount for the inability of the DOM- 

treated animals to condition to nicotine. Looking at the KA receptor densities in the VTA and the 

NAc would be helpful in understanding if  this is a potential reason for the DOM-treated animals 

failure to condition to the nicotine.

Results form this study strongly suggest that there has been a fundamental difference in the DA 

system during adoleseence in rats treated perinataly with DOM. This demonstrates the importanee
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of glutamate (especially KA receptors) in the normal development of the CNS, specifically the

mesocorticolimbic pathway.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5: General Discussion

5. Discussion

The primary hypothesis of this thesis was to determine if low doses of DOM administered early in 

development would result in the manifestation of later behavioral alterations that rely on the 

functional integrity of the mesocorticolimbic DA pathway. The secondary aim of this thesis was to 

begin determining the potential for the perinatal DOM rat model to serve as an animal model of 

schizophrenia.

5.1. Addressing the Primary Hypothesis: Have behaviors mediated by the 

mesocoticolimbic dopamine pathway been altered?

The results from Chapter 3 and Chapter 4 have demonstrated alterations between DOM-treated and 

controls rats in activity levels throughout development, in response to novelty in the adult males, 

and in conditioning to nicotine in the adult females and adolescent males and females. As 

addressed in Chapter 3, results from the open field demonstrated alterations in activity levels in the 

DOM-treated animals. Dopamine is important in modulating activity levels, and alterations in the 

DA system during development can result in altered activity levels (Breese et al., 2005).

The mesocorticolimbic pathway is important in modulating responses to novelty (Bevins et al., 

2002; Legault & Wise, 2001), and to the rewarding properties of nicotine (Ikemoto et ah, 2006;
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Balfour, 2002). The results from the playground maze demonstrate an altered response to the 

introduction of a novel object in the male DOM-treated rats. The results from the nicotine-induced 

CPP paradigm, demonstrated an increased sensitivity to the rewarding properties of nicotine in the 

female DOM-treated rats. The sensitivity was manifested as a conditioning to the nicotine as an 

adult, a period of development when this dose does not normally induce conditioning in the adult 

rat. Although there are gender differences in the manifestation of altered behaviors, the perinatal 

DOM-treated rat does demonstrates alterations in behaviors mediated by the mesocortiolimbic 

pathway.

In Chapter 4, this was further supported by the failure of the adolescent DOM-treated rats to 

condition to nicotine in the nicotine-induced CPP, unlike the control rats which did condition to 

nicotine. The adolescent rat is more susceptible to the conditioning properties of nicotine than adult 

rats, and normally demonstrates conditioning (Vastola et al., 2002). One possible explanation for 

the DOM-related differing in nicotine conditioning could be due to a possible delay in maturation 

of the DA mesocoritcolimbic pathway. Thus the adolescent DOM rats fail to condition while 

manifesting changes sensitivity to nicotine in adulthood, a time when control rats sensitivity has 

passed. Therefore, looking at the results from both Chapter 3 and 4, the DOM-treated rats may 

indeed have functional alteration in the mesocorticolimbic pathway that is manifested differently 

throughout development and between genders.

It is also difficult to determine whether the results from the nicotine-induced CPP are reflecting 

changes to the rewarding properties of nicotine, and not potentially difference in learning
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(conditioning). For instance a failure of the adolescent animals to condition to nicotine could also 

be reflective of an inability/delay to leam the place-conditioning task. The basal ganglia in 

particular is important in procedural learning, such as place-conditioning (Packard & Knowlton, 

2002). Interestingly, the DA content does not reach adult concentrations until PND 50-60 in the rat 

(Broening, 1998). Perhaps the DOM-treated rats have an altered ability to leam the place- 

conditioning task, due to an alteration in the basal ganglia, during adolescence. A self­

administration task would be beneficial in answering this question, as mentioned in the discussion 

of Chapter 4 (section 4.3). A self-administration task can often have different results compared to 

the GPP (Le Foil & Goldberg, 2005b), and would provide insight to the alterations in the 

mesocorticolimbic pathway that appear to be manifested in the behaviors of the DOM-treated 

rodents. This would be important to administer both during adulthood and during adolescence, in 

order to determine if  the results remain consistent with what was found in the GPP. It would also 

be interesting to conduct the nicotine-induced GPP during early adolescence (starting from 

PND28), to see if the conditioning is still abolished in the DOM-treated rats, or if  this is a transient 

effect limited to late adolescence. In order to understand the precise mechanisms involved in the 

alterations to nicotine in the DOM-treated rats, other measures could aid in understanding. Firstly, 

measuring alterations in activity levels after nicotine administration would be interesting. If 

nicotine did not result in an increase in activity levels in the adolescent DOM-treated rat, then 

perhaps the decrease in exploration during the nicotine conditioning trials, could account for the 

abolishment of conditioning. Also interesting would be to do an in vivo microdialysis study 

looking at extracellular levels of Glu and DA in the NAc after nicotine administration, similar to a 

study by (Reid et al., 2000). Such further investigations would provide insight into precisely what
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behaviors are altered and how the mesocorticolimbic pathway has been altered.

5.2. Addressing the Secondary Hypothesis: What is the potential for the perinatal

domoate rat model as an animal model of schizophrenia?

The results from Chapter 3 demonstrate face value for the perinatal DOM rat model as a potential 

animal model for schizophrenia. The alterations in activity levels in the DOM-treated rats 

throughout development not only suggest an alteration in the DA system, but also provides support 

for the potential of the perinatal DOM rat model as an animal model of schizophrenia. The 

decrease in habituation to the open field, during pre-adolescence (PND 18) is very interesting. 

Early in development the using 6-hydroxy dopamine in the rodent, generally results in an increase 

in activity levels and impaired habituation (Breese et ah, 2005, Shaywitz et al., 1977). This model 

has been used as an animal model of ADHD (Breese et ah, 2005) and ADHD has been linked to 

early development in children with parents with schizophrenia and considered at high-risk (Oner & 

Munir, 2005), and is also a co-morbid condition commonly found in child-onset schizophrenia 

(Ross et ah, 2006). The results in the open-field in the adult rats are also of considerable interest. 

Previous animal models of schizophrenia have interpreted decreases in activity and increases in 

activity to negative and positive symptoms of schizophrenia, respectively (Powell & Miyakawa, 

2006). The DOM-treated male rats demonstrated a decrease in activity, which could be interpreted 

as potentially representative of negative symptoms of schizophrenia. This decrease in activity 

levels was not present in the adolescent (PND 36) DOM-treated male rats, perhaps indicative of a 

delayed onset of symptoms. The DOM-treated female rats demonstrated an increase in activity
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levels, perhaps representative of positive symptoms. There was only a mild increase in activity 

found in the adolescent DOM-treated female rats, with an increase in rearing, which could also 

represent a delayed onset of symptoms similar to the development of schizophrenia. This is also 

an interesting gender difference, as estrogen has been considered to be protective of the negative 

symptoms of schizophrenia (Rao & Kolsch, 2003). Therefore results in the open field, throughout 

development demonstrate not only alterations in the DA system dependent of the stage of 

development, but also lend face value for potential as an animal model of schizophrenia.

In Chapter 3, the results from the playground maze also lend support to the male DOM-treated rats 

potentially being representative of predominately negative symptoms of schizophrenia. The 

increase in exploration of the familiar objects in these animals, could reflect negative symptoms.

As discussed in Chapter 3, it has been suggested that an increase in exploration of familiar objects 

could potentially represent negative symptoms (Mellanby et al., 1999). However, the DOM-treated 

male rats still had a significant novelty effect, determining the ability to detect the novel object, but 

also an increase in exploration of the familiar objects. This could potentially represent either a 

decrease in the ability to habituate to the familiar objects, or a revert to the familiar when novelty is 

introduced. Which ever reason for the increase in exploration of the familiar, it represents an 

alteration in response to novelty in the DOM-treated males. This is important since response to 

novelty is often altered in schizophrenia (Laurens et al., 2005). There was no comparable 

difference found in the DOM-treated females, which might again reflect the protective effect of 

estrogen against the negative symptoms of schizophrenia (Rao & Kolsch, 2003) and correspond to 

the potential of the male DOM-treated rats reflecting negative, rather than positive symptoms.

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The results for the nicotine-induced CPP in both Chapter 3 and 4 provide interesting results. The 

conditioning to the nicotine in the adult DOM-treated females could be reflective of positive 

symptoms in schizophrenia. It has been suggested that increased conditioning to addictive drugs 

could be representative of positive symptoms of schizophrenia (Chambers & Self, 2000) and a 

decrease in conditioning reflective of negative symptoms (LePen et al., 2002). Also, this result is 

interesting since the rate of smoking is so high in the schizophrenia population (de Leon et al., 

2005). There was no conditioning found in the control males and females or the DOM-treated 

males. Therefore, the behaviors reflective of positive symptoms are predominately found in the 

DOM-treated female rats. During adolescence, neither the DOM-treated males or females 

demonstrated conditioning, unlike the control males and females. This could reflect a delayed 

onset of positive symptoms in the DOM-treated female rats. The failure to condition to nicotine in 

adolescence could also potentially reflect anhedonia in the adolescent DOM-treated rat, which is 

classically displayed during adolescence in patients with schizophrenia (Lieberman et al., 2001). 

However, further investigation is necessary for complete interpretation of the results found in both 

studies from the nicotine-induced CPP.

Although, results from the two studies provide some support for the perinatal DOM rat model, as a 

potential model for schizophrenia, further characterization is necessary. Future directions for 

furthering the face value of this potential model, would include measures in PPI and/or LI, as these 

are commonly used in current animal models of schizophrenia (see section 1.9.2.1.). This would 

be interesting to do at different developmental time points, first to look at if  deficits are apparent 

during adulthood, then if  deficits are apparent during adolescence. This would be interesting as it

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



has been suggested that a delay in LI deficits, could represent the delay in symptoms seen in 

schizophrenia pathology (Zuckerman & Weiner, 2005). However, deficits in sensorimotor gating 

(PPI deficits) are also considered trait markers for schizophrenia, and could be manifested before 

the onset of schizophrenia (Joober, et al., 2002). If deficits are present in the DOM-treated 

animals, it would add face value, as an animal model of schizophrenia. Potentially future studies 

could look at the use of antipsychotics such as clozapine in the correction of disruptions if they are 

present, this has been demonstrated in previous animal models of schizophrenia (Zuckerman & 

Weiner, 2005). It would also provide predictive validity to the perinatal DOM rat model.

Another important test, would be to conduct the social interaction task which is a behavioral test 

used to mimic negative symptoms of schizophrenia in animal models (see section 1.9.2.2.). Since 

DOM-treated rats have symptoms which resemble negative symptoms in the males, it would be 

interesting to determine if  there is an alteration in social interaction in the DOM-treated rats. This 

would be interesting to first look at differences in the adults and then in adolescence. If a decrease 

in social interaction is present in adulthood and not in adolescence, then this could reflect a delay 

in onset of symptoms. However, this would not be necessary in order to mimic symptomtology of 

schizophrenia, as social withdrawal is present prior to the onset of schizophrenia (Baum & Walker, 

1995). It would be interesting to look at differences in gender, since the current results fi-om the 

two studies demonstrate strong differences in the manifestation of behaviors depending gender, 

with females demonstrating predominately positive-like symptoms and the males negative-like 

symptoms.
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It would also be interesting to determine whether there are differences in response to amphetamine 

or MK801 in the DOM-treated rats. These compounds have been previously used in animal 

models of schizophrenia (see section 1.9.2.3.). MK801 would be a particularly interesting 

compound to investigate, as previous results in the DOM-treated rats demonstrated alterations in 

behaviors mediated by the NMDA receptor (Tasker et al., 2005). Pharmacological challenges in 

the form of dose-response curves to either amphetamine or MK801, would allow a functional 

assessment of the integrity of the DA and Glu systems, respectively.

Future investigations looking at alterations in the neurochemistry and neuroanatomy in the adult 

domoate treated rats, could include hippocampal analysis. The previous studies already give face 

validity for alterations in the hippocampus of the DOM-treated rats (Doucette et al., 2004). These 

previously reported decreases in hippocampal cell count ( Jonsson et al., 1999; Luts et al., 1998) 

and elevations in BDNF mRNA (Takahashi et al., 2000) have been demonstrated in the brain of 

schizophrenics. However, it would be interesting to look at alterations in the organization of the 

pyramidal neurons in the hippocampus. This is a classic alteration demonstrated within the 

schizophrenia population (Jonsson et al., 1999). It would also be important to look at the GluR 

expression in the hippocampus, particularly the GluR 5-7, which are the receptors in which DOM 

has affinity (Lerma et al., 2001) and have already been altered in the brain of schizophrenic 

population (Benes et al., 2001).

Based on results of the two studies it would be relevant to investigate GluR in the NAc and the 

VTA. Initial investigations should focus on GluR 5-7 KA receptor subtypes, as not only are they

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the target receptors during treatment, but results indicate they are potentially being altered. The 

results from Chapter 4 suggest a possible increase in KA receptors during adolescence in the NAc, 

and potentially, the VTA. Therefore it would be important to look at receptor concentrations during 

adolescence and adulthood. Also, since the results from the two studies indicate alterations in the 

mesocorticolimbic DA system, therefore alterations in DA may be relevant. Preliminary 

investigations could look at dopamine transporter (DAT) concentration, since DAT is a good 

measure of DA neurons (Cooper et al., 1996). DA receptors could also be investigated, potentially 

looking at D1 and D2/3 rceptors as they are commonly represented in structures located within the 

mesocorticolimbic pathway (Missale et al., 1998). Investigations could also look at NMDA 

receptor concentrations, this would be especially relevant if  alterations were found in response to 

MK801. Another potential future investigation could look at the dendritic sprouting in the PFC. 

This has been demonstrated to be altered in animal models of schizophrenia, specifically the nVH 

model (Flores et al., 2005) and the schizophrenia population (Kolluri et al., 2005). Additionally 

alteration in laminar organization of the cortex of schizophrenia patients has also been reported and 

could be investigated in this animal population.

5.3. Conclusions

We have had demonstrated not only face value for the model, warranting further investigation as to 

the potential of the perinatal DOM rat model as a potential animal model of schizophrenia, but also 

provided further construct validity. We have demonstrated that mild alterations in the Glu system 

early in development, results in alterations in behaviors mediated by the mesocorticolimbic
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pathway. This is congruent with schizophrenia as a neurodevelopmental model, and the 

dysfunction in DA/Glu interaction found in schizophrenia. We have not only succeeded in the 

primary aims of the thesis, but also the secondary aims. These studies suggest that further 

investigations in to the alterations in the mesocorticolimbic pathway of the DOM-treated rats, and 

into the potential of the perinatal DOM rat model as a model for schizophrenia are warranted.

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



References

Abrahao, AL., Focaccia, R., and Gattaz, WF. (2005). Childhood meningitis increase the risk for 

adult schizophrenia. World Journal o f Biological Psychiatry, 6 (Suppl 2): 44-48.

Adriani, W., Spijker, S., Deroche-Gamonet, V., Laviola, G., LeMoal, M., Smit, AB., and Piazza, 

PV. (2003). Evidence for enhanced neurobehavioral vulnerability to nicotine during 

periadolescence in rats. The Journal o f Neuroscience, 23: 4712-4716.

Alquicer, G., Silva-Gomez, AB., Peralta, F., and Flores, G. (2004). Neonatal ventral hippocampus 

lesion alters the dopamine content in the limbic regions in postpubertal rats. International 

Journal o f Developmental Neuroscience, 22: 103-111.

Alvarez, EO., and Ruarte, MB. (2001). Role of glutamate receptors in the nucleus accumbens on 

behavioural responses to novel conflictive and non-conflictive environments in the rat. 

Behavioural Brain Research, 123: 143-153.

American Psychiatric Association. (2000). Diagnostic and statistical manual of mental disorders 

(4* ed.- text revision). Washington, DC.

Andreason, NC., and Olsen, S. (1982). Negative v positive schizophrenia. Archives o f General 

Psychiatry, 39: 789-794.

Babulas, V., Factor-Litvak, P., Goetz, R., Schafer, CA., and Brown, AS. (2006). Prenatal exposure 

to maternal genital and reproductive infections and adult schizophrenia. American Journal 

o f Psychiatry, 163: 927-929.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Badonich, KA., Adler, KJ., and Kirstein, CL (2006). Adolescents differ from adults in cocaine 

conditioned place preference and cocaine-induced dopamine in the nucleus accumbens 

septi. European Journal o f Pharmacology 550: 95-106.

Balfour, DK. (2002). Neuroplasticity within the mesoaccumbens dopamine system and its role in 

tobacco dependence. Current Drug Targets - CNS & Neurological Disorders, 1: 413-421.

Barker, LM. (2001). Learning and Behavior: Biological, Psychological and Social Cultural 

Perspectives (3"̂  ed.). Prentice Hall: New Jersey, pp.147-154.

Baum, KM., and Walker, EP. (1995). Childhood behavioral precursors of adult symptom 

dimensions in schizophrenia. iSc/î/zopAren/ûi 16: 111-120.

Benes, FM., Todtenkopf, MS., and Kostoulakos, P. (2001). GluR5,6,7 subunit immunoreactivity 

on apical pyramidal cell dendrites in hippocampus of schizophrenics and manic 

depressives. Hippocampus, 11: 482-491.

Bernard, A., Ferhat, F., Charton, G., Represa, A., Ben-Ari, Y., and Khrestchatisky, M. (1999). Q/R 

editing of the rat GluR5 and GluR6 kainate receptors in vivo and in vitro: evidence for 

independent development, pathological and cellular regulation. European Journal o f  

Neuroscience, 11: 604-616.

Bernard, A., and Khrestchatisky, M. (1994). Assessing the extent of RNA editing in the TMU 

regions of GluR5 and GluR6 kainate receptors during rat brain development. Journal o f  

Neurochemistry, 62: 2057-2060.

Bettler, B., and Mulle, C. (1995). Neurotransmitter receptors II: AMP A and kainate receptors. 

Neuropharmacology, 34: 123-139.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bevins, R., Besheer, J., Paltmatier, M., Jenson, H., Pickett, K., and Eurek, S. (2002). Novel-object 

place conditioning: Behavioral and dopaminergic process in expression of novelty reward. 

Behavioural Brain Research, 129: 41-50.

Biondo, A., Clements, RLH., Hayes, DJ., Eshpeter, B., and Greenshaw, AJ. (2005). NMDA or 

AMPA/kainate receptor blockade prevents acquisition of conditioned place preference 

induced by D 2/3 dopamine receptor stimulation in rats. Psychopharmacology, 179: 189- 

197.

Black, MD., Lister, S., Hitchcock, JM., Van Giesbergen, P., and Sorensen, SM. (1998). Neonatal 

hippocampal lesion model of schizophrenia in rats: Sex differences and persistence of 

effects into maturity. Drug Development Research, 43: 206-213.

Bleakman, D., and Lodge, D. (1998). Neuropharmacology of AMP A and kainate receptors. 

Neuropharmacology, 37: 1187-1204.

Bliss, TVP., and Collingridge, GL. (1993). A synaptic models of memory: long-term potentiation 

in the hippocampus./Vhtwre, 361(6407): 31-39.

Bogerts, B., Meetrz, E., and Schonfeldt-Bausch, R. (1985). Basal ganglia and limbic system

pathology in schizophrenia. A morphometric study of brain volume and shrinkage. Archives 

o f General Psychiatry, 42: 784-791.

Braff, DL., and Geyer, MA. (1990). Sensorimotor gating and schizoprhenia. Archives o f General 

Psychiatry, 47: 181-188.

Braff, DL., Light, GA., Ellewanger, J., Sprock, J., and Swerdlow, NR. (2005). Female

schizophrenia patients have prepulse inhibition deficits. Biological Psychiatry, 57: 817- 

820.

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Breese, GR., Knapp, DJ., Criswell, HE., Moy, SS., Papadeas, ST., and Blake, BL. (2005). The 

neonate-6-hydroxydopamine-lesioned rat: a model for clinical neuroscience and 

neurobiological principles. Brain Research Reviews, 48: 57-73.

Broening, HW., and Slikker, W. (1998). In: Slikker and Chang (Eds.) Handbook of Developmental 

Neurotoxicology, San Diego: Academic Press, pp. 245-256.

Brookes, G., and Abmed, AH. (2006). Pharmacological treatments for psychosis related polydipsia. 

Cochrane Database o f Systematic Reviews, 4:1-17.

Brown, AS., Hooton, J., Schefer, CA., Zhang, H., Petkova, E., Babulas, V., Perrin, M., Gorman,

JM., and Susser, E. (2004). Elevated maternal interleukin-8 levels and risk of schizophrenia 

in adult offspring. American Journal o f Psychiatry, 161: 889-895.

Candenhead, KS., Swerdlow, NR., Shefer, KM., Diaz, M., and Braff, DL. (2000). Modulation of 

the startle response and startle laterality in relatives of schizophrenic patients and in 

subjects with schizotypal personality disorder: evidence of inhibitory deficits. American 

Journal o f Psychiatry, 157: 1660-1668.

Candido, CL., and Romney, DM. (2002). Depression in paranoid and nonparanoid schizophrenic 

patients compared with major depressive disorder. Journal o f Affective Disorders, 70: 261- 

271.

Cardno, AG., and Gottesman, 11. (2000). Twin studies of schizophrenia: from bow-and-arrow

concordances and to star wars Mx and functional genomics. American Journal o f Medical 

Genetics, 97: 12-17.

Carlson, NR. (2007). Physiology of Behavior 9* ed. Pearson Education Inc: Boston, pp.550-581.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Carlsson, A., and Lindqvist, M. (1963). Effects of chlorpromazine or halperidol on fromation of 3- 

methoxytrymine and normetanephrine in mouse brain. Acta Pharmacology et Toxicology, 

20: 140-144.

Castellanos, EX., Fine, EJ., Kaysen, D., Marsh, WL., Rapoport, JL., and Hallet, M. (1996). 

Sensorimotor gating in boys with torette’s syndrome and ADHD: Preliminary results. 

Biological Psychiatry, 39: 33-41.

Chambers, RA, and Self, DW. (2002). Motivation responses to natural and drug rewards in rats 

with neonatal ventral hippacampal lesions: An animal models of dual diagnosis 

schizophrenia. Neuropsychopharmacology, 27: 889-905.

Chaudhri, N., Caggiula, AR., Donny, EC., Booth, S., Gharib, MA., Craven, LA., Allen, SS., Sved, 

AF., and Perkins, KA. (2005). Sex differences in the contribution of nicotine and 

nonpharmacological stimuli to nicotine self-administration. Psychopharmacology, 180: 

258-266.

Chittajallu, R., Braithwaite, SP., Clarke, VR., and Henley, JM. (1999). Kainate receptors: subunits, 

synaptic localization and function. Trends in Pharmacology and Science, 20: 26-35.

Choi, KH., Clements, RLH., and Greenshaw, AJ. (2005). Simultaneous AMPA/kainate receptor 

blockade and dopamine D2/3 receptor stimulation in the nucleus accumbens decreases 

brain stimulation reward in rats. Behavioural Brain Research, 158: 79-88.

Clarke, MC., Harley, M., and Cannon, M. (2006). The role of obstetric events in schizophrenia. 

Schizophrenia Bulletin, 32: 3-8.

Cooper, JR., Bloom, FE., and Roth, RH. (1996). The Biochemical Basis of Neuropharmacology 7* 

Ed. Oxford University Press: New York, pp. 303-305

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Crowder, TL., Ariwodola, OJ., and Weiner, JL. (2006). Kainate receptor activation potentiates 

GABAergic synaptic transmission in the nucleus accumbens core. Brain Research 1088: 

73-82.

Crowder, TL. and Weiner, JL. (2002). Functional Characterization of Kainate Receptors in the Rat 

Nucleus Accumbens Core Region. Journal o f Neurophysiology, 88: 41-48.

Cruz, PC., Delucia, R., and Planeta, CS. (2005). Differential behavioral and neuroendocrine effects 

of repeated nicotine in adolescent and adult rats. Pharmacology, Biochemistry and 

Behavior 80: 411-417.

Davis KL., Buchsbaum, MS., Shihabuddin, L., Spiegel-Cohen, J., Metzger, M., Frecska, E., Keefe, 

RS., and Powchik, P. (1998). Ventricular enlargement in poor-outcome schizophrenia. 

Biological Psychiatry, 43: 783-793.

de Leon, J., Dadvand, M., Canuso, C., White, AO., Stanilla, JK., and Simpson, GM. (1995). 

Schizophrenia and smoking: an epidemiological survey in a state hospital. American 

Journal o f Psychiatry, 152: 453-455.

de Leon, J., and Diaz, FJ. (2005). A meta-analysis of worldwide studies demonstrating an 

association between schizophrenia and tobacco smoking behaviors. Schizophrenia 

Research, 76: 135-157.

Dobbing, J., and Sands, J. (1979). Comparative aspects of the brain growth spurt. Early Human 

Development, 3: 79-83.

Dobbing, J., and Smart, JL. (1974). Vulnerability of developing brain and behaviour. Brain 

Medical Bulletin, 30: 164-168.

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Doucette, TA., Bernard, PB., Husum, H., Ferry, MA., Ryan, CL., and Tasker, RA. (2004). Low 

doses of domoic acid during postnatal development produce permanent changes in rat 

behviour and hippocampal morphology. Neurotoxicology Research, 6: 555-563.

Doucette, TA., Bernard PB., Yuill, PC., Tasker RA., and Ryan, CL. (2003). Non-NMDA glutamate 

receptor agonists alter neurobehavioural development in the rat. Neurotoxicology and 

Teratology, 25: 473-479.

Doucette, TA., Strain, SM., Allen, GV., Ryan, CL., and Tasker, RA. (2000).Comparative

behavioural toxicity of domoic acid and kainic acid in neonatal rats. Neurotoxicology and 

Teratology, 22: 863-869.

Duncan, GE., Moy, SS., Leiberman, JA., and Roller, BH. (2006). Effects of haloperidol, clozapine, 

and quietiapine os sensorimotor gating in a genetic model of reduced NMDA receptor 

îancXioix. Psychopharmacology, 184: 190-200.

Duncan, GE., Moy, SS., Perez, A., Eddy, DM., Zinzow, WM., Leiberman, JA., Snouweart, IN., 

and Roller, BH. (2004). Deficits in sensorimotor gating and tests of social behavior in a 

genetic model of reduced NMDA receptor fimction. Behavioural Brain Research, 152: 

507-519.

Duncan, GE., Sheitman, BB., and Leiberman (1999). An integrated view of pathophysiological 

models of schizophrenia. Brain Research Reviews, 29: 250-264.

Eccles, JC., and McGeer, PL. (1979). lonotropic and metabatropic neurotransmission. Trends in 

Neuroscience, 2: 39-40.

Ellenbroek, BA., and Cools, AR. (2000). Animal models for the negative symptoms of 

schizophrema.. Behavioural Pharmacology, 11: 223-233.

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fallon, JH., Keator, DB., Mbogori, J, Taylor, D., and Potkin, SG. (2005). Gender: a major 

determinant of brain response to nicotine. International Journal o f  

Neuropsychopharmacology, 5: 17-26.

File, SE. (1980). the use of social interaction as a method for detecting anxiolytic activity of 

chlordiazepoxide-like drugs. Journal o f Neuroscience Methods, 2: 219-238.

Flores, G., Alquicer, G., Silva-Gomez, AB., Zaldivar, G., Stewart, J., Quirion, R., and Srivastava, 

LK. (2005). Alterations in dendritic morphology of prefrontal cortical and nucleus 

accumbens neurons in post-pubertal rats after neonatal excitotoxic lesions of the ventral 

hippocampus. 133: 463-470.

Fortier, ME., Joober, R., Luheshi, GN., and Boksa, P. (2004). Maternal exposure to bacterial 

endotoxin during pregnancy enhances amphetamine-induced locomotion and startle 

responses in adult rat offspring. Journal o f Psychiatric Research, 38: 335-345.

Forwood, S., Winters, B., and Bussey, T. (2005). Hippocampal lessions that abolish spatial maze 

performance spare object recognition memory at delays of up to 48 hours. Hippocampus,

15 (3):347-355.

Gambill, JD., and Kometsky, C. (1976). Effects of chronic d-amphetamine on social behavior in 

the rat: Implications for an animal model of paranoid schizophrenia. Psychopharmacology, 

50: 215-223.

Giatatzis, A., Trimble, MR., and Sander, JW. (2004). The psychiatric comorbidity of epilepsy. Acta 

Neurology Scandinavia, 110: 207-220.

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Goeree, R., Farahati, F., Burke, N., Blackhouse, G., O’Reilly, D., Pyne, J., and Tarride, JE. (2005). 

The economic burden of schizophrenia in Canada in 2004. Current Medical Research and 

Opinions, 21: 2017-2028.

Grecksch, G., Bernstein, HG., Becker, A., Hdllt, V., and Bogerts, B. (1999). Disruption of latent 

inhibition in rats with postnatal hippocampal lesions. Neuropsychopharmacology, 20: 525- 

532.

Gregor, P., O’Hara, BF., Yang, X., and Uhl, GR. (1993). Expression and novel subunit isoforms of 

glutamate receptor genes GluR5 and GluR6. Neuroreport, 4: 1343-1346.

Grigorenko, E., Glazier, S., Bell, W., Tytell, M., Nosel, E., Pons, T., and Deadwyler, SA. (1997). 

Changes in glutamate receptor subunit composition in hippocampus and cortex in patients 

with refractory epilepsy. Journal o f Neurological Sciences, 153: 35-45.

Grigorenko, EV., Bell, WL., Glazier, S., Pons, T., and Deadwyler, S. (1998). Editing status at the 

Q/R site of the GluR2 and GluR6 glutamate subunits in the surgical excised hippocampus 

of patients with refractory epilepsy. Journal o f Neurological Science, 153: 35-45.

Gupta, DS., McCullumsmith, RE., Beneyto, M., Haroutunian, V., Davis, KL., and Meador-

Woodruff, JH. (2005). Metabotropic glutamate receptor protein expression in the prefrontal 

cortex and striatum in schizophrenia. Synapse, 57: 123-31.

Hafrier, H. (2003). Gender differences in schizophrenia. Psychoneuroendocrinology, 28: 17-54.

Hanlon FM., Weisend, MP., Hamilton, DA., Jones, AP., Thomas, RJ., Huang, M., Martin, K., Yeo, 

RA., Miller, GA., and Canive, JM. (2006). Impairment on the hippocampal-dependent 

virtual Morris water task in schizophrenia. Schizophrenia Research, 87: 67-80.

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Harrison, PJ., and Weinberger, DR. (2005). Schizophrenia genes, gene expression, and

neuropathology: on the matter of their convergence. Molecular Psychiatry, 10: 40-68.

Hoek, HW., Brown, AS., and Susser, E. (1998). The Dutch Famine and schizophrenia spectrum 

disorders. Society o f Psychiatry Psychiatric Epidemiology, 33: 373-379.

Hess, EJ., and Creese, I. (1987). In: Receptor Biochemistry and Methodology Vol 8: Dopamine 

Receptors (Eds) Creese, I., and Fraser, CM. Alan R. Inc: New York, pp.1-28.

Ikemeto, S., Quin, M., and Liu, ZH. (2006). Primary reinforcing effects of nicotine are triggered 

from multiple regions both inside and outside the ventral tegmental area. Journal o f  

Neuroscience, 26(3): 733-730.

Imamura, Y., Nakane, Y., Ohta, Y., and Kondo, H. (1999). Lifetime prevalence of schizophrenia 

among individuals prenatally exposed to atomic bomb radiation in Nagasaki City. Acta 

Psychiatrica Scandinavica, 100: 344-349.

Imperato, A., Honore, T., and Jensen LH. (1990). Dopamine release in the nucleus caudatus and in 

the nucleus accumbens is under glutamatergic control through non-NMDA receptors: a 

study in freely moving rats. Brain Research, 530: 223-228.

Javanbakht, A. (2006). Sensory gating deficits, pattern completion, and disturbed fronto-limbic

balance, a model for description of hallucinations and delusions in schizophrenia. Medical 

Hypotheses, 67:15-27.

Jonsson, SAT., Luts, A., Guldenberg-Kjaer, N., and Ohman, R. (1999). Pyramidal neuron size in 

the hippocampus of schizophrenics correlates with total cell count of schizophrenics and 

degree of cell disarray. European Archives o f Psychiatric Clinical Neuroscience, 249: 169- 

173.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Joober, R., Zarate, JM., Rouleau, GA., Skamene, E., and Boksa, P. (2002). Provisional mapping of 

quantitative train loci modulating the acoustic startle response and prepulse inhibition of 

acoustic startle. Neuropsychopharmacology, 27\ 765-781.

Kalueff, AV., and Tuohimaa, P. (2004). Experimental modeling of anxiety and depression.

Acta Neurobiologiae Experimentalis, 64: 439-448.

Kandel, ER., Schwartz, JH., and Jessell, TM. (2000). Principles of Neural Science 4* ed. McGraw- 

Hill: New York, pp. 1188-1206.

Kashkin, VA., and De Witte, P. (2005). Nicotine increases microdialysate brain amino acid 

concentrations and induced conditioned place preference. European 

Neuropsyhopharmacology, 15(6): 625-632.

Kato, K., Shishido, T., Ono, M., Shishido, K., Kobayashi, M., Suzuki, H., Nabeshima, T.,

Furukawa, H., and Niwa, S. (2000). Effects of phencyclidine on behavior and extracellular 

levels of dopamine and its metabolites in neonatal ventral hippocampal damaged rats. 

Psychopharmacolgy, 150: 163-169.

Kaufmann, W. (2000). Developmental neurotoxicity. In: Krink, GJ (Ed.), The Handbook of 

Experimental Animals: The Laboratory Rat, Academic Press: New York, pp. 227-252.

Kebabian, JW., and Caine, DB. (1979). Multiple receptors for dopamine. Nature, 277: 93-96.

Kedzior, KK., and Martin-Iverson, MT. (2006). Chronic cannabis use is associated with attention- 

modulated reduction in prepulse inhibition of the startle reflex in healthy humans. 

Psychopharmacology, 20: 471-484.

Keshavan, MS. (1999). Development, disease and degeneration in schizophrenia: a unitary 

pathphysiological model. Journal o f Psychiatric Research, 33: 513-521.

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kew, JNC., and Kemp, JA (2005). lonotropic and metabatropic glutamate structure and 

pharmacology. Psychopharmacology, 179: 4-29

Klebaur, J., and Bardo, M. (1999). Individual differences in novelty seeking on the playground

maze predict amphetamine conditioned place preference. Pharmacology Biochemistry and 

Behavior, 63, 131-136.

Klebaur, JE., Bevins, R., Segar, T., and Bardo, M. (2001). Individual differences in behavioral 

responses to novelty and amphetamine self-administration in male and female rats. 

Behavioural Pharmacology, 12, 267-275.

Kohler, M., Bumashev, N., Sakmann, B., and Seeburg, PH. (1993). Determinants of calcium

permeability in both TMl and TM2 of high affinity kainate receptor channels: Diversity by 

RNA editing. Neuron, 10: 431-500.

Kolluri, N., Sun, Z., Sampson, AR., and Lewis, DA. (2005). Lamina-specific reductions in

dendritic spine density in the prefrontal cortex of subjects with schizophrenia. American 

Journal o f Psychiatry, 162: 1200-1202.

Kubova, H., Mikulecka, A., Haugvicova, R , Langmeier, M., and Mares, P. (2001). Nonconvulsive 

seizures result in behavioral but not electrophysiological changes in developing rats. 

Epilepsy & Behavior, 2: 473-480.

Lamelle, M., Abi-Dargham, A., Gil, R., Kegeles, L., and Innis, R. (1999). Increased dopamine 

transmission in schizophrenia: Relationship to illness phases. Society o f Biological 

Psychiatry, 46: 56-72.

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Lamelle, M., Frankie, WG., Narendran, R., Kegeles, LS., and Abi-Dargham, A. (2005).

Mechanism of action of antipsychotic dmgs: From dopamine D2 Receptor anatgonism to 

glutamate NMDA facilitaion. Clinical Therapy, 27(A): S16-S24.

Laurens, KR., Kiehl, KA., Ngan, ETC., and Liddle, PF. (2005). Attention orienting dysfunction 

during salient novel stimulus processing. Schizophrenia Research, 75: 159-171.

LeFoll, B., and Goldberg, SR. (2005a). Nicotine induces conditioned place preferences over a large 

range of doses in rats. Psychopharmacology, 178: 481-492.

Le Foil, B., and Golderg, SR. (2005b). Control of the reinforcing effects of nicotine by associated 

environmental stimuli in animals and humans. Trends in Pharmacological Sciences, 26: 

287-293.

Le Foil, B., and Goldberg, SR. (2006). Nicotine as a typical dmg of abuse in experimental animals 

andhamans. Psychopharmacology, 184(3-4): 367-381.

Legault, M., and Wise, RA. (2001). Novelty-evoked elevations of nucleus accumbens dopamine: 

dependence on impulse flow from ventral subiculum and glutamatergic transmission in the 

ventral tegmental area. European Jouranl o f Neuroscience, 75:819-828.

LePen, G., Gaudet, L., Mortas, P., Mory, R., and Moreau, J. (2002). Deficits in reward sensitivity 

in a neuordevelopmental rat model of schizophrenia. Psychopharmacology, 161: 434-441.

Lerma, J. (2003). Roles and mles of kainate receptors in synaptic transmission. Neuroscience, 

V:481-495.

Lerma, J. Patemain, AV., Rodriguez-Moreno, A., and Lopez-Garcia, JC. (2001). Molecular 

physiology of kainate receptors. Physiological Review 81: 971-998

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Levin, ED., McClemon, FJ., and Rezvani, AH. (2006). Nicotinic effects on cognitive function : 

behavioral characterization, pharmacological specification, and anatomic localization. 

Psychopharmacolgy, 184:523-39.

Levin, ED., Pctro, A., and Caldwell, DP. (2005). Nicotine and clozapine actions on pre-pulse 

inhibition deficits caused by NMDA glutamatergic receptor blockade. Progress in 

Neurosychopharmacology & Biological Psychiatry, 29: 581-586.

Lieberman, JA., Perkins, D., Belger, A., Chakos, M., Jarskog, F., Boteva, K., and Gilmore, J.

(2001). The early stages of schizophrenia: Speculations on pathogenesis, pathophysiology, 

and therapeutic approaches. Biological Psychiatry, 50: 884-897.

Lipska, BK. (2004). Using animal models to test a neurodevelopmental hypothesis of 

schizophrenia. Reviews in Psychiatric Neuroscience, 29: 282-286.

Lipska, BK., Jaskiw, GE., and Weinberger, DR. (1993). Postpubertal emergence of

hyperresponsiveness to stress and to amphetamine after neonatal excitotoxic hippocampal 

damage: a potential animal model of schizophrenia. Neuropsychopharmacology, 9: 67-75.

Lipska, BK., and Weinberger, DR. (2000). To model a psychiatric disorder in animals: 

Schizophrenia as a reality test. Neuropsychopharmacology, 23: 223-239.

Little, J. (2000). Epidemiology of neurodevelopmental disorders in children. Prostaglandins, 

Leukotrienes and Essential Fatty Acids, 63: 11-20.

Lujan, R., Shigemoto, R., and Lopez-Bendito, G. (2005). Glutamate and GAB A receptor signalling 

in the developing brain. Neuroscience, 130: 567-580.

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Luts, A., Jonsson, SA., Guldberg-Kajaer, N., and Brun, A. (1998). Uniform abnormalities in the

hippocampus of five chronic schizophrenic men compared with age-matched controls. Acta 

Psychiatric Scandinavia, 98: 60-64.

Lynch, WJ. (2006). Sex differences in vulnerability to drug self-administration. Experimental 

Clinical Psychopharmacology, 14: 34-41.

Mackeprang, T., Kristainsen, KT., and Glenthoj, BY. (2002). Effects of antipsychotics on prepulse 

inhibition of the startle response in drug-naive schizophrenic patients. Biological 

Psychiatry, 59: 863-873,

Malva, JO., Ambrosio, AF., Cunha, RA., Ribeiro, FA., Carvalho, AP., and Carvalho, CM. (1995). 

A fimctionally active pre-synaptic high-affinity kainate receptor in the rat hippocampal 

CA3 subregion. Neuroscience Letters, 185: 83-86.

Malva, JO., Carvalho, AP., and Carvalho, CM. (1996). Domoic acid induces the release of 

glutamate in the rat hippocampal CA3 subregion. Neuroreport, 7: 1330-1344.

Martson, HM., Everitt, BJ., and Robbins, TW. (1993). Comparative effects of excitotoxic lesions 

of the hippocampus and the septum/diagonal band on condition visual discrimination and 

sçziidWQdxvàng.Neuropsychologia, 31: 1099-1118.

Mathé, JM., Nomikos, GG., Schilstrdm, B., and Svensson, TH. (1998). Non-NMDA excitatory

amino acid receptors in the ventral tegmental area mediate systemic dizocilpine (MK-801) 

induced hyperlocomotion and dopamine release in the nucleus accumbens. Journal o f  

Neuroscience Research, 57:583-592.

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Matsuura, M., Adaci, N., Oana, Y., Okubo, Y., Kato, M., Nakano, T., and Takei, N. (2004). A 

polydiagnostic and dimensional comparison of epileptic psychoses and schizophrenia 

sçQoXmmàisoxdiQxs. Schizophrenia Research, 69: 189-201.

Mattson MP., Don, P., and Kater, SB. (1988). Outgrowth-regulating actions of glutamate in 

isolated hippocampal pyramidal neurons. The Journal o f Neuroscience, 8: 2087-2100.

McDonald, JW., and Johnston, MV. (1990). Physiological and pathophysiological roles of

excititory amino acids during central nervous system development. Brain Research Brain 

Research Reviews, 75: 41-70.

McKim, WA. (2003). Drugs and Behavior: An Introduction to Behavioral Pharmacology, 5* ed. 

Upper Saddle River: New Jersey.

McNamara, RK., and Carlson, SE. (2006). Role of omega-3 fatty acids in brain development and 

function: Potential implications for the pathogenesis and prevention of psychopathology. 

Prostaglandins, Leukocytes and Essential Fatty Acids: In Press.

Meador-Woodruff, JH., Davis, KL., and Haroutunian, V. (2001). Abnormal kainate receptor

expression in prefrontal cortex in schizophrenia. Neuropsychopharmacology, 24: 545-552.

Meldrum, BS. (2000). Glutamate as a neurotransmitter in the brain: A review of physiology and 

^ddhoXogy. Journal o f Nutrition, 130: 1007S-1015S.

Meldrum, B., and Garthwaite, J. (1990). Excitatory amino acid neurotoxicity and

neurodegenerative diseases. Trends in Pharmacological Science, 11: 379-387.

Mellanby, J., Oliva, M., Peniket, A., and Nicholls, B. (1999). The effect of experimental epilepsy 

induced by injection of a tetanus toxin into the amygdala of the rat on eating behaviour and 

response to novelty. Behavioural Brain Research, 100: 113-122.

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Merali, Z., Brennan, K., Bran, P., and Anisman, H. (2003). Dissociating anorexia and anhedonia 

elicited by interleukin-Ibeta; antidepressant and gender effects on responding for "free 

chow" and "earned" sucrose intake. Psychopharmacology, 165: 413-418.

Missale, C., Nash, RS., Robinson, SW., Jaber, M., and Caron, MG. (1998). Dopamine receptors: 

From structure to function. Physiological Reviews, 78:189-225.

Mohr, P., Decker, M., Enzensperger, C., and Lehmann, J. (2006). Dopamine/serotonin receptor 

ligands. 12': SAR studies on hexahydro-dibenz[(f,g]azecin-3-ol, the first picomolar d5- 

selective dopamine-receptor antagonist. Journal o f Medical Chemistry, 49: 2110-2116.

Monyer, H., Seeburg, PH., and Wisden, W. (1991). Glutamate-operated channels:

Developmentally early and mature forms arise by alternative splicing. Neuron, 6: 799-810.

Morris, R. (1984). Developments of a water-maze procedure for studying spatial learning in the rat. 

Journal o f Neuroscience Methods, 11: 47-60.

Morris, BJ., Cochran, SM., and Pratt, JA. (2005). PCP: from pharmacology to modelling 

schizophrenia. Current Opinion in Pharmacology, 5: 101-106.

Mortensen, PB., Nogaard-Pedersen, B., Waltoft, BL., Sorensen, TL., Hougaard, D., Torrey, EF., 

and Yolken, RH. (2006). Taxoplasma gondii as a risk factor for early-onset schizophrenia: 

Analysis of filter paper blood samples attained at birth. Biological Psychiatry: In Press.

Mueser, KT., Bellack, AS., Morrison, AL., Wade, JH. (1990). Gender, social competence, and 

symptomatology in schizophrenia: a longitudinal analysis. Journal o f  Abnormal 

Psychology, 99: 138-147.

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Murray, RM., Sham, P., Van Os, J., Zanelli, J., Cannon, M., and McDonald, C. (2004). A

developmental model for similarities and dissimilarities between schizophrenia and bipolar 

disorder. Schizophrenia Research, 71\ 405-416.

Nicholls, B., Mellanby, J., and Smith, S. (1994). The effect of Ro 15-4513, an inverse agonist at 

the benzodiazepine receptor, on the exploratory response to novelty in the playground 

maze. Journal o f psychopharmacology, 8, 32-39.

Nicholls, B., Springham, A., and Mellanby, J. (1992). The playground maze: a new method for 

measuring directed exploration in the rat. Journal o f Neuroscience Methods, 43, 171-180.

Oner, O., and Munir, K. (2005). Attentional and neurocognitive characteristics of high-risk 

offspring of parents with schizophrenia compared with DSM-IV attention deficit 

hyperactivity disorder children. Schizophrenia Research, 76: 293-299.

O’Tuathaigh, CMP., Babovic, D., O’Meara, G., Clifford, JJ., Croke, DT., and Waddinton, JL.

(2006). Susceptibility genes for schizophrenia: Characterization of mutant mouse models at 

the level of phenotypic behaviour. Neuroscience and Biobehavioral Reviews: In Press.

Ozawa, S., Kamiya, H., and Tsuzuki, K. (1998). Glutamate receptors in the mammalian central 

nervous system. Progress in Neurohiology, 54: 581-618.

Packard, MG., and Knowlton, BJ. (2002). Learning and memory functions of the basal ganglia. 

Annual Reviews in Neuroscience, 25: 563-593.

Parsons, CG., Danysz, W., and Quack, G. (1998). Glutamate in CNS disorders as a target for drug 

development: An update. Drug News Perspective, 11: 523-569.

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Paschen, W., Schmitt, J., Gissel, C., and Dux, E. (1997). Developmental changes in RNA editing 

of glutamate receptor subunits GluR5 and GluR6: in vivo versus in vitro. Brain Research 

Developmental Brain Reseach, 98: 271-280.

Paschen, W., Schmitt, J., and Uto, A. (1996). RNA editing of glutamate receptor subunits GLuR2, 

GluRS, and GluR6 in transient cerebral ischemia in the rat. Journal o f Cerebral Blood Flow 

and Metabolism, 16: 548-556.

Patemain, AV., Herrera, MT., Nieto, MA, and Lerma, J. (2000). GluR5 and GluR6 kainate 

receptor subunits coexist in hippocampal neurons and coassemble to form functional 

receptors. Journal o f Neuroscience, 20: 196-205.

Patemain, AV., Rodrigues-Moreno, A., Villarroel, A., and Lerma, J. (1998). Activation and

desensitization properties of native and recombinant kainate receptors. Neurophamacology, 

37: 1249-1259.

Pennertz, CM., and Kitai, ST. (1991). Hippocampal inputs to identified neurons in an in vitro

slice preparation of the rat nucleus accumbens: evidence for feed-forward inhibition. The 

Journal o f Neuroscience, 11: 2838-2847.

Perriol, MP., Dujardin, K., Derambure, P., Marcq, A., Bourriez, JL., Pasquier, P., Defebvre, L., and 

Destee, A. (2005). Disturbance of sensory filtering in dementia with Lewy bodies; 

comparison with Parkinson’s disease dementia and Alzheimer’s disease. Journal o f  

Neurology and Neurosurgery Psychiatry, 76: 106-108.

Petronis, A., Gottesman, II., Kan, P., Kennedy, JL., Basile, VS., Paterson, AD., and Popendikyte,

V. (2003). Monozygotic twins exhibit numerous epigenetic differences: Clues to twin 

discordance. Schizophrenia Bulletin, 29: 169-178.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pitsikas, N., Rigamonti, A., Celia, S., & Muller, E. (2002). Effects of the nitric oxide donor

molsidomine on different memory components as assessed in the object-recognition task in 

the xdX. Psychopharmacology, 162, 239-245.

Pouzet, B., Andersen, MP., and Hogg, S. (2005). Effects of acute treatment with antidepressant 

drugs on sensorimotor gating in rats. Psychopharmacology, 178: 9-16.

Powell, CM., and Miyakawa, T. (2006). Schizophrenia-relevant behavioral testing in rodent 

models: a. uniquely hamandisovdev? Biological Psychiatry, 59: 1198-1207.

Prakash, N., andWurst, W. (2006). Development of dopaminergic neurons in the mammalian brain. 

Cellular and Molecular Life Sciences, 63: 187-206.

Preston, NJ. (2000). Predicting community survival in early psychosis and schizophrenia

populations after receiving intensive case management. Australian and New Zealand 

Journal o f Psychiatry, 34: 122-128.

Puma, C., and Bizot, J. (1998). Intraseptal infusions of a low dose of AP5, a NMDA receptor

antagonist, improves memory in an object recognition task in rats. Neuroscience Letters, 

248, 183-186.

Rao, ML., and Kolsch, H. (2003). Effects of estrogen on brain development and neuroprotection - 

implications for negative symptoms in schizophrenia. Psychoneuroendocrinology, 28: 83- 

96.

Rapoport, JL., Addington, AM., Frangou, S. and Pscyh, MRC. (2005). The neurodevelopmental 

model of schizophrenia: update 2005. Molecular Psychiatry, 10: 434-449.

160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reid, MS., Fox, L., Ho, LB., and Berger, SP. (2000). Nicotine stimulation of extracellular

glutamate levels in the nucleus accumbens: Neuropharmacological characterization. Synapse, 35:

129-136.

Rice D., and Barone, S. (2000). Critical periods of vulnerability for the developing nervous system: 

evidence from humans and animal models. Environmental Health Perspectives, 108 Suppl 

3: 511-533.

Riley, EP., and McGee CL. (2005). Fetal alcohol spectrum disorders: An overview with emphasis 

on changes in brain and behavior. Experimental Biological Medicine, 230: 357-365.

Ritter, LM., Vazquez, DM., and Meador-Woodruff, JH. (2002). Ontogony of ionotropic glutamate 

receptor subunit expression in the rat hippocampus. Brain Research Developmental Brain 

Research, 139: 227-236.

Rosen, JL., Miller, TJ., D'Andrea, JT., McGlashan, TH., and Woods, SW. (2006). Co-morbid 

diagnoses in patients meeting criteria for the schizophrenia prodrome. Schizophrenia 

Research, 85 : 124-31.

Ross, RG., Heinlein, S., and Tregellas, H. (2006). High rates of comorbidity in child-onset 

schizophrenia. Schizophrenia Research, 88: 90-95.

Rung, JP., Carlsson, A., Markinhuhta, KR., and Carlsson, M. (2005). (+)-MK801 induced social 

withdrawal in rats; a model for negative symptoms of schizophrenia. Progress in Neuro- 

Psychopharmacology & Biological Psychiatry, 29: 827-832.

Salamone, JD., Correa, M., Mingote, SM., and Weber, SM. (2005). Beyond the reward hypothesis: 

alternative functions of nucleus accumbens dopamine. Current Opinions in Pharmacology, 

5: 34-41.

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Salokangas, RKR., Honkonen, T., and Saarinen, S. (2003). Women have later onset than men in 

schizophrenia- but only in its paranoid form. Results of the DSP project. European 

Psychiatry, 18:274-281.

Sarkisian, MR., Tandon, P., Liu, Z., Hori, A., Holmes, GL., and Stafstrom, CE. (1997). Multiple 

kainic acid seizures in the immature and adult brain: ictal manifestations and long-term 

effects on learning and memory. Epilepsia, 38: 1157-1166.

Sayin, U., Sutula, TP., and Stafstorm, CE. (2004). Seizures in the developing brain cause adverse 

long-term effects on spatial learning and anxiety. Epilepsia, 45: 1539-1548.

Schiffer, HH., Swanson, GT., and Heinemann, SF. (1997). Rat GluR7 and a carboxyl-terminal

splice variant, GluR7b, are functional subunits with a low sensitivity to glutamate. Neuron, 

19: 1141-1146.

Schmajuk, N. (2005). Brain-behaviour relationships in latent inhibition: A computational model. 

Neuroscience and Biobehavioural Reviews, 29: 1001-1020.

Schoepp, DD., Jane, DE., and Monn, JA. (1999). Pharmacological agents acting at subtypes of 

metabatropic glutamate receptors. Neuropharmacology, 38: 1431-1476.

Shabanov, PD., Lebedev, AA., Mescherov, K., and Strel’tsov, VF. (2005). The effects of

neurochemical lesioning of dopaminergic terminals in early ontogenesis on behavior in 

adult rats. Neuroscience and Behavioral Physiology, 35: 535-544.

Shaywitz, BA., Gordon, JW., Klopper, JH., and Zelterman, DA. (1977). The effect of 6-

hydroxydopamine on habituation of activity in the developing rat pup. Pharmacology, 

Biochemistry & Behavior, 6:391-396.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Shimura, T., Kamada, Y., and Yamamoto, T. (2002). Ventral tegmental lesions reduce

overconsumption of normally preferred taste fluid in rats. Behavioural Brain Research,

124: 123-130.

Silva-Gomez, AB., Bermudez, M., Quiron, R., Srivastava, LK, Picazo, O., and Flores, G. (2003). 

Comparative behavioral changes between male and female postpubertal rats following 

neonatal excitotoxic lesions in the ventral hippocampus. Brain Research, 973: 285-292.

Simeone, TA, Sanchez, RM, and Rho, JM. (2004). Molecular biology and ontogeny of glutamate 

receptors in the mammalian central nervous system. Journal o f Child Neurology, 19: 343- 

360.

Sommer, B., Kohler, M., and Seeburg, PH. (1991). RNA editing in brain controls a determinant of 

ion flow in glutamate-gated channels. Cell, 67: 11-19.

Spanagel, F., and Weiss, F. (1999). The dopamine hypothesis of reward: past and current status. 

Current Trends in Neuroscience 22: 521-527.

Spear, LP., and Brake, SC. (1983). Periadolescence: age dependent behavior and

psychopharmacological responsivity in rats. Developmental Psychobiology 16(2): 83-109.

Steketee, JD. (2003). Neurotransmitter systems of the medial prefrontal cortex: potential role in 

psychomotor stimulants. Brain Research Reviesw, 41: 203-228.

Suto, N., Tanabe, L., Austin, JD., Creekmore, E., and Vezina, P. (2003). Previous exposure to

VTA amphetamine enhances cocaine self-administration under a progressive ratio schedule 

in an NMDA, AMPA/kainate, and metabatropic glutamate receptor-dependent manner. 

Neuropsychopharmacology, 28: 629-639.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Suvisaari, J., Haukka, J, Tanskansen, A., Hovi, T., and Lonnqvist, J. (1999). Association between 

prenatal exposure to poliovirus infection and adult schizophrenia. American Journal o f  

Psychiatry, 156: 1100-1102.

Swerdlow, NR., Braff, DL., and Geyer, MA. (2000). Animal models of deficient sensorimotor 

gating: what we know, what we think we know, and what we hope to know soon. 

Behavioural Pharmacology, 11: 185-204.

Swerdlow, NR., and Geyer, MA. (1998). Using an animal model of deficient sensorimotor gating 

to study the pathophysiology and new treatments of schizophrenia. Schizophrenia Bulletin, 

24:285-301.

Takai, H., Katayama, K., Uetsuka, K., Nakayama, H., and Doi, K. (2003). Distribution of N- 

methyl-D-aspartate receptors (NMDARs) in the developing brain. Experimental and 

Molecular Pathology, 75: 89-94.

Takahashi, M., Shirakawa,0., Toyooka, K., Kitamura, N., Hashimoto, T., Maeda, K., Koizumi, S., 

Wakabayashi, K., Takahashi, H., Someya, T., and Nawa, H. (2000) Abnormal expression of 

brain-derived neurotrophic factor and its receptor in the corticolimbic system of 

schizophrenic patients. Molecular Psychiatry, 5: 293-300.

Takahata, R., and Moghaddam, B. (2000). Target-specific glutamatergic regulation of dopamine 

neurons in the ventral tegmental area. Journal o f Neurochemistry 75: 1775-1778.

Talamo, A., Centorrino, F., Tondo, L., Dimitri, A., Heimen, J., and Baldessarini, RJ. (2006). 

Comorbid substance-use in schizophrenia: relation to positive and negative symptoms. 

Schizophrenia Research, 86: 251-255.

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tasker, RAR., Perry, MA., Doucette, TA., and Ryan, CL. (2005). NMDA receptor involvement in 

the effects of low dose domoic acid in neonatal rats. Amino Acids 28\ 193-196.

Tasker, RA., Strain, SM., and Drejer, J. (1996). Selective reduction of domoic acid toxicity in vivo 

by a novel non-N-methyl-D-aspartate receptor antagonist. Canadian Journal o f 

Physiological Pharmacology 74\ 1047-1054.

Tenn, CC., Fletcher, PJ., and Kapur, S. (2005). A putative animal model of the “prodromal” state 

of schizophrenia. Biological Psychiatry, 57: 586-593.

Term, CC., Fletcher, PJ., and Kapur, S. (2003). Amphetamine-sensitized animals show a

sensorimotor gating and neurochemical abnormality similar to that of schizophrenia. 

Schizophrenia Research, 64: 103-114.

Tidey, JW., Rohsenow, DJ., Kaplan, GB., and Swift, RM. (2005). Cigarette smoking topography in 

smokers with schizophrenia and matched non-psychiatric controls. Drug and Alcohol 

Dependence, 80: 259-265.

Turgeon, SM., and Hoge, SG. (2003). Prior exposure to phencyclidine decrease voluntary sucrose 

consumption and operant performance for food reward. Pharmacology, Biochemistry and 

Behavior, 76: 393-400.

Ujike, H. (2002). Stimulant-induced psychosis and schizophrenia: the role of sensitization. Current 

Psychiatry Reports, 4: 177-184.

van Os, RJ., Morrison, AP., and Ross, CA. (2005). Childhood trauma, psychosis and 

schizophrenia: a literature review with theoretical and clinical implication. Acta 

Psychiatrica Scandinavica, 112: 330-350.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



van den Buuse, M., Gamer, B., and Kusljic, S. (2005). Importance of animal models in

schizophrenia research. Australian and New Zealand Journal o f  Psychiatry, 39: 550-557.

Vastola BJ., Lewis, DA., Varlinskaya, EL, and Spears, LP. (2002). Nicotine-induced conditioned 

place preference in adolescent and adult rats. Physiology & Behavior, 77: 107-114

Venerosi, A., Cutuli, D., Chiarotti, F., and Calamendrei, G. (2006). C-section birth per se or

followed by acute global asphyxia altered emotional behaviour in neonate and adult rats. 

Behavioural Brain Research, 168: 56-63.

Verdoom, TA., Johansen, TH., Drejer, J., and Nielsen, EO. (1994). Selective block of recombinant 

GluR6 recpetors by NS-102, a novel non-NMDA receptor antagonist. European Journal o f  

Pharmacology, 269: 43-49.

Vemadakis, A, and Woodbury, DM. (1969). The developing animal as a model. Epilepsia 10: 

163-178.

Vorbees, CV. (1986a) Origins of behavioral teretology. In Riley EP., Vorbees, CV (Eds.) 

Handbook of Behavioral Teratology. Plenum Press: New York, pp. 3-22.

Vorbees, CV. (1986b). Principles of behavioral teratology, in E.P. Riley, Vorbees, CV. (Eds.), 

Handbook of Behavioral Teratology. Plenum Press: New York, pp. 23-48.

Wang, T., and French, ED. (1995). NMDA, kainate and AMP A depolarized nondopamine neurons 

in the rat ventral tegmentum. Brain Research Bulletin 26(1): 39-43.

Wilson, MT., and Keith, CH. (1998). Glutamate modulation of dendrite outgrowth: Alterations in 

the distribution of dendritic microtubules. Journal o f Neuroscience Research, 52: 599-611.

Wise, RA (2005). Forebrain substrates of reward and motivation. Journal o f Comparative 

Neurology, 493: 115-121.

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Wittig, TW., Decker, M., and Lechmann, J. (2004). Dopamine/serotonin receptor ligans. 9.*

Oxygen-containing midsized heterocyclic ring systems and nonrigidized analogues. A step 

toward dopamine D5 Receptor selectivity. Journal o f Medical Chemistry, 47\ 4155-4158.

Wolf, DH. (2006). Anhedonia in schizophrenia. Current Psychiatry Reports, 8: 322-328.

Xt,J., Pare, JF., Raju, DV., and Smith, Y. (2006) Localization and function of pre- and 

postsynaptic kainate receptors in the rat globus pallidus. European Journal o f  

Neurosciecne, 23: 374-86.

Zuckerman, L., Rehavi, M., Nachman, R., and Weiner, I. (2003). Immune activation during 

pregnancy in rats leads to a post-pubertal emergence of disrupted latent inhibition, 

dopaminergic hyperfunction, and altered limbic morphology in the offspring: A novel 

neurodevelopmental model of schizophrenia. Neuropsychopharmocology, 28: 1778-1789.

Zuckerman, L., and Weiner, I. (2005). Maternal immune activation leads to behavioral and

pharmacological changes in the adult offspring. Journal o f Psychiatric Research, 3P: 311- 

323.

Zuckerman, L., and Weiner, I. (2003). Post-pubertal emergence of disrupted latent inhibition 

following prenatal immune activation. Psychopharmacology, 169: 308-313.

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


