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ABSTRACT 
 

The two-hit hypothesis of schizophrenia proposes that the development of the illness 

involves an early neurodevelopmental stress component which increases vulnerability to 

later stressful life events, in combination leading to overt disease. This thesis describes a 

two-hit animal model, comprising of an early first hit in the form of 24 hours maternal 

deprivation on postnatal day 9, and a late second hit simulated by 2 weeks of 

corticosterone administration from 8 to 10 weeks of age in rats.  The project included 

behavioural studies on prepulse inhibition (PPI) regulation, locomotor activity, and 

learning and memory, and neurochemical and molecular studies on dopaminergic 

parameters, brain-derived neurotrophic factor (BDNF) and glucocorticoid receptor (GR) 

expression. 

 

In the two-hit animals, there was little effect on baseline PPI or locomotor activity. 

However, the effect of acute treatment with the dopaminergic stimulants, apomorphine, 

amphetamine and quinpirole, was markedly diminished. There were differential effects of 

either maternal deprivation or corticosterone administration on the action of these drugs.  

However, there was no change in any of the groups in the effect of the serotonin-1A 

receptor agonist, 8-OH-DPAT, on PPI, or the effect of amphetamine and phencyclidine on 

locomotor activity. 

 

The levels of dopamine D1 and D2 receptors and dopamine transporters were quantified 

by autoradiography and no changes were found in any of the groups except for a small 

increase of D1 receptor density in the nucleus accumbens of animals that underwent only 

maternal deprivation. Since alterations in receptor density do not explain the behavioural 

changes induced by the combined early and late hits, future studies should focus on 

possible desensitization of receptor signalling or other brain regions involved in PPI 

regulation. 

 

After combined maternal deprivation and corticosterone administration, rats showed a 

short-term spatial memory deficit in the Y-maze, and also a long-term spatial memory 

consolidation delay in the Morris water maze, with no changes in animals that were either 

maternally deprived or administrated with corticosterone. In contrast, there were no 

deficits in working memory as assessed by the delayed alternation T-maze test.  
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In situ hybridization studies revealed a unique and significant 25-30% reduction of 

BDNF expression in the dentate gyrus and similar trends in the CA1 and CA3 regions of 

the hippocampus after combined maternal deprivation and corticosterone treatment. This 

BDNF reduction in the hippocampus may underlie the spatial memory deficits. On the 

other hand, there was no difference between the groups with respect to GR expression in 

the hippocampus, suggesting the presence of compensatory changes in this parameter. 

 

In conclusion, this thesis describes persistent alterations in the regulation of PPI and in 

spatial memory, coupled with BDNF expression reductions, after combined early and late 

developmental insults. This two-hit model demonstrates the importance of multiple 

environmental factors along the neurodevelopmental trajectory in the pathophysiology of 

schizophrenia. 
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1.1 Schizophrenia: importance of developmental factors 

The mechanisms underlying the development of schizophrenia remain unclear despite 

many years of research (Harrison, 1999). Different from other psychotic disorders, it is 

often referred to as the graveyard of mental health research (Harrison, 1995). 

Schizophrenia is a severe mental illness characterized by a defined set of symptoms, 

which are grouped into positive symptoms, negative symptoms and cognitive impairment. 

Positive symptoms include delusions, hallucinations and thought disorder, whereas 

negative symptoms include affective flattening and emotional and social withdrawal 

(Kandel, 2000). Cognitive impairment includes deficits in verbal memory, language 

function and attention (Harrison, 1999). 

 

Schizophrenia is commonly referred to as a developmental disorder and early 

environmental and genetic adverse events may lead to an alteration of the normal 

maturation of the brain. These abnormalities predispose to onset of symptoms of 

schizophrenia as early as 20 years of age (WHO, 2004). Genetic predisposition clearly 

plays an important role in schizophrenia (Kinney and Matthysse, 1978; Crow, 1986; 

Davies et al., 1998; McDonald and Murray, 2000; Maki et al., 2005; Weickert et al., 2007) 

with genetic factors or deficits contributing to cellular and morphological changes which 

may lead to schizophrenic pathology (e.g. (Weickert and Weinberger, 1998; Weickert et 

al., 2007)). Recent research has identified several gene loci associated with schizophrenia 

by studying siblings of high risk subjects and schizophrenia patients, for example genes 

in the 8p22-8p21 region (i.e. chromosome 8) (Kendler et al., 2000; Weinberger, 2005). 

For example, altered expression of catechol-O-methyl transferase (COMT) located at 

22q11, which catalyses catechols such as dopamine and is largely expressed in 

prefrontal cortex and hippocampus, was suggested to be implicated in schizophrenia 

pathology (Harrison and Weinberger, 2005). However, the mechanism by which is 

contributes to schizophrenia remains unclear, partly due to its low expression in brain 

regions rich in dopamine, such as the striatum (Harrison and Weinberger, 2005). 

Likewise, neuregulin 1 at 8p12-21 may be involved in neuronal maturation and 

synaptogenesis, and was found to be altered in expression in schizophrenia as compared 

to family members (Harrison and Law, 2006). Another example of gene alteration is 

‘disrupted in schizophrenia 1’ (DISC1) gene in 1q42, which is involved in neuronal cell 

signaling (Harrison and Weinberger, 2005; Mackie et al., 2007). Apart from studying 
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these genes in humans, their mechanisms can be further investigated in genetically 

modified mice, for example regulator of G-protein signalling protein (Ebert et al., 2006). 

With the aid of these genetically-modified animal models, further understanding of the 

genes’ role in the pathological pathway leading to schizophrenia, can be obtained.  

Specific behavioural changes relevant to schizophrenia could be studied, such as prepulse 

inhibition and locomotor hyperactivity, as discussed in later sections (see section 1.3). 

 

However, the observation, that even in identical twins the risk of developing 

schizophrenia is just under 50% (McGue and Gottesman, 1991; Gottesman and 

Erlenmeyer-Kimling, 2001), indicates that environmental factors are also important. This 

means that the illness is at least partly caused by stressful factors or events early in life 

(Harrison, 1997; Marenco and Weinberger, 2000; Read et al., 2001). If the developmental 

disruptions are extremely severe, onset time could be even earlier, for example during 

childhood (Greenstein et al., 2006). Epidemiological schizophrenia studies have 

suggested a wide range of possible early causes for the disease (Marenco and Weinberger, 

2000). Adverse environmental factors during pregnancy have received particular 

attention in the literature, for example the Dutch famine during World War II, 

immigration into the New York states in the US during the 30s-60s (Selten and 

Cantor-Graae, 2004), the Tangshan earthquake in China in 1976 (Mednick et al., 1998) 

and influenza infection (Mednick et al., 1998; Brown and Susser, 2002). Other studies 

focused on winter or urban birth (Kinney and Matthysse, 1978; Brown and Susser, 2002) 

and specific nutritional species e.g. vitamin D (McGrath, 1999; McGrath et al., 2004). 

Factors during birth, such as obstetric complications, may result in smaller hippocampus 

and larger ventricular volume, smaller head circumference and delayed growth of the 

nervous system, leading to poorer academic and physical performance during childhood 

(Jones et al., 1994; Cannon, 1998; Cantor-Graae et al., 1998a; Cannon et al., 1999). 

 

It should be noted, that epidemiological studies usually involve investigating the medical 

history of patients and their family and from these studies it has become clear that patients 

who developed schizophrenia often experienced different forms of prenatal or early 

postnatal disturbances in their life (e.g. (Isohanni et al., 2001; Maki et al., 2003; Isohanni 

et al., 2004)). However, shortcomings of these retrospective studies are that detailed 

measurements are missing, for example cognitive assessment or brain imaging records of 

the currently chronic patients. Nevertheless, based on extensive epidemiological studies, 
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the developmental hypothesis of schizophrenia has been proposed, in that this mental 

illness results from pre- or early postnatal disturbances which affect the normal 

development of the brain (Weinberger, 1995; Waddington et al., 1999). 

 

1.2 Schizophrenia: structural and neurochemical abnormalities 

Extensive imaging or post-mortem research has been conducted into the pathological 

mechanisms involved in schizophrenia. Imaging techniques, including positron emission 

tomography [PET] or single photon emission tomography [SPET]) using radioligands 

such as 18F-NMSP, 123I-IBZM and 11C-WAY-100635, allows to detect the abundance of 

different neurotransmitter receptors, such as of dopamine and serotonin (5-HT), in brain 

regions of interest of living subjects (Soares and Innis, 1999; Bantick et al., 2004; 

Pilowsky, 2004). Such studies in patients with schizophrenia have revealed increased 

density of dopamine D2 receptors in the striatum and involvement of cortical 

serotonin-2A (5-HT2A) receptors in atypical antipsychotic treatment effects (Pilowsky, 

2004). 

 

There is extensive post-mortem and imaging evidence for mesolimbic dopaminergic 

hyperactivity, mesocortical dopaminergic hypoactivity and cortical and subcortical 

glutamatergic hypoactivity in patients with schizophrenia (Stone et al., 2007). Unlike 

certain neurodegenerative diseases, such as Parkinson’s or Alzheimer ’s disease, cell loss 

is not a major characteristic of schizophrenia. Instead, generally aberrant 

neuroanatomical features have been described, including reduced neuronal 

connectiveness and shrunken neurons (Harrison, 1995; Falkai et al., 1999; Marenco and 

Weinberger, 2000). These abnormal neuronal connections are most likely caused by 

developmental disruptions rather than resulting from an acute and recent trauma prior to 

symptom onset. Permanent morphological and connectivity changes arise when the brain 

shows a high degree of developmental plasticity during gestation and the early postnatal 

period (Weickert and Weinberger, 1998). Furthermore, these changes do usually not 

happen within weeks or months prior the onset of symptoms, instead they arise from 

developmental components through a long-term process. (Bunney and Bunney, 2000; 

McGlashan and Hoffman, 2000). The following sections highlight specific brain regions 

affected in schizophrenia. 
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1.2.1 Brain regions affected in schizophrenia: Prefrontal cortex 

Amongst many other functions, the prefrontal cortex is involved in the temporary storage 

of ‘moment-to-moment’ information, referred to as working memory (Perry et al., 2001). 

Patients with schizophrenia are widely reported to display prefrontal cortical dysfunction, 

demonstrated as deficits in verbal and spatial working memory (Perry et al., 2001). 

Anatomical abnormalities of the prefrontal cortex and its connections with other brain 

regions such as hippocampus, thalamus and cerebellum, are believed to be associated 

with these working memory deficits and also the negative symptoms observed in 

schizophrenia (Fletcher, 1998; Heckers et al., 1998; Takahashi et al., 2006a). Postmortem 

and imaging studies have found reduced and aberrant synaptic connections and reduced 

prefrontal processing, respectively, in schizophrenia patients (Bunney et al., 1997; 

McGlashan and Hoffman, 2000). Functional MRI (fMRI) studies have demonstrated 

functional prefrontal cortex reduction in first-episode patients with schizophrenia 

(Greenstein et al., 2006; Fusar-Poli et al., 2007) and associated these changes with early 

developmental disruption or genetic deficits (Perlman et al., 2004; Weickert et al., 2007). 

Also other studies suggested that reduced prefrontal cortical function was associated with 

working memory deficits found in schizophrenia (Weinberger et al., 2001; Fusar-Poli et 

al., 2007). Instead of neuronal loss or degeneration leading to volume reduction and 

ventricular enlargement, neuronal density was found to be higher due to the reduction of 

neuronal soma size and abnormal synaptic connections (Selemon et al., 1995). These 

changes have been suggested to be caused by developmental disruptions (Friedman et al., 

1999; Weinberger et al., 2001). Similar to other brain regions, the prefrontal cortex 

undergoes dynamic changes along the developmental trajectory and any stress insult 

along this line could induce persisting abnormalities involved in schizophrenia symptoms 

(Weinberger, 1987; Weickert et al., 2007). 

 

Both acute and neurodevelopmental animal model studies have addressed the possible 

role of the prefrontal cortex in schizophrenia, for example by local infusions or lesions of 

the region (for review see (Swerdlow and Geyer, 1998)). More details of these animal 

model studies on prefrontal cortex involvement in schizophrenia will be discussed in later 

sections. 
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1.2.2. Brain regions affected in schizophrenia: hippocampal formation 

The hippocampus plays an important role in brain plasticity (Eriksson et al., 1998) and 

memory formation and consolidation (Gould et al., 1999). Several studies have focused 

on abnormalities of the hippocampus in schizophrenia (Luchins, 1990; Arango et al., 

2001; Harrison and Eastwood, 2001; Schmajuk, 2001; Phillips et al., 2002; Smith et al., 

2003; Harrison, 2004; Heckers, 2004). Hippocampal volume was found to be reduced in 

all hippocampal subregions in most schizophrenic patients, ranging from onset status to 

severe or late status, and again no linkage was found to neuronal loss or gliogenesis 

(Falkai and Bogerts, 1986; Velakoulis et al., 1999; Copolov et al., 2000; Velakoulis et al., 

2001; Connor et al., 2004). Similar to the frontal cortex, the volume reduction without 

neuronal loss in the hippocampus was explained by increased neuronal density and 

occasionally neuronal size reduction (Berger et al., 2003; Harrison, 2004; Heckers, 2004). 

Morphological abnormalities included neurons being ‘closely packed and smaller’ and 

displays less connectivity. In addition, the levels of specific synapse-associated proteins, 

such as synaptosomal associated protein 25 (SNAP-25) and growth-associated protein 43 

(GAP-43), were found to be reduced in postmortem brains of schizophrenic patients 

(Weinberger, 1999; Knable et al., 2004; Barr et al., 2006). With respect to functional 

aspects, fMRI studies revealed that patients with schizophrenia had abnormal blood flow 

and glucose metabolism at baseline and during hippocampal-based cognitive tasks such 

as novelty detection and cued recall (Heckers, 2004).  

 

Animal model studies showed that the ventral hippocampus is associated with frontal 

cortex function and dopaminergic transmission while the dorsal hippocampus is 

prominently involved in memory formation (Bannerman et al., 2002; Lipska, 2004). 

Developmental animal studies furthermore showed that early postnatal lesions of the 

hippocampus resulted in changes in behaviour and neurochemistry different from effects 

seen after adult lesions (Bachevalier et al., 1999). Further review of the effects of 

hippocampal lesions in animal models of aspects of schizophrenia will be discussed in 

later sections of this chapter. 

 

The hippocampus is also an integral component of the HPA-axis and it was found that 

patients with schizophrenia exhibit abnormalities of HPA regulation (Yui, 2007). 

Schizophrenia has been referred to a ‘diathesis-stress’ disease (Walker and Diforio, 1997; 
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Walker et al., 1999; Rector et al., 2005). Stress worsens schizophrenic symptoms, and 

may impact on the pathological course of schizophrenia along the developmental 

trajectory (Walker and Diforio, 1997; Walker et al., 1999). Stress is also associated with 

increased dopaminergic transmission, expressed as enhanced dopamine turnover and 

receptor expression (Walker and Diforio, 1997). In human aging and mental illnesses, 

disruptions of the HPA axis are often associated with higher cortisol levels which cause 

disruption of hippocampal function (Lupien et al., 1999), leading to deficits in 

sensorimotor gating and learning and memory. More details of this involvement will be 

discussed in later sections. 

 

1.2.3. Other regions affected in schizophrenia 

Apart from the prefrontal cortex and hippocampus, post-mortem and functional brain 

imaging studies have identified several other brain regions affected in schizophrenia, 

such as enlarged nucleus accumbens (Lauer et al., 2001), enlarged ventricles (for review, 

see (Read et al., 2001)), delayed development of the cerebellum leading to dysfunction of 

the frontal cortico-cerebellar system (Turner and Schiavetto, 2004; Ridler et al., 2006), 

thalamus, and frontal regions other than the prefrontal cortex, such as the cingulate cortex 

(Pantelis et al., 2003; Gogtay et al., 2004). In these regions and other subcortical 

structures, similar volume reduction, shrunken neurons and lesser connectivity was 

reported as in the prefrontal cortex and hippocampus, although the reports are less 

consistent. 

 

1.2.4 Neurotransmitter systems affected in schizophrenia 

The ‘dopamine hypothesis’ of schizophrenia states that dopaminergic hyperactivity is the 

major cause for schizophrenic symptoms (reviewed in (Laruelle et al., 1999; Laruelle, 

2000)). This concept was proposed almost two decades ago and based on two research 

directions: (1) typical and atypical antipsychotic drugs are dopamine receptor antagonists 

(e.g. (Stone et al., 2005)) and (2) psycho-stimulants, which mainly act on dopaminergic 

transmission e.g. amphetamine and apomorphine, can mimic a psychotic state or worsen 

schizophrenic positive symptoms (Deutch, 1993). 

 

More recent research has resulted in a better understanding of mechanisms involved in 

schizophrenia and revealed a dopaminergic imbalance, instead of hyperactivity alone. 
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Thus, positive symptoms of schizophrenia are associated with hyper-dopaminergic 

transmission in mesolimibic brain regions. On the other hand, the negative symptoms are 

mainly associated with hypo-dopaminergic mesocortical transmission. Dopaminergic 

challenges, such as with amphetamine, may trigger positive symptoms in humans and 

mimic these symptoms in pharmacological animal models. These effects prominently 

involve dopamine D2 receptors (Takahashi et al., 2006a). Real-time PET studies in 

humans using D2 radiotracers such as [11C]-raclopride (Okubo et al., 1999)), have shown 

increased D2 occupancy in antipsychotic naïve or first episode patients (Okubo et al., 

1999; Takahashi et al., 2006a). Some postmortem studies have shown increased D2 

receptor levels in striatum (Zakzanis and Hansen, 1998). In contrast, the association of 

negative symptoms with hypo-dopaminergic stimulation in the prefrontal cortex was 

suggested to involve dopamine D1 receptors (Williams and Castner, 2006). In 

schizophrenic patients, a reduction of D1 receptor density and dopaminergic innervation 

density has been described in the prefrontal cortex (Williams and Castner, 2006). 

 

In addition to dopamine, several other neurotransmitters have been implicated in 

schizophrenic symptoms (reviewed in (Lewis and Gonzalez-Burgos, 2006; Jarskog et al., 

2007). For example, a role for serotonin has been suggested because several effective 

atypical antipsychotic drugs have high affinity for serotonin receptors as well as 

dopamine receptors (Bantick et al., 2004; Jarskog et al., 2007). Serotonin also plays a role 

in hippocampus development through growth and neurotrophic stimulation (Hohmann et 

al., 2007). Furthermore, extensive literature suggests an involvement of both classic 

excitatory and inhibitory neurotransmission – the glutamatergic and GABAergic systems 

- in the development and pathological mechanisms of schizophrenia (Law et al., 2003; 

MacDonald and Chafee, 2006; Stone et al., 2007). 

 

1.3 Animal behavioural models of aspects of schizophrenia 

Although it is impossible to model in animals the complex human mental disease that is 

schizophrenia, animal models can enable us to focus on different aspects of the illness 

(Lillrank et al., 1995; Lipska and Weinberger, 2000). The two most widely used animal 

behavioural models of schizophrenia are disruptions of prepulse inhibition, 

corresponding to sensorimotor gating deficits (Swerdlow and Geyer, 1998) and 

psychotomimetic drug-induced locomotor hyperactivity for psychosis. Other behavioural 
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models involve cognitive testing or assessment of social interaction as a model of 

negative symptoms (van den Buuse et al., 2005). These behavioural test models have 

been used together with a variety of genetic, pharmacological or lesions treatments, so as 

to reveal brain regions and neurotransmitter mechanisms associated with schizophrenic 

aspects (van den Buuse et al., 2003; Lipska, 2004). 

 

1.3.1 Sensorimotor gating deficits: prepulse inhibition (PPI) 

1.3.1.1 General overview of PPI 

Patients with schizophrenia exhibit sensory information gating deficits, which means 

they are unable to filter relevant information from their surroundings (Braff and Geyer, 

1990; Geyer et al., 1990; Geyer et al., 2001), resulting in an overloading of information 

(Figure 1.1). Prepulse inhibition (PPI) is a measure of sensorimotor gating in the brain 

and patients with schizophrenia exhibit PPI disruption. In PPI a startle reflex to a strong 

acoustic stimulus, which utilizes a short neuronal pathway, is inhibited by a small, 

non-startling pre-stimulus which activates an inhibitory ‘gate’ leading to an inhibitory 

effect on the motor output of the startle reflex (Swerdlow et al., 1999) (Figure 1.2). In an 

experimental PPI design, the magnitude of the non-startle stimuli and the latency between 

the non-startle and startle stimuli are important determinants of the extent of PPI.  For 

PPI of the acoustic startle reflex, the most effective latency is around 100-500ms (see 

details in Chapter 3 and 4 for PPI methods).  PPI can be easily measured in humans and 

animals and has become a standard technique to assess sensory gating (see Unit 8.7 in 

Current Protocols in Neuroscience (1998)) (Braff and Geyer, 1990; Geyer and Swerdlow, 

1998). Other, less widely used PPI methods use non-auditory stimuli, such as a light 

prepulse or air puff startle stimulus (Ralph et al., 2001).  

 

Apart from patients with schizophrenia, including first-degree relatives of the patient, PPI 

was also found to be disrupted in other neurological disorders such as post-traumatic 

stress disorder (PTSD), obsessive-compulsive disorder (OCD) and Huntington’s disease 

(Swerdlow et al., 1993; Braff et al., 1999; Braff et al., 2001). The investigation of the 

brain regions that are involved in PPI regulation has included systemic administration of 

neurotransmitter receptor agonists or antagonists, or specific regional approaches such as 

intracranial infusions and specific lesions. PPI is regulated by multiple brain regions, and 

this circuitry has been referred to as the limbic (hippocampus, amygdala and entorhinal 
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cortex) -cortico (frontal and prefrontal cortex) -striato (caudate putaman and nucleus 

accumbens) –pallido (pallidum and pontine tegmentum) –thalamic (CCPT) circuitry 

(Csernansky and Bardgett, 1998; Swerdlow et al., 1999; Swerdlow et al., 2001a; 

Shoemaker et al., 2005). Among these brain regions, lesion studies have shown particular 

importance of the prefrontal cortex and hippocampus in PPI regulation (Swerdlow et al., 

1995; Bast and Feldon, 2003). The circuitry and neurotransmitter systems involved in PPI 

have been summarised in recent reviews (Koch, 1999; Geyer et al., 2001; Swerdlow et al., 

2001a) and will only briefly be summarized in the following sections. 

 

1.3.1.2 Dopaminergic regulation of PPI 

Early studies showed that systemic treatment with the dopamine D1/D2 receptor agonist, 

apomorphine, or the dopaminergic psychostimulant, amphetamine, caused a disruption of 

PPI (Swerdlow et al., 1986; Mansbach et al., 1988). Many subsequent studies then 

showed that this effect was mediated by stimulation of dopamine D2 receptors in 

mesolimbic dopaminergic regions, including the striatum and nucleus accumbens (Davis 

et al., 1990; Peng et al., 1990; Wan and Swerdlow, 1993; Caine et al., 1995; Zhang et al., 

2000a). Some of this evidence included experiments with local infusion of dopamine or 

D2 receptor agonists into the striatum or nucleus accumbens (Swerdlow et al., 1990b; 

Swerdlow et al., 1990c; Swerdlow et al., 1992; Wan et al., 1994) or studies in dopamine 

D2 knock-out mice (Ralph et al., 1999). In contrast, while some studies suggested that the 

dopamine D1 receptor does not appear to play an important direct role in PPI regulation at 

the nucleus accumbens level (Wan and Swerdlow, 1993), other studies showed that 

apomorphine-induced PPI disruption could be reversed by D1 antagonists (Swerdlow et 

al., 1991) as well as D2 antagonists (e.g. haloperidol) (Swerdlow and Geyer, 1993; Wan 

and Swerdlow, 1993; Swerdlow et al., 1994). D1 receptors may contribute to PPI 

regulation via the prefrontal cortex (de Jong and van den Buuse, 2006) or an alternative 

pathway independent from nucleus accumbens or frontal cortex (Swerdlow et al., 2006).  

 

Recently, studies have focused on the dopamine responsiveness at the intracellular level, 

including the associated second messenger systems (G-protein system).  Mechanisms 

such as chronic dopaminergic desensitization and antipsychotic treatment could affect the 

PPI regulating circuitry long-term (Martinez et al., 1999; Martinez et al., 2000; Schulz et 

al., 2001; Culm et al., 2003; Tenn et al., 2003; Culm et al., 2004; Gould et al., 2004). 

Interestingly, patients with schizophrenia have altered G protein coupling in the nucleus 
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accumbens (Culm et al., 2003). Such long-term and developmental changes in signalling 

mechanisms could result from altered growth factor and trophic factor expression 

essential for PPI regulation (Sotoyama et al., 2007).  

 

Focusing on afferent (input) and efferent (output) projections from the striatum and 

nucleus accumbens regions (Figure 1.2), it has been shown that the nucleus accumbens 

innervates the ventral pallidum (Swerdlow et al., 1990a) via inhibitory GABAergic 

neurons (Swerdlow et al., 1990a; Swerdlow et al., 1990b). The pedunculopontine 

tegmental nucleus is downstream of the ventral pallidum (Swerdlow et al., 1990a; 

Swerdlow et al., 1994; Swerdlow et al., 1999). Dopaminergic neurons innervating the 

striatum and nucleus accumbens originate from the substantia nigra (Jackson and Kelly, 

1983; Swerdlow et al., 1986; Wan et al., 1995) and ventral tegmental area, respectively 

(Koch et al., 2000; Eisch et al., 2003). In addition to the striatum and nucleus accumbens, 

dopaminergic neurons innervate limbic regions, including hippocampus and amygdala 

(Ellenbroek et al., 2002; Stevenson and Gratton, 2004) and also the prefrontal cortex 

(Bubser and Koch, 1994; Ellenbroek et al., 1996; Bakshi and Geyer, 1998), all of which 

are involved in the regulation of PPI. 

 

In contrast to dopamine D1 and D2, the role of other dopamine receptors in PPI, e.g. D3 

and D4 receptors, is less clear and more studies are required (e.g. (Caine et al., 1995; 

Geyer et al., 1999)). Importantly, after more than a decade of animal research, the 

important role of dopamine in regulating PPI was recently also demonstrated in human 

subjects (Swerdlow et al., 2002). 

 

1.3.1.3 PPI regulated by glutamatergic (NMDA) system 

Treatment with glutamatergic NMDA receptor antagonists is another way to induce PPI 

disruption (Swerdlow et al., 1996) even in the absence of dopamine D1 and D2 receptors 

(Ralph-Williams et al., 2002). NMDA receptor-mediated regulation of PPI appears to be 

independent from dopaminergic effects. Atypical antipsychotic are more effective than 

typical antipsychotics in blocking NMDA receptor antagonist effects on PPI, while the 

reverse is true for dopaminergic effects on PPI (Bakshi et al., 1994; Wiley, 1994).  

 

It is generally accepted that the nucleus accumbens does not play a major role in NMDA 

regulation of PPI (Wiley, 1994; Linn et al., 2003), despite some reported inconsistencies 
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between the effect of NMDA agonist and antagonist drugs at the level of this nucleus 

(Reijmers et al., 1995; Swerdlow et al., 1996).  Instead, PPI disruption by NMDA 

antagonist appears to involve the hippocampus and prefrontal cortex (Bakshi et al., 1994; 

Bakshi and Geyer, 1998). In turn, the hippocampus indirectly affects nucleus accumbens 

neuronal activity and dopamine release (Klarner et al., 1998; Zhang et al., 2002c). The 

hippocampus receives afferent input from the entorhinal cortex and ventral subiculum via 

NMDA transmission and subsequently outputs via the prefrontal cortex (Shoemaker et al., 

2005), but not the fornix (Swerdlow et al., 2004). The ventral hippocampus, rather than 

dorsal hippocampus, is more directly involved in PPI regulation (Swerdlow et al., 2001b; 

Zhang et al., 2002c), although the integrity of the dorsal hippocampus is essential for 

normal PPI maintenance (Zhang et al., 2002b; Kusljic et al., 2003; Kusljic and van den 

Buuse, 2004). Interestingly, the ventral hippocampus is essential for neuronal survival in 

the nucleus accumbens and also tyrosine hydroxylase activity which affects dopamine 

release in this nucleus (Goto et al., 2004; Uehara et al., 2007). Finally, it was shown that 

normal NMDA activity during development is essential for PPI regulation in the adult 

and also normal expression of neurotrophic factors, such as BDNF (Takahashi et al., 

2006b). 

 

1.3.1.4 PPI regulated by other neurochemical system 

GABAergic transmission is essential for PPI regulation as it acts as the main ‘inhibition’ 

downstream from the prepulse pathways (Figure 1.2). Apart from this downstream 

inhibition, it has been shown that GABAergic input also modulates PPI via the prefrontal 

cortex and ventral hippocampus (Japha and Koch, 1999).  

 

Serotonergic regulation of PPI interacts with dopaminergic involvement in brain regions, 

such as hippocampus, ventral pallidum and the raphe nuclei (Sipes and Geyer, 1994, 1995; 

Sipes and Geyer, 1997; Kusljic et al., 2003). Interestingly, serotonin interacts with sex 

hormones in PPI regulation (Gogos and van den Buuse, 2003; Gogos and Van den Buuse, 

2004), similar to the interaction found between sex hormones and dopaminergic 

responsiveness (Byrnes et al., 2007). Serotonergic effects on PPI are sensitive to atypical 

antipsychotics which act on serotonergic receptors (Geyer and Swerdlow, 1998; 

Swerdlow and Geyer, 1998; Kusljic et al., 2006).  
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Finally, amongst many other neurotransmitters with an involvement in PPI, the 

cholinergic system regulates PPI via the hippocampus CA1 and dentate gyrus regions 

(Caine et al., 1991, 1992). Adenosine A1 and A2a receptors modulate PPI by interacting 

with dopaminergic activity in the nucleus accumbens (Hauber and Koch, 1997; 

Schwienbacher et al., 2002). 

 

1.3.1.5 Environmental and developmental regulation of PPI 

Both environmental and developmental factors play an important role for normal PPI 

regulation (Geyer et al., 2001). Isolation rearing causes PPI disruption and enhanced 

amphetamine-induced PPI disruption (Geyer et al., 1993; Wilkinson et al., 1994). Most 

likely this effect was mediated by an isolation-induced increase in striatal dopamine 

release and changes of dopamine metabolism in the prefrontal cortex (Wilkinson et al., 

1994; Eells et al., 2006) and nucleus accumbens (Powell et al., 2003; Leng et al., 2004). 

Restraint stress also alters dopaminergic regulation of PPI (Pijlman et al., 2003). The 

integrity of several brain structures, such as hippocampus and prefrontal cortex, 

differential gene expression, and also neurochemical homeostasis are essential for normal 

PPI regulation. Further discussion of developmental factors in PPI regulation will be 

discussed in section 1.4: Neurodevelopmental animal models. 

 

1.3.2 Psychosis-state in schizophrenia: Locomotor hyperactivity 

Locomotor hyperactivity induced by dopaminergic hyperactivity or glutamatergic 

inbalance (either hyper- or hypoactivity) has been widely used to model positive 

symptoms or psychosis state of patient of schizophrenia. Technically, locomotor activity 

(or hyperactivity) can be simply quantified using automated photocell cages (Beninger et 

al., 1985; Kusljic et al., 2003) which allow parameters such as total distance travelled and 

other behaviours to be recorded for a set duration (Beninger et al., 1985; Kusljic et al., 

2003).  Most rodent studies have used psychostimulants, such as the dopamine releasing 

agent, amphetamine, or hallucinogens, such as phencyclidine.  The action of 

amphetamine for inducing locomotor hyperactivity relies on dopamine release from 

projections originating in the substantia nigra and ventral tegemental area (Kelly et al., 

1975) stimulating dopamine D1 and D2 receptors in striatum, nucleus accumbens (Plaznik 

et al., 1989; Wilkinson et al., 1993) and prefrontal cortex (Shoblock et al., 2003). A 

similar dopaminergic hyperactivity is thought to be present in schizophrenia (Geyer and 
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Markou, 1995; van den Buuse et al., 2005).  Apart from the dopamine system, 

amphetamine also interacts with other neurotransmitter systems such as serotonin and 

noradrenaline in the frontal cortex. Phencyclidine also induces an amphetamine-like 

hyperactivity in rodents (Thornberg and Saklad, 1996). In contrast to amphetamine, 

though, this hyperactivity is associated with deactivation of efferent glutamatergic 

pathways from the nucleus accumbens, such as to the ventral pallidum (De Leonibus et al., 

2001)(Figure 1.2).  This action is mediated by phencyclidine being a non-competitive 

glutamatergic NMDA receptor antagonist. Its main site of action furthermore includes 

prefrontal cortex and hippocampus where there is a high level of expression of NMDA 

receptors.  

 

Dopaminergic and glutamatergic regulation of locomotor activity may interact (Jentsch et 

al., 1998; Mueller et al., 2004). For example, repeated treatment of the dopamine releaser, 

methamphetamine, sensitised the locomotor response induced by the NMDA receptor 

antagonist, MK-801 (Ito et al., 2006). Environmental and developmental factors are also 

involved in modulating locomotor hyperactivity; for example prenatal stress, late stress 

or high-dose corticosterone treatment, and environmental enrichment interact with 

dopaminergic activity in the accumbens/striatial region (Cador et al., 1993; Diaz et al., 

1995; Zhu et al., 2004; Rahman and Bardo, 2008).  

  

Increased dopaminergic activity in the nucleus accumbens also causes disruption of PPI 

(section 1.3.1.2 above), however studies have shown that some treatments disrupt PPI but 

do not induce hyperactivity, or vice versa. For example, locomotor hyperactivity and 

increased startle were found after infusion of MK-801 into the dorsal hippocampus, 

however PPI was not altered (Zhang et al., 2000b). Similarly, pretreatment with 

antipsychotics, for example haloperidol and clozapine, could reverse NMDA-induced 

hyperactivity but not PPI disruption (Bast et al., 2001). Therefore, there are shared and 

separate brain regions involved in PPI and locomotor regulatory pathway. 

 

1.3.3 Cognitive deficits: learning and memory tests 

Cognitive deficits are a prominent characteristic of schizophrenia. Antipsychotic 

mediation rarely improves these deficits despite being able to reverse symptoms such as 

hallucinations and delusions (Bowie and Harvey, 2005, 2006). Aspects of both working 
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memory and short-term spatial memory are generally found deficient in schizophrenic 

patients, be it chronic or first–episode patients, or even in patients’ close relatives (Purohit 

et al., 1993; Harvey et al., 1998; Ismail et al., 2000; Oosthuizen et al., 2002; Wood et al., 

2002; Kim et al., 2004a; Barch, 2005; White et al., 2006). Brain regions involved in 

learning and memory in humans are the frontal and prefrontal cortex and limbic areas 

including entorhinal cortex, amygdala and hippocampus (Hemsley, 1993; Fletcher et al., 

1998; O'Donnell and Grace, 1998; Barch, 2005; Ho et al., 2006). In brain imaging studies, 

either prefrontal cortex or hippocampus regions remained inactive or were less activated 

when patients with schizophrenia were challenged with graded memory test (Fletcher et 

al., 1998), verbal episodic memory retrieval (Heckers et al., 1998) or a recognition 

memory task (Weiss et al., 2004a). The cognitive deficits seen in schizophrenia are not 

due to neuronal degeneration, but could be associated with reduced synaptic connectivity 

and shrunken neurons in the prefrontal cortex and hippocampus (Wong, 1997; 

Weinberger, 1999). This abnormal neuronal morphology was suggested to be caused by 

an early disruption-induced delayed development predisposing to neurochemical deficits, 

for example abnormal GABAergic firing in the prefrontal cortex (Lewis et al., 2004b; 

Toulopoulou et al., 2004; McGrath et al., 2006; Murray et al., 2006).  

 

Working memory function is referred to as temporary ‘moment-to-moment’ information 

which is constantly updated or retrieved from long term memory (Goldman-Rakic and 

Selemon, 1997; Perry et al., 2001; Barch, 2005). Altered dopaminergic function in the 

prefrontal cortex, associated with pathological changes in this area, may form the basis 

for disorganised working memory function in schizophrenia (Goldman-Rakic and 

Selemon, 1997). In rodents, working memory can be assessed using exploration tests 

such as the Y-maze, or reward tests, such as the T-maze or radial-arm maze alternation. 

These behavioural test models have shown involvement of frontal cortical and limbic 

areas, including hippocampus and amygdala, in working memory performance in rodents 

(Seamans et al., 1998; Lee and Kensner, 2003; Castner et al., 2004; Roozendaal et al., 

2004; Marquis et al., 2006). 

 

Memory consolidation involves information being ‘looped’ in limbic areas including 

amygdala, entorhinal cortex and hippocampus (Wong, 1997; Sweatt, 2004). This 

‘short-term’ memory is consolidated by reinforcing the looped circuitry, and then 

converted to ‘long-term’ memory via connections from subcortical regions to the cortex 
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(Wong, 1997; Sweatt, 2004). Experimental tests involving spatial memory acquisition, 

consolidation and retrieval usually focus on the animal’s spatial and context memory for 

the testing environment.  Thus, using environmental cues the animal is required to 

perform an efficient search or escape strategy. Details of the working memory and spatial 

memory protocols used in this thesis will be discussed in chapter 6. 

 

Cognitive dysfunction can be correlated with altered glutamatergic, dopaminergic and 

GABAergic transmission at the corticolimbic interface (Adams and Moghaddam, 1998; 

Newcomer et al., 1999; Lewis et al., 2004a; Olypher et al., 2006). In addition, changes in 

hypothalamic-pituitary-adrenal (HPA) axis components, such as cortisol levels and 

glucocorticoid receptors, are associated with cognitive deficits at least partly by 

modulating dopaminergic activity (Walder et al., 2000; Mizoguchi et al., 2004). For 

example, previous animal studies have demonstrated long-term spatial memory deficits 

and working memory deficits after hippocampus lesions (Csernansky et al., 1998; Lipska 

et al., 2002), administration of NMDA receptor antagonists (Nabeshima et al., 2006; 

Abdul-Monim et al., 2007; Grayson et al., 2007), or glucocorticoid receptor agonist 

administration (Roozendaal et al., 2004). Previous studies also indicated the importance 

of developmental factors for normal cognitive function. For example, postnatal ventral 

hippocampal lesion resulted in disrupted T-maze alternation (Marquis et al., 2006) (for 

further details see table 1.1). 

 

1.4. Neurodevelopmental animal models 

As developmental components are considered important for causing schizophrenia, 

research is focusing on developmental animal models, including genetic and 

environmental components (Swerdlow and Geyer, 1998; Geyer et al., 2001; Fumagalli et 

al., 2007). Many of these studies include assessment of PPI and locomotor hyperactivity 

and developmental perturbations were shown to result in long-lasting behavioural 

changes which often show up only in the adult animal (Goto and O'Donnell, 2002; Lipska 

and Weinberger, 2002). Animal models should at minimum have predictive validity and 

be reliable. Predictive validity refers to the predictive value that observations made in 

animals will have for the human condition. Reliability refers to the accuracy with which 

both the experimental and clinical observations are made (Ellenbroek and Cools, 1990; 

Geyer and Markou, 1995; Ellenbroek and Cools, 2000b). For example, the neonatal 
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hippocampal lesion model (discussed in more detail in section 1.4.2.) may lead to 

understanding of hippocampal involvement in the schizophrenic pathology, however, the 

same model needs to be ‘fine-tuned’, for example by using a more specific temporal 

inactivation or better regional localization, thus becoming more ‘realistic’ to the human 

situation. Collectively, developmental animal models have provided insight into systems 

involvement and may also lead to preventive strategies, for example monitoring of fetal 

brain development during pregnancy (Geyer and Markou, 1995; Lillrank et al., 1995; van 

den Buuse et al., 2003). 

 

1.4.1 Genetic modification 

Already in the absence of specific genetic modifications, such as in knockout and 

transgenic models, natural genetic diversity results in differences in behaviours and 

neurochemistry including PPI, locomotor activity, cognitive function and 

psycho-stimulant responsiveness in a variety of rat and mouse strains (Crawley et al., 

1997; Logue et al., 1997; Swerdlow et al., 1998; Bast et al., 2000; van den Buuse, 2003; 

de Bruin et al., 2006; Swerdlow et al., 2007). For example, lower baseline PPI was 

observed in Hooded Wistar rats than in Sprague Dawley rats (van den Buuse, 2003). 

Likewise, animals with different genetic background also displayed different responses to 

psychotropic stimulants and antipsychotic drugs (Swerdlow et al., 1998; Kinney et al., 

1999; Bast et al., 2000; Dulawa and Geyer, 2000; Swerdlow et al., 2000b; Valdar et al., 

2006; Swerdlow et al., 2007). Furthermore, by using selection within the same strain, 

animals have successfully been bred into substrains according to their responses to 

certain drugs e.g. the apomorphine susceptible (APO-SUS) and apomorphine 

unsusceptible (APO-UNSUS) animals (Ellenbroek et al., 1995). These rat substrains 

exhibited different baseline PPI, stress responsiveness and effects to dopaminergic 

stimulants (Ellenbroek et al., 1995; de Bruin et al., 2001a; Sontag et al., 2003; van der Elst 

et al., 2006; van der Elst et al., 2007).  

 

More specific genetic modification, either by a transgenic or knockout approach, has 

been used extensively in schizophrenia studies. These mouse models include 

neurochemical modifications, such as NMDA NR1 subunit knockout (Fradley et al., 

2005), α2C-adrenoceptor knockout (Sallinen et al., 1998; Fradley et al., 2005), 

neurotrophic factor receptor knockout (Klejbor et al., 2006) and knockout of second 
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messenger components (Gould et al., 2004; Ebert et al., 2006). Modern technology also 

allows a transient genetic modification, for example a transient striatial dopamine D2 

receptor overexpression and these animals exhibited PPI disruption (Drew et al., 2007). 

Components of the HPA-axis have also been studied, for example corticotropin-releasing 

factor (CRF) overexpression was shown to lead to higher stress-induced ACTH and 

corticosterone secretion, and PPI disruption which was reversible by haloperidol and 

risperidone treatment (Dirks et al., 2002; Dirks et al., 2003). 

 

1.4.2 Neonatal brain lesions 

Neonatal surgical lesions of brain regions, such as the medial prefrontal cortex or 

hippocampus, resulted in behavioural changes in adulthood, including PPI disruption, 

locomotor hyperactivity and deficits in T-maze learning (reviewed in (Bast and Feldon, 

2003; Lipska, 2004) and see table 1.1). Particularly neonatal ventral hippocampal lesions 

have been widely studied as a neurodevelopmental model for schizophrenia (Bast and 

Feldon, 2003).  Animals with this lesion displayed PPI disruption at baseline (Lipska et 

al., 1995; Swerdlow et al., 2000a; Daenen et al., 2003), and enhanced sensitivity to the 

disruption of PPI and locomotor hyperactivity induced by dopaminergic stimulants 

(Lipska et al., 1995; Flores et al., 1996; Wood et al., 1997; Swerdlow et al., 2000a). This 

dopaminergic hypersensitivity was associated with alterations of dopamine receptor and 

transporter density, and neuronal network integrity in brain regions such as the nucleus 

accumbens and prefrontal cortex (Flores et al., 1996; Bernstein et al., 1999; Lillrank et al., 

1999; Halim and Swerdlow, 2000; Bertolino et al., 2002; Lipska et al., 2003a; Flores et al., 

2005b) (see table 1.1 for details).  Not only the dopaminergic system was affected, but 

this developmental disruption also altered glutamatergic (NMDA), GABAergic and 

noradrenergic pathways as revealed by both behavioural and neurochemical changes 

(Al-Amin et al., 2000; Al-Amin et al., 2001; Lipska et al., 2003b; Bhardwaj et al., 2004; 

Mitchell et al., 2005). With respect to cognitive function, ventral hippocampal lesions 

induced working memory deficits as revealed by the T-maze delayed alternation test 

(Lipska et al., 2002; O'Donnell et al., 2002). These behavioural changes are comparable 

to some of the symptoms in patients with schizophrenia. Furthermore, animals with 

neonatal ventral hippocampus lesions showed reduced neuronal density in prefrontal, 

perirhinal and entorhinal cortex (Bernstein et al., 1999), reduced intracellular amino acid 

levels in prefrontal cortex (Bertolino et al., 2002), increased cell death (Halim and 
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Swerdlow, 2000), and altered morphology of dendritic spines in the nucleus accumbens 

and striatum (Flores et al., 2005b). 

 

Neonatal prefrontal cortex lesions have also been investigated (Lipska et al., 1998), 

however less extensively compared to ventral hippocampal lesions. In addition to causing 

behavioural changes in adulthood (see table 1), prefrontal cortex lesions also reversed 

some of the behavioural effects induced by ventral hippocampal lesions, indicating that 

the prefrontal cortex mediates the effect of the ventral hippocampal lesion (Schwabe et al., 

2004; Flores et al., 2005a). However, neither ventral hippocampal nor prefrontal cortex 

lesions in adult animals produce the same behavioural and neuronal effects, emphasizing 

the importance of these brain regions in the developmental pathophsyiology of 

schizophrenia (e.g.(Bernstein et al., 1999; Al-Amin et al., 2001)). The difference in 

behavioural abnormalities induced by early lesions of the hippocampus compared to late 

adult lesions, was also observed in higher species e.g. monkeys (Bachevalier et al., 1999). 

Since the deficits observed following most of these lesion studies appear or are 

exaggerated after puberty and these deficits are implicated in the pathology of 

schizophrenia, it becomes important to develop animal models for a more detailed 

investigation of the age-related and developmental aspects of this illness.  

 

1.4.3 Birth complications 

Obstetric complications have been recognized as a risk factor for schizophrenia 

(Zornberg et al., 2000; Cannon et al., 2002). Several birth complication models, including 

hypoxia or Caesarean section in rats and guinea pigs, were shown to result in changes in 

dopaminergic transmission in adulthood, expressed as enhanced amphetamine-induced 

locomotor hyperactivity and PPI disruption (Vaillancourt and Boksa, 1998, 2000). 

Another common birth complication, hypoxia, induced in pregnant animals, also resulted 

in PPI disruption during adulthood but not at younger ages (Rehn et al., 2004). 

 

1.4.4 Maternal manipulation 

Brain development is sensitive to maternal and environmental changes before and 

immediately after birth. Any artificial intervention during the early postnatal period may 

produce effects that last for life, either positively or negatively. Procedures such as 

postnatal handling, repeated maternal deprivation for short periods, single maternal 
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deprivation for a longer period, neonatal lesions (see above, section 1.4.2), chronic or 

acute drug treatment, and nutritional modifications, have extensively been studied for 

their effects on behaviour and neurochemistry, either acutely after these interventions or 

later in adulthood (Ellenbroek et al., 1998; Lehmann and Feldon, 2000; Maki et al., 2003; 

van den Buuse et al., 2003). Several studies have reported that postnatal handling confers 

resistance to stress, as reflected by reduced neuronal activity in stress-responsive brain 

regions and HPA axis activity (Meaney et al., 1988; Viau et al., 1993; Abraham and 

Kovacs, 2000; Liu et al., 2000). However, if separation of pups from their mother is too 

long, the effects can turn into a life-long disruption. Repeated maternal separation for 3 

hours resulted in enhanced stress-induced secretion of ACTH and CORT (Plotsky et al., 

2005) and enhanced locomotor activity in adulthood (Brake et al., 2004). There are a wide 

variety of maternal separation or maternal deprivation protocols in the literature, ranging 

from repeated daily separation for a few hours to a single 24 hour separation at a certain 

age before weaning (Ellenbroek et al., 1998; Mirescu et al., 2004). Lehmann & Feldon 

(2000) have commented on maternal deprivation protocols in the literature: “maternal 

separation (maternal deprivation) has become a collective term for a variety of extremely 

different experimental manipulations…” (Lehmann et al., 2000a).  

 

Maternally separated rats displayed anxiety (Wigger and Neumann, 1999; Aisa et al., 

2007), increased levels of dopamine metabolites in the nucleus accumbens (Cabib et al., 

1993), reduced coping behaviour and increased hypertensive response to novelty (Faure 

et al., 2006), and hypersensitivity of the HPA axis to stress at both early postnatal or late 

adult ages (Muneoka et al., 1994; Schmidt et al., 2003; Ladd et al., 2004). Once-off 24 

hour separation furthermore resulted in behavioural disturbances with characteristics 

relevant to schizophrenia, for example disruption of PPI (Ellenbroek et al., 1998; 

Ellenbroek and Cools, 2002a; Ellenbroek et al., 2004) and enhanced sensitivity to 

dopaminergic stimulants (Rots et al., 1996a).  The timing of this once-off maternal 

deprivation was shown to be an important variable with 24 hours of maternal deprivation 

performed on different postnatal day resulting in different behavioural effects in 

adulthood. Ellenbroek and colleagues found that maternal deprivation on postnatal day 9, 

but not day 3 and 6, resulted in PPI disruption in adulthood (Ellenbroek et al., 2004). 
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1.4.4.1 Hypothalamic-pituitary-adrenal (HPA) axis deficit in neonatally manipulated 

models 

Components of the regulatory and feedback mechanism of the HPA axis include the 

hypothalamic paraventricular nucleus (PVN) at the CNS level down to the pituitary and 

adrenal glands (Figure 1.3), and also the chemical messengers: corticotropin-releasing 

hormone (CRH), adrenocorticotropic hormone (ACTH) and corticosterone (CORT). 

 

As mentioned above, schizophrenia has been referred to as a “diathesis-stress” disease 

with differential activity of the HPA axis modulating the dopaminergic system as part of 

the pathological mechanism (Walker and Diforio, 1997; Walker et al., 1999; Rector et al., 

2005). Maternal deprivation, handling or any postnatal manipulation is usually performed 

during the first 2 postnatal weeks, when HPA axis development has entered into a period, 

called the “hyporesponsive-period”. During this hyporesponsive period, the HPA axis is 

non-responsive to stressors, displays low baseline corticosterone secretion and feedback 

mechanisms are desensitized (Sapolsky and Meaney, 1986). The stress-hyporesponsive 

period in rodents is found between postnatal day 2 to 14 (Sapolsky and Meaney, 1986; de 

Kloet et al., 1996b). It is a critical period for neuronal development. Neuronal migration 

is at its maximum and high levels of CORT have been shown to be suppressive on these 

developmental processes, particularly in hippocampus (Gould and Cameron, 1996). 

During the hyporesponsive period, the mother-pup interaction is extremely important. 

Feeding, active contact such as licking (particularly the anogenital area to stimulate 

urination), grooming and arched back nursing, and even merely the passive “presence” of 

the mother are essential components of maternal care within this hyporesponsive period 

(Kuhn et al., 1990; Suchecki et al., 1993; van Oers et al., 1999; Wood et al., 2003). 

Disrupting maternal care alters the pups’ HPA axis development and consequently 

responsiveness to any environment stimuli or insult (van Oers et al., 1998b). A period of 

24 hours of maternal deprivation ‘switches off’ the hyporesponsiveness and any mild 

stressor can induce secretion of ACTH and CORT in these pups. Studies have shown that 

changes of the HPA axis occur within 4-8 hours of a 24 hours maternal deprivation 

session (Levine et al., 1991; Schmidt et al., 2004).  

  

When comparing previous studies which use either repeated 3 to 4.5 hours maternal 

deprivation or once-off 24 hours maternal deprivation, several similar changes in HPA 

axis regulation in both young postnatal and adult ages can be seen (see Figure 1.4). 
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Maternally-deprived animals show no change or elevated basal ACTH and CORT 

secretion, and exaggerated secretion of these hormones after injection stress or novelty 

stress (Avishai-Ephner et al., 1995; Rots et al., 1996b; Vazquez et al., 1996; van Oers et al., 

1998a, 1999; Schmidt et al., 2002b; Ladd et al., 2004; Schmidt et al., 2005). Maternal 

deprivation furthermore affected negative feedback components of the HPA axis, such as 

reduced glucocorticoid receptor (GR) density in the PVN (Rots et al., 1996b; van Oers et 

al., 1999) and in the hippocampus (Sutanto et al., 1996; van Oers et al., 1999; Schmidt et 

al., 2002a; Schmidt et al., 2002b; Aisa et al., 2007). More detailed analysis of the acute 

effects of maternal deprivation, particularly 24 hours deprivation, has shown that the 

ACTH and CORT changes were elicited as early as the first 3 hours after the start of the 

deprivation (Levine et al., 1991; Schmidt et al., 2004). Some factors may be either up or 

down regulated depending on the duration and time after maternal deprivation, for 

example CRH levels (Rots et al., 1996b; van Oers et al., 1998a; Schmidt et al., 2003; Aisa 

et al., 2007). Interestingly, these maternal deprivation effects could be worsened by 

additional separation from the other siblings (maternal deprived + isolation) (Suchecki et 

al., 1993) and systemic administration of GR antagonists (Schmidt et al., 2005).  In 

contrast, the deprivation effect could be reversed, albeit not completely, by stroking and 

feeding, where feeding mainly improved adrenal gland secretions (CORT levels) and 

stroking (gently brushing the anogenital area every 4-8 hours) mainly corrected ACTH 

secretion and other CNS components of the HPA axis (Suchecki et al., 1993; van Oers et 

al., 1999; Schmidt et al., 2002a; Schmidt et al., 2002b). In order to reverse the acute 

deprivation effect, not surprisingly, reunion with the mother is the most effective, as it has 

been shown that all the acute alterations in HPA-axis activity were restored within 24 

hours (Rosenfeld et al., 1991). Nevertheless, as outlined above, several long-term 

behavioural and endocrine changes then develop later in life. Because of the evidence of 

an association of abnormal HPA axis with schizophrenia symptoms onset and severity 

(Walder et al., 2000), the maternal deprivation model has been used to characterize 

behavioural and neurochemical aspects of the diathesis-stress model of this illness. 

 

1.5 Two-hit (or multiple hit) neurodevelopmental hypothesis of schizophrenia 

While it is clear that early prenatal (before birth) or postnatal (after birth) disruptions may 

contribute to the pathophysiology of schizophrenia, previous epidemiological studies 

have not consistently supported this. Schizophrenia onset is not clearly correlated to all 
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types of early disruption. Studies using hospital records have not found a clear correlation 

between schizophrenia and its potential risk factors, such as maternal deprivation (Maki 

et al., 2003), obstetric complication (Cantor-Graae et al., 1998b; Zornberg et al., 2000; 

Walshe et al., 2005) and poor academic performance (Cannon et al., 1999). These studies 

show that other factors likely play a role as well, for example genetic factors. The 

importance of genetic factors in schizophrenia is illustrated by twin studies. As 

mentioned above, while monozygotic twins are believed to be nearly 100% genetically 

identical, the risk of developing schizophrenia is only around 50% if one sibling has the 

illness (Bayer et al., 1999). Conversely, these observations indicate that single 

environmental factors play only a partial role in schizophrenia development, which may 

go some way towards explaining the occasional absence of correlations and inconsistent 

epidemiological results. Another explanation could be, that multiple environmental 

factors accumulate to increase risk or are needed to trigger the onset the symptoms 

(Cantor-Graae et al., 2000; Heinz et al., 2003; Pantelis et al., 2003). In twin studies, the 

unaffected siblings show behavioural changes, such as spatial memory deficits, which are 

similar but not as severe as in the affected sibling (Johnson et al., 2003; Niendam et al., 

2003).  Following from these concepts, an extension of the developmental hypothesis of 

schizophrenia proposes that a combination of early and late developmental disruptions is 

needed, i.e. the ‘two hit’ model or ‘two hit’ hypothesis (Bayer et al., 1999; Maynard et al., 

2001). This hypothesis proposes that an early disturbance increases vulnerability but by 

itself is not sufficient to cause schizophrenia (Bayer et al., 1999; Maynard et al., 2001; 

Heinz et al., 2003; McGrath et al., 2003; Pantelis et al., 2003). This increased 

vulnerability could be referring to abnormalities in brain regions such as the temporal 

lobe, prefrontal cortex and hippocampus (Harrison, 1999; Weinberger et al., 2001). This 

vulnerability requires combination with other major events later in life, such as drug 

abuse or social stress, to trigger the schizophrenic symptoms (Murray and Fearon, 1999). 

However, it should be noted that the early and later risk factors do not simply ‘sum-up’ 

together, but the first hit increases vulnerability of the individual to the effects of the 

second hit. Some previous studies found that young individuals with an early disruption 

already show certain schizophrenia-like symptoms, for example motor coordination 

deficits, language difficulties and anxiety (Dworkin et al., 1994; Cannon et al., 1999). 

These effects may be qualitatively and quantitatively enhanced by a second, later 

disruption. The effect of this second disruption may simply go unnoticed in individuals  
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without an early developmental disruption (Murray and Fearon, 1999; Maynard et al., 

2001) (Figure 1.4). 

 

1.5.1 Previous two-hit animal models 

Little research has been done specifically on the two-hit concept. Approaches have been 

largely an extension of single-hit developmental research and bear little relevance to the 

human scenario. Stress and drug abuse have been widely used in animal models of 

schizophrenia, and two-hit models have included aspects of these approaches. One 

previous study showed that neonatal ventral hippocampus lesions enhanced the effect of 

repeated phencyclidine treatment on locomotor hyperactivity as compared to 

sham-lesioned controls (Hori et al., 2000). The corticosterone-induced increase in 

GABA-receptor density in adult rats was greater when the animals had been pretreated 

with corticosterone early in life (Stone et al., 2001). Another previous study showed, that 

maternal care intensity (diminished of arch-back nursing) and neonatal ventral 

hippocampal lesion synergistically interacted to induce behavioural deficits (Wood et al., 

2003). Finally, in Nurr1-mutant mice, postnatal isolation exacerbated changes in 

dopaminergic activity in the brain and induced PPI disruption (Eells et al., 2006).  

 

1.6 Aims of Thesis 

Previous studies showed that Wistar rats exhibit behavioural changes in adulthood after 

24-hour maternal deprivation on postnatal day 9 (Ellenbroek et al., 1998; van den Buuse 

et al., 2003; Ellenbroek et al., 2004). This maternal deprivation protocol is used in our 

two-hit model as the early stress. The second stress is then mimicked by treatment with 

corticosterone, rather than tempting to use a protocol of chronic environmental stress or 

administration of drugs of abuse. Thus, chronic corticosterone administration was 

considered ethically and logistically more straightforward and, because of the central role 

of the HPA axis in long-term behavioural changes and schizophrenia, more specific. 

Treated animals are subjected to behavioural tests with relevance to schizophrenia, 

including PPI, locomotor hyperactivity and cognitive function. 

  

Additional animals treated using the same protocol, but naïve to any behavioural testing 

(and where possible siblings of the behaviourally assessed animals) are used to obtain 
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brain sections, including prefrontal cortex, nucleus accumbens and hippocampus, for 

neurochemical studies including autoradiography and in situ hybridization. This 

experimental design enables us to determine both behavioural changes and possible 

underlying effects on neurochemical pathways or neurotrophic factors arising from the 

two disruptions (two hits).  

 

1.6.1 Thesis at a glance 

Chapter 2 represent a general methodology section. The thesis then consists of two main 

sections: (1) focusing on mesolimibic dopaminergic transmission and its related 

behaviours including PPI regulation and locomotor hyperactivity, and (2) focusing on 

cognition (learning and memory) and brain-derived-neurotrophic factor (BDNF) and 

glucocorticoid receptor expression.   

 

In chapter 3, effects of the two hits are described on PPI and locomotor hyperactivity at 

different ages. In chapter 4, we further analysed dopaminergic regulation of PPI using 

different drug doses. In chapter 5, we investigated the density of dopamine receptors and 

dopamine transporters in PPI-associated brain regions in an attempt to find possible 

mechanisms behind the behavioural outcome. 

 

Cognitive learning and memory studies are described in chapter 6. Different memory 

types were assessed including (1) measurement of short-term spatial memory in a Y-maze; 

(2) measurement of long-term spatial memory in the Morris water maze; (3) 

measurement of working memory in the delayed alternation T-maze test. These 

behavioural results were complemented in chapter 7 where the expression of BDNF was 

investigated. The final experiment performed in chapter 8 focused on one of the HPA-axis 

negative feedback components, the glucocorticoid receptor (GR), and its expression in 

hippocampus. Hippocampal GR expression is closely associated with mesolimibic 

dopaminergic transmission and also has a regulatory role on hippocampal BDNF. 
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Figure 1.1 

Normal sensorimotor gating (above) and impaired sensorimotor gating mechanisms in 

patients of schizophrenia and also other psychotic disease (taken from (Braff and Geyer, 

1990)). 
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Figure 1.2  

PPI regulatory pathways: a short circuit mediates the startle reflex while a longer and 

more complicated pathway mediates responses to the non-startling pre-stimulus. In 

addition, several cortical and limbic brain regions modulate activity of these brainstem 

circuits. The green lines (-) represent the excitatory (mainly glutamatergic) and the red 

line (-) represent the inhibitory (GABAergic or dopaminergic) pathways (summarised 

from data from (Swerdlow et al., 2001a) and others).
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Table 1.1 

Developmental animal models of pathological mechanisms in schizophrenia including behavioural and neurochemical changes, where an increase 

or enhancement is denoted by ↑ and a decrease or suppression is denoted by ↓. 

Developmental 

model 

Behavioural changes (ref.) Neurochemical changes (ref.) 

Neonatal VH 

lesion 

↓ PPI (Lipska et al., 1995; Daenen et al., 2003)  

 Or amygdala lesion (Howland et al., 2004a; 

Risterucci et al., 2005) 

 

↑ Locomotor and exploratory activity (Flores et al., 

1996; Sams-Dodd et al., 1997; Hori et al., 2000; 

Daenen et al., 2001; Wolterink et al., 2001; Daenen 

et al., 2003; Flores et al., 2005a) 

 

↑ Locomotor hyperactivity induced by 

pychostimulants 

 Amph (Lipska et al., 1993; Wood et al., 1997) 

 MK-801 (Al-Amin et al., 2000; Al-Amin et al., 

2001) 

 PCP (Hori et al., 2000) 

CPu and NAc 

 ↑ neuronal activity marker electro-activity (O'Donnell et al., 2002; 

Powell et al., 2006) 

 ↓ dentritic length and spines (Flores et al., 2005b) 

 ↑ blood perfusion in NAc (Risterucci et al., 2005) 

 ↑ Amph induced NGF expression (Bhardwaj et al., 2003) 

 ↑ cell death (Khaing et al., 2000) 

 ↑ CPu D1 (Flores et al., 1996); no change (Lillrank et al., 1999; 

Lipska et al., 2003b)  

 ↑ PCP induced D1 expression (Hori et al., 2000) 

 ↓ CPu D2 (Lipska et al., 2003b); no change (Flores et al., 1996) 

 ↓ CPu D3 (Flores et al., 1996); no change (Lillrank et al., 1999; 

Lipska et al., 2003b) 

 No change in DA release (Alquicer et al., 2004) 
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 APO (Hanlon and Sutherland, 2000) 

 

Learning and memory, and associated behaviours 

 ↓ habituation to novelty (Daenen et al., 2001) 

 ↓ social interaction (Sams-Dodd et al., 1997; 

Becker and Grecksch, 2003) 

 ↓ working memory (T-maze alternation) 

(Lipska et al., 2002; Lipska, 2004; Marquis et 

al., 2006) 

 ↓ spatial navigation & interest to explore 

(Hanlon and Sutherland, 2000) 

 

↑ stress response (Lipska et al., 1993) 

 

↓ memory performance in primate (Bachevalier et 

al., 1999) 

 

Hippocampus and other limbic regions 

 ↑ hippocampus DA (Alquicer et al., 2004) 

 ↑ VH cell death (Khaing et al., 2000) 

 ↓ BDNF expression (Lipska et al., 2001; Molteni et al., 2001; Ashe 

et al., 2002) 

 ↑ blood perfusion in amygdala (Risterucci et al., 2005) 

 

PFC and other cortical regions 

 ↓ dentritic length and spines (Flores et al., 2005b) 

 ↓ neurons number (PFC, entorhinal and perirhinal cortex) (Bernstein 

et al., 1999) 

 ↑ GABA release (Mitchell et al., 2005; Endo et al., 2007) 

 ↑ ACh release (Laplante et al., 2004a; Laplante et al., 2004b) 

 ↑ DA release (Lipska et al., 1993; Laplante et al., 2004b) 

 No change for adrenal α1, α2 receptor level and NA transporter 

(Bhardwaj et al., 2004)  

 ↓ NGF (PFC and CC) (Bhardwaj et al., 2003) 

 ↓ BDNF (Lipska et al., 2001; Molteni et al., 2001; Ashe et al., 2002) 
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Neonatal PFC 

lesion 

↑ PPI (Schwabe et al., 2004; Schneider and Koch, 

2005); no change (Schneider and Koch, 2005) 

 

↓ PPI after stress (Brake et al., 2000) 

Enhanced APO disrupted PPI (Schneider and Koch, 

2005) 

 

↓ locomotor activity (Lipska et al., 1998)  

 

Psychostimulant induced hyperactivity  

 ↓ Amph (Lipska et al., 1998)  

 ↓ MK801 (Lipska et al., 1998)  

 ↑ APO (Lipska et al., 1998) 

 

↓ Recognition memory (Schneider and Koch, 2006)

 

Reverses VH lesion disrupted PPI (Flores et al., 

2005a) 

 

 

CPu and NAc 

 ↑ APO effect in NAc (studied by extracellular electro-activity) 

(Bennay et al., 2004) 

 ↑ DA in NAc after stress (Brake et al., 2000) 

 ↓ myelination in NAc 

 ↓ basal neuronal activity in NAc (Goto and O'Donnell, 2004) 

 

Others 

 ↑ body CORT after stress (Brake et al., 2000) 

 ↓ neuronal myelination in hippocampus  (Schneider and Koch, 

2005)  

44 
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Maternal 

deprivation 

(repeatedly) 

↑ Locomotor activity (Kalinichev et al., 2003; Brake 

et al., 2004; Marin and Planeta, 2004) 

 

Psychostimulant induced hyperactivity 

 ↑ Amph (Kehoe et al., 1998b) 

 ↑ Morphine (Kalinichev et al., 2003) 

 ↑ Cocaine (Marin and Planeta, 2004; Kikusui et 

al., 2005) 

 

↓ Morris water maze and object recognition 

(Anisman et al., 1998; Huot et al., 2002; Aisa et al., 

2007; Kosten et al., 2007) 

 

↑ anxiety (elevated plus maze) (Cabib et al., 1993; 

Wigger and Neumann, 1999; Aisa et al., 2007) 

 

↓ social interaction (Ruedi-Bettschen et al., 2006) 

CPu and NAc 

 ↑ Amph (Kehoe et al., 1996; Kehoe et al., 1998a; Hall et al., 1999) 

and  cocaine (Kosten et al., 2003) induced DA release 

 ↑ DA metabolites (Cabib et al., 1993) 

 ↓ DAT (Meaney et al., 2002; Brake et al., 2004) 

 ↑ D1-like receptors in NAc (Ploj et al., 2003) 

 ↑ morphine induced D2 decrease in NAc (Vazquez et al., 2007) 

 ↓ D3 in NAc (shell) (Brake et al., 2004) 

 ↓ BDNF in Cpu (Roceri et al., 2004) 

 

Hippocampus 

 ↓ mossy fibres to CA3 (Huot et al., 2002) 

 ↓ BDNF in DG and CA3 (MacQueen et al., 2003); biphasic change 

of BDNF from young (↓) to older (↑) (Kuma et al., 2004; Greisen et 

al., 2005) 

 ↓ neurogenesis (Mirescu et al., 2004) and no change at older ages 

(Greisen et al., 2005) 

 

PFC 

↓ BDNF in PFC (Roceri et al., 2004) 
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Maternal 

deprivation  

(24 hrs) 

↓ PPI (Ellenbroek et al., 1998; Ellenbroek and 

Cools, 2002a; Ellenbroek et al., 2004); no change 

(Lehmann et al., 2000a) 

 

↑ APO induced gnawing (Rots et al., 1996b) 

 

↑ Morris watermaze (Lehmann et al., 1999); ↓ 

Morris watermaze (Oitzl et al., 2000; Schaaf et al., 

2001; Sibug et al., 2001) 

 

↑ anxiety (elevated plus maze) and ↓ food intake 

(Penke et al., 2001) 

Hippocampus 

 ↑ 5HT1A receptors in CA1 (Vazquez et al., 2000; Sibug et al., 2001); 

↓ 5HT1A responsiveness (Joels and Van Riel, 2004; van Riel et al., 

2004) 

 ↑ apoptosis (Lee et al., 2001; Zhang et al., 2002a) 

 ↓ BDNF (Roceri et al., 2002) and ↓ learning enhanced BDNF 

expression (Schaaf et al., 2001) 

 ↓ NMDA receptors (Roceri et al., 2002)  

 

PFC and cortical regions 

 ↑ 5HT2A in parietal cortex (Vazquez et al., 2000)  

 ↑ apoptosis (Lee et al., 2001; Zhang et al., 2002a) 

 ↓ cell birth at postnatal age (Zhang et al., 2002a) 

 

Other 

↑ TH in SN (Rots et al., 1996b) 

Obstetric 

complication 

↓ PPI(Boksa, 2004; Rehn et al., 2004) 

 

↑ Locomotor activity (Boksa, 2004) 

↑ hippocampal atrophy (Boksa, 2004) 

 

↑ stress-induced DA release (Boksa, 2004) 
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Prenatal stress ↓ PPI (Lehmann et al., 2000b) 

 

↓ Locomotor activity (Lehmann et al., 2000b) 

 

↑ anxiety (by + maze) (Estanislau and Morato, 2005)

↓ hippocampal BDNF (van den Hove et al., 2006) 

Social isolation 

rearing 

↓ PPI (Geyer et al., 1993; Wilkinson et al., 1994; 

Domeney and Feldon, 1998; Weiss et al., 1999; 

Finamore and Port, 2000; Heidbreder et al., 2000; 

Weiss et al., 2000; Greene et al., 2001; 

Krebs-Thomson et al., 2001; Weiss et al., 2001; 

Weiss and Feldon, 2001; Powell and Geyer, 2002) 

reverse MD (24 hrs) ↓ PPI (Ellenbroek and Cools, 

2002a) 

↑ startle reflex (Heidbreder et al., 2000; Weiss et al., 

2004b) 

no change locomotor activity (Weiss et al., 2004b) 

 

↑ anxiety (+ maze) (Weiss et al., 2004b) 

↑ expression of interest in novelty under 

non-aversive environment (Hall et al., 1997a, b) 

Hippocampus and other limbic area  

 ↓ Fos in hippocampus and amydala (Muchimapura et al., 2002) 

 ↓ 5HT turnover (Heidbreder et al., 2000) 

 ↓ synaptophysin (Varty et al., 1999) 

 

Other 

↓ DA, DA metabolites in NAc (Lapiz et al., 2003; Powell et al., 2003; 

Eells et al., 2006) 

 

↓ DA turnover in PFC (Heidbreder et al., 2000) 
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Keys:  

Brain regions: CPu – caudate putamen (or anterior striatum); CC – cingulate cortex; DG – dentate gyrus; NAc – Nucleus accumbens; PFC – 

prefrontal cortex; VH – Ventral hippocampus 

Neurochemistry: ACh – acetylcholine; Amph – amphetamine; APO – apomorphine; DA – dopamine; DAT – dopamine transporters; PCP – 

phencyclidine; TH –tyrosine hydroxylase
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Figure 1.3 

The general effect (see table 1.2 for reference details) of maternal deprivation, either 

repeatedly (<4hr daily) or once for 24 hours, on limbic-hypothalamic-pituitary-adrenal 

(LHPA) axis regulation, where increase or enhancement is denoted by ↑ and decrease or 

suppression denoted by ↓. All (-) indicate negative feedback on LHPA components. 

 

Keys: PVN – paraventricular nucleus, CRH – corticotropic releasing hormone, ACTH – 

adrenocorticotropic hormone, MR – mineralocorticoid receptors, GR – glucocorticoid 

receptors,  MR/GR – mineralocorticoid and glucocorticoid receptors ratio. 
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Table 1.2  

Maternal deprivation effect on HPA axis and reference list for figure 1.3. 

 

HPA components Increase (↑) or decrease (↓) (reference)  

CORT ↑  

repeatedly (<4hr daily, pnd 1-14) (Muneoka et al., 1994; Schmidt et 

al., 2003; Ladd et al., 2004; Aisa et al., 2007) 

24 hrs (once, pnd 1-14) (Kuhn et al., 1990; Levine et al., 1991; 

Rosenfeld et al., 1991; Rots et al., 1996b; Vazquez et al., 1996; van 

Oers et al., 1998a, 1999; Dent et al., 2000; Penke et al., 2001; Schmidt 

et al., 2002b; Schmidt et al., 2005) 

ACTH ↑  

repeatedly (<4hr daily, pnd 1-14) (Schmidt et al., 2003; Ladd et al., 

2004; Aisa et al., 2007) 

24 hrs (once, pnd 1-14) (Rosenfeld et al., 1991; Rots et al., 1996b; 

Vazquez et al., 1996; van Oers et al., 1998a, 1999; Dent et al., 2000; 

Penke et al., 2001; Schmidt et al., 2005) 

CRH ↑  

repeatedly (<4hr daily, pnd 1-14)(Aisa et al., 2007) 

24 hrs (once, pnd 1-14) (van Oers et al., 1998a; Dent et al., 2000; 

Schmidt et al., 2002b) 

PVN GR ↓ 

24 hrs (once, pnd 1-14) (Rots et al., 1996b; Avishai-Eliner et al., 

1999; Schmidt et al., 2005) 

Hippocampal GR ↓ 

repeatedly (<4hr daily, pnd 1-14) (Schmidt et al., 2003; Ladd et al., 

2004; Aisa et al., 2007) 

24 hrs (once, pnd 1-14) (Sutanto et al., 1996; Vazquez et al., 1996; 

van Oers et al., 1997; Avishai-Eliner et al., 1999; van Oers et al., 

1999; Workel et al., 2001; Schmidt et al., 2002b; Schmidt et al., 2004; 

Schmidt et al., 2005) 

 

Exaggerated by isolation from siblings (Avishai-Ephner et al., 1995) 

Restored by feeding and stroking (Suchecki et al., 1993; Schmidt et al., 2002a) 
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Figure 1.4  

The two-hit hypothesis, where an early developmental disruption predisposes to mental 

illness and increases vulnerability, together with a late environmental disruption 

triggering the symptoms (modified from (Maynard et al., 2001)). 
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Chapter 2.  

General methods 
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2.1 Animals 

Outbred Wistar rats (Animal Resource Centre, Canning Vale, WA, Australia) were used 

for breeding and 2 set of breeders were used to produce 6 cohorts of offspring in 2 years, 

2004 and 2005. The first breeder set arrived on 1st April, 2004, hence its offspring group 

is coded C010404 with ‘a’ to ‘c’ for three subsequent sub-cohorts. This breeding set 

consisted of 5 males and 10 females where each male was paired with two females for 

mating. The second breeder set arrived on 6th May, 2005, hence its offspring is coded 

C060505 ‘a’ to ‘c’. This breeding set consisted of 20 males and 20 females where one 

male was paired with one female for each breeding cycle. Experimental allocation of the 

different cohorts of rats is summarized in table 2.1 and further details are provided in the 

appendix 1. Breeders were no longer used if they were older than 9 months. 

 

All rats were housed in plastic cages with wire lids (28cm h × 30cm w × 43cm l). They 

were kept in the same room with the temperature maintained at 21oC and on a 12 hours 

light/dark cycle (lights on 6:00—18:00). Rats received ad libitum access to standard 

pellet food and tap water. The rats’ cages were cleaned twice weekly excluding those of 

the pregnant mothers during the last week of gestation, or mothers and pups prior 

weaning, which were cleaned less frequently to minimize disruption. 

 

After a minimum 2 weeks of adaptation in the animal facility, female rats with a 

minimum age of 12 weeks were exposed to male odour for 2 nights to initiate the estrous 

cycle. This procedure was used to improve the success of mating and thereby shorten the 

mating period and reduce the range of birth dates. Female rats were then housed with a 

male for 3 days, after which the males were removed and females were housed at 2 per 

cage for the first 2 weeks. They were then housed individually during the 3rd week with 

regular monitoring of body weight and abdominal appearance. Inspection for newborn 

litters was done at 9:00 and 17:00. Litters found at 9:00 were classified as postnatal day 

(pnd) 1 and those found at 17:00 as pnd 0. All litters were sexed and culled to a maximum 

of 8 within 24 hours after birth, with healthy male pups as the primary choice. The pups 

were weaned at three weeks of age. Breeders were reused for another breeding cycle after 

a minimum of 1 week resting period after weaning. Crushed food pellets were supplied to 

the pups for the first week after weaning and their body weights were monitored every 

second day. After this first week, the rats’ body weights were routinely monitored 1-2 
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times per week. Rats were handled for 5 minutes at the time of body weight monitoring 

during 1–2 weeks prior to behavioural tests. In addition to pregnant mothers, litters and 

weanlings, rats after the second stress episodes (see 2.3) were also extensively monitored 

for their behaviour, surgical recovery and body weight. 

 

2.1.1 Time course experiment cohort – C010404 a, b and c 

These breeders arrived at the Mental Health Research Institute when they were 10-11 

weeks old and were allowed to acclimate to the animal house conditions for 2 weeks. 

Estrous cycle induction induced by male odour was done as described above (2.1) except 

for the C010404a cohort where female breeders were housed directly with a male breeder 

for 8 – 9 days. Three cohorts of pups, consisting of a total of 160 male pups, were 

obtained from these breeders – C010404a and b (n=117; joint cohort) and C010404c 

(n=43). 

 

2.1.2 PPI dose response and cognitive behavioural cohort – C060505a, b and c 

These breeders were delivered to the animal house when they were 6 weeks old resulting 

in a longer acclimation period than the first set of breeders. All the other procedures were 

the same as described in 2.1. Three cohorts of pups consisting of a total of 209 male pups 

were obtained – C060505a (n=100), C060505b (n=77) and C060505c (n=32). 

 

2.2 The two-hit model: two developmental stress episodes 

2.2.1 First stress episode: Maternal deprivation 

Maternal deprivation (MD) was started at pnd 9 at 9:00 and continued for 24 hours as 

previously described (Ellenbroek et al., 1998; Ellenbroek et al., 2004) except that litters 

were left at room temperature instead of on a heat pad. Preliminary measurements using 

an electronic thermometer indicate that the hairless pups’ body temperature decreased 

from 33-35oC to 21-24oC at the end of deprivation when they were obviously less 

energetic. At the start of the deprivation period, the mother rats were taken out of the cage, 

with the litters left intact in the nest (Figure 2.1), and they were taken some distance away 

in the same room in order to reduce the chance of seeing or smelling their pups. Ten to 

fifteen seconds of brief separation was used for the non-deprived (ND) control group. 
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2.2.2 Second stress episode: corticosterone administration 

At postnatal week 8, all rats were subjected to subcutaneous pellet implantation in the 

nape of the neck as previously described (Meyer et al., 1979). Corticosterone (CORT) 

pellets were prepared by melting crystalline corticosterone powder (Steraloids Inc, 

Newport, USA) in a rubber mould, which was slightly wetted with peanut oil, in an oven 

at 180oC. Pellets were weighed and trimmed to 100mg, stored in peanut oil and used 

within 2 days. Control animals received a similarly prepared 100mg cholesterol (Chol; 

Sigma-Aldrich, Australia) pellet.  

 

During the implantation procedure, the animals were anaesthetised with isoflurane 

(Veterinary Companies of Australia, Australia). An incision of around 1cm was made in 

the skin at the back of the neck region where the pellet was pushed under the skin at least 

2cm away from the cut without disrupting any muscle tissue. The incision was then 

sealed up by 12mm × 2.5mm Michel clips (Fine Science Tools, North Vancouver, 

Canada). After the pellets were left in for 2 weeks, the animals were again anaesthetised 

with isoflurane and the remaining pellet leftovers were removed (Figure 2.2). Both pellet 

implantation and withdrawal are relatively minor surgical procedures where no organs or 

muscle tissue are disrupted and animals were usually anaesthetised for no more than 5 

minutes. No mortality was observed and the incision usually healed up within 2 days so 

that the Michel clips could be removed. The CORT pellets consistently decreased 30% to 

40% in size and weight (dry weight after withdrawal, at 0.01mg) while Chol pellets 

showed almost no change during the 2 weeks of implantation, consistent with previous 

observations (Meyer et al., 1979). After the corticosterone implant (‘second hit’) episode, 

there were four experimental groups: ND Chol (control), ND CORT 

(corticosterone-treated only), MD Chol (maternally-deprived only) and MD CORT 

(maternally-deprived and corticosterone treated, i.e. ’two-hit’) (Figure 2.3). 

 

A small additional cohort of rats (separately purchased from the Animal Resource Centre, 

Canning Vale, WA, Australia and not part of the C010404 and C050506 cohorts) was 

used for preliminary assessment of the effect of the corticosterone implant on 

stress-associated organs, including adrenal gland, thymus, spleen and pituitary (Figure 

2.4). Eight week old Wistar rats were implanted with a Chol or CORT pellet (18 rats per 

treatment) and decapitated one or two weeks later, when organs were dissected and 
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weighed. At one week post-implantation, CORT-treated rats showed a significant 

decrease in adrenal (P<0.001), thymus (P<0.001) and spleen weight (P<0.001), but no 

change in pituitary weight (Figure 2.4). At two weeks post-implantation, organ weights 

were not different between CORT-treated and Chol-treated groups (adrenal gland: 1.28 ± 

0.14 vs. 1.23 ± 0.11mg/g, respectively; thymus: 12.6 ± 0.8 vs. 12.9 ± 0.4mg/g; spleen: 

26.8 ± 1.3 vs. 27.1 ± 0.5mg/g; pituitary: 0.53 ± 0.05 vs. 0.41 ± 0.03mg/g). Clearly, the 

organ weight decreases one week after pellet implantation, indirectly demonstrating the 

effectiveness of the CORT implant, however these effects do not appear to persist for the 

full two weeks of implantation. 

 

2.2.3 Effect of the two stress episodes on body weight 

Body weights obtained from the combined C060505a and C060505b cohorts were used 

for analysis. Body weights were recorded at the time of weaning (3 weeks of age), at 

adolescence when cholesterol or corticosterone pellets were implanted (8 weeks of age), 

three days after implantation (week 8 + 3 days), two weeks after implantation at the time 

of removal of the pellets (young adult, 10 weeks of age) and 1-3 days after the last 

behavioural test (adult, 14 weeks of age) (Table 2.2).  

 

Body weight was significantly lower in maternally deprived animals at weaning at 3 week 

of age (F(1,175)=67.7, P<0.001). This effect of maternal deprivation was maintained 

throughout the experiment until culling at week 14 (Week 8: F(1,175)=19.3, P<0.001; 

Week 10: F(1,173)=12.5, P=0.001; Week 14: F(1,165)=11.1, P=0.001).  Likewise, a 

significant CORT effect was observed 3 days after pellet implantation (F(1,173)=14.1, 

P<0.001) and this effect lasted until pellet withdrawal at week 10 (F(1,173)=9.2, P=0.003) 

and after behavioural tests at week 14 (F(1,165)=8.3, P=0.004). 

 

In addition to absolute body weights, we also expressed body weight data as growth rate 

(g/day) which confirmed a significant effect of maternal deprivation and corticosterone 

treatment. An approximately 4% slower growth rate was found in maternally-deprived 

animals from the age of 3 weeks to 8 weeks (F(1,175)=9.0, P=0.003). Corticosterone 

treatment caused another growth rate decrease from week 8 to week 10 (F(1,173)=26.7, 

P<0.001). There was no growth rate difference among the four groups from week 10 to 

week 14 and differences in body weight were maintained (Table 2.2). 
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Collectively, these results show that the two-hit episodes, maternal deprivation and 

chronic CORT treatment during young adult, have a cumulative suppressive effect on 

body weight and their effect is long-lasting. The mild growth rate decrease from week 3 

to week 8 has not been reported before and suggests that maternal deprivation has 

long-lasting effects which may be indicative of a vulnerability and predisposition to 

further, later stress. 

 

2.3 Behavioural tests 

Behavioural tests and tissue preparation methods that were used for more than one 

experiment (or more than one cohort of animals) are described here. They include the 

prepulse inhibition (PPI) and locomotor hyperactivity test. 

 

For every series of PPI experiments, rats underwent one pre-test session to familiarize 

them with the experimental setup. For both PPI and locomotor hyperactivity experiments 

a pseudo-randomized within-animal repeated protocol was used where behaviours were 

tested in response to several psycho-stimulants and other centrally-acting drugs. This was 

different from the cognitive test design where animals were investigated without drug 

pre-treatment (see Chapter 6). 

 

2.3.1 Prepulse inhibition of acoustic startle 

PPI experiments were done using automated startle boxes (SR-Lab, San Diego 

Instruments, San Diego, CA, USA) with Plexiglas cylinders (9cm diameter, 19.5cm 

length), resting on a platform within the ventilated, sound-attenuated and illuminated 

startle box (Figure 2.5). Animals from the 4 groups were randomly divided over several 

PPI sessions. Each session took approximately 45 minutes during which there was a 70dB 

background white noise. Each session started with a 5 minute habituation period and 

included 3 trial blocks with the first and the last consisting of ten 115dB startle 

pulse-alone trials. The second, main block of trials consisted of another 2 blocks of ten 

115dB startle pulse-alone trials, as well as 50 prepulse trials. The first, middle two and 

last block of ten startle pulse-alone trials were used to calculate startle amplitude and 

startle habituation. The habituation curve from the first block to the last blocks are 
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presented in the apomorphine group in Chapter 3. To simplify data presentation, average 

startle was calculated from the four blocks thereafter. During a prepulse trial, a startle 

pulse was preceded by a prepulse of 2, 4, 8, 12 or 16dB above background (ten of each) 

and 10 no startle (or ‘no pulse’) trials. Each startle pulse was 40 ms duration, while the 

prepulse was 20ms and there was 100ms between the prepulse and the pulse (figure 2.6). 

A piezoelectric accelerometer unit attached underneath the platform of the Plexiglas 

cylinder detected the startle vibrations of the animals (Figure 2.5) and converted these 

into quantitative readings which were read by a computer with the SR-Lab software. 

Percentage PPI was calculated with the formula 100 × [(pulse-alone trials – prepulse 

trials)/ pulse-alone trials] in a Windows® Excel spreadsheet. The pretest sessions were 

recorded but were not used for any statistical analysis. Saline or drugs were injected at 

1ml/kg 5-10 minutes before the session start. Again, data for the five prepulse are 

presented in detail for the apomorphine group in Chapter 3, and average % PPI calculated 

from the average of the five prepulse intensities is presented thereafter. 

 

2.3.2 Locomotor activity 

Locomotor activity of the animals was monitored by automated photocell cages (Figure 

2.7, 31cm h x 43cm w x 43cm l, ENV-520, MED Associates, St Albans, VT, USA). The 

location of the animals was detected by infrared sources and sensors on four sides of the 

cage forming a grid pattern. Several behavioural parameters including distance travelled 

(cm), ambulatory, stereotypic and vertical counts were recorded. The duration of each 

locomotor activity session was 120 minutes. The first 30 minutes was used as baseline, 

after which the rats were injected and another 90 minutes of behavioural activity was 

recorded. The distance travelled was analysed in 5 minute blocks representing the 

time-course of drug-induced locomotor hyperactivity. A time course of distance travelled 

and total distance travelled for both baseline activity and drug-induced hyperactivity are 

presented. 

 

2.4 Tissue preparation for neurochemical studies 

Rats were decapitated 3 days to 1 week after the last behavioural test. Whole brains were 

rapidly dissected out and blocked where necessary on an ice cold glass or metal plate. The 

brains were then snap frozen on dry ice and stored in a -80oC freezer. Brains were warmed 
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to -20oC overnight before cryo-sectioning (Figure 2.8). Brain sections were mounted on 

gel-coated slides. Some groups of rats with behavioural testing were used for dopamine 

receptor and dopamine transporter autoradiography (chapter 5) whereas other groups of 

rats without behavioural testing were used for BDNF and GR mRNA in situ hybridization 

(chapter 7 and 8). 

 

2.5 Statistical analysis 

All data were calculated and analysed using Microsoft® Excel and the statistical software 

package SYSTAT 9.0 (SPSS Inc., Chicago, IL, USA). Data were expressed as the mean ± 

the standard error of mean (SEM). Data were analysed using a two-way analysis of 

variance (ANOVA) with repeated measures where appropriate. P < 0.05 was considered 

to be statistically significant. 
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Table 2.1  

Summary of the six cohorts of rats used in the experiments in this thesis. Breeding set 

C010404 consisted of 5 males and 10 females (1 on 2 mating) and C060505 consisted of 

20 males and 20 females (1 on 1 mating). 

 

Rat cohort Experiment  Chapter

C010404a & b 

C010404a & b 

Time course PPI and locomotor hyperactivity part one 

Non-behavioural sub-cohort: future neurochemical studies 

3 

N/A 

C010404c Time course PPI and locomotor hyperactivity part two  3 

C060505a Dose response PPI part one and dopamine receptors and 

transporter autoradiography 

Non-behavioural sub-cohort: BDNF and GR mRNA in situ 

hybridization 

4,5 

 

7,8 

C060505b Dose response PPI part two and cognitive behavioural test 

part one 

4,6 

C060505c Cognitive behavioural test part two 6 
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Table 2.2  

Body weights of rats subjected to either maternal deprivation (MD) or corticosterone 

(CORT) treatment at young adult or both. Controls were non-deprived (ND) or received a 

cholesterol (Chol) control pellet. 

 

Age ND MD 

Week 3 57.5 ± 0.7 49.0 ± 0.8 * 

Week 8  323.0 ± 3.0 303.0 ± 3.4 * 

Change from week 3 

(g/day) 

7.68 ± 0.07 7.26 ± 0.08 * 

 ND Chol ND CORT MD Chol MD CORT 

Week 8 + 3 days 335.3 ± 4.3 318.8 ± 4.6 * 317.4 ± 4.5 * 298.4 ± 5.4 * ^ 

Change from  

week 8 (g/day) 

3.20 ± 0.40 -0.47 ± 0.45 * 3.88 ± 0.28 -0.67 ± 0.39 * ^ 

Week 10 397.1 ± 6.4 377.7 ± 6.4 * 374.4 ± 6.3 * 353.6 ± 7.3 * ^ 

Change from  

week 8 (g/day) 

5.10 ± 0.17 4.11 ± 0.21 * 4.91 ± 0.19 3.80 ± 0.23 * ^ 

Week 14 494.1 ± 7.4 469.4 ± 6.9 * 466.9 ± 6.4 * 450.6 ± 7.3 * 

Change from  

week 10 (g/day) 

3.53 ± 0.12 3.37 ± 0.13 3.33 ± 0.12 3.55 ± 0.13 

 

Data are presented as mean ± standard error of the mean (SEM). The number of animals: 

ND Chol = 45, ND CORT = 44, MD Chol = 43 and MD CORT = 45. Differences between 

the groups were analysed with ANOVA.  

* P < 0.05 for difference with control (ND Chol) 

^ P < 0.05 for difference between MD CORT and MD Chol-treated animals. 
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Figure 2.1 

The first stress episode: maternal deprivation (MD) is performed with the mother (left top) 

separated from the postnatal (pnd) 9 pups (right bottom).  

TThhee mmootthheerr

RRaatt ppuuppss lleefftt iinn tthhee hhoommee nneesstt  
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Figure 2.2 

The second stress episode: corticosterone (CORT) treatment. A CORT or cholesterol 

(Chol) control pellet was implanted between postnatal weeks 8 and 10 in the nape of the 

neck while the rat was anaesthetized with isoflurane via a nose mask. 
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ND Chol 
Non-deprived and cholesterol treated control 

 

 

ND CORT 
Non-deprived and corticosterone treated 

 

 

 
 

 

MD Chol 
Maternally-deprived and cholesterol treated 

 

 

 

 

 

 

 

 

 

MD CORT 
Maternally-deprived and corticosterone 

treated, or referred as the ‘two-hit’ rats 

 

 

Figure 2.3  

There were two stress episodes, maternal deprivation (MD) and corticosterone (CORT) 

treatment and their controls (non-deprived, ND, and cholesterol treatment, Chol), hence 

there were always four treatment groups in all experiments: ND Chol, ND CORT, MD 

Chol and MD CORT group. 

Two – hit 

Pups 
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Figure 2.4 

The effect of one week of implantation of a corticosterone (CORT) or cholesterol (Chol) 

pellet on organ weights. This experiment was done on a separate cohort than the C010404 

and C060505 cohorts. * P < 0.05 for difference with control (Chol). There were no 

differences between the groups at two weeks post-implantation. 
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Figure 2.5 

Prepulse inhibition startle box setup: The rat is held in a Plexiglas cylinder with 

adjustable doors at both ends. A piezoelectric accelerometer (the black plastic disc 

underneath the platform) detects startle vibrations which are recorded by a computer as 

quantitative measurements. A speaker in the ceiling of the box produces both background 

noise and the startle pulses.  
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Figure 2.6 

Prepulse inhibition of acoustic startle: a normal startle response and an inhibited response 

after a startle pulse-alone trial and startle pulse preceded by a prepulse, respectively. In a 

normal individual, a functional gating mechanism inhibits the startle reflex response after 

a prepulse-pulse combination stimulus. However this inhibition is attenuated i.e. the 

response is more similar to a normal startle response when gating mechanisms are 

deficient e.g. in patients with schizophrenia. 
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Figure 2.7 

Locomotor activity monitoring apparatus. The rat is freely moving within the box where 

its activity is monitored by infra-red beams emitted from the metal bars on 4 sides. Data 

are recorded by computer as quantitative activity counts and distance moved. The box is 

cleaned after every rat test.  

 



   

 69

 

 

 
 

 

Figure 2.8 

Cryosectioning of the rat brain, where 14µm thick sections are collected on 

gelatine-coated glass slides. This figure shows the brain cut at around +1.5mm bregma in 

order to collect caudate putamen and nucleus accumbens sections for dopamine receptor 

and dopamine transporter autoradiography studies. Hippocampal sections were collected 

at a more posterior point starting from -3.3mm bregma (see details in Appendix 2). 
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Chapter 3.  

A time course study of prepulse inhibition 

and locomotor hyperactivity effects  

in the two-hit animal model 
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3.1 Introduction 

This chapter describes the results of experiments in an animal model which combines 24 

hour maternal deprivation stress and chronic CORT administration at young adult using 

behavioural tests of aspects of schizophrenia. A previous study using the same maternal 

deprivation protocol reported that the deprived animals showed PPI disruption at 10 

weeks of age, but not in week 7 (Ellenbroek et al., 1998; Ellenbroek and Cools, 2000a).  

In contrast, a similar maternal deprivation procedure produced no effect on PPI in another 

study (Lehmann et al., 2000a). Previously, it was reported that two 12 hour maternal 

deprivation episodes on postnatal day 9 and 11 caused a small, but significant overall 

disruption of PPI (Garner et al., 2007). Some of the deprived animals were also 

chronically treated with CORT, however this had no additional effect on baseline PPI 

(Garner et al., 2007). 

 

In this chapter, we firstly aimed to assess whether additional CORT treatment at young 

adult would induce enhanced PPI disruption in rats which had been exposed to one 

episode of 24 hours of maternal deprivation, instead of two 12 hour episodes. In addition, 

the aim was to assess if any behavioural changes would only be revealed in adulthood 

similar to the Ellenbroek et al (1998) study. Thus, behaviour was assessed at different 

ages in order to obtain a dynamic view of changes along the developmental trajectory 

similar to previous studies on prenatal or postnatal treatments (e.g. (Sams-Dodd et al., 

1997; Halim and Swerdlow, 2000)). Thirdly, because using pharmacological treatments 

which induce a deficit in PPI may be a better way to unmask possible long-term effects or 

interactions of the two hits, in this chapter and also the next chapter, Chapter 4, we will 

show effects of the two-hit treatment on the action of psychoactive drug challenges. We 

will use the dopamine receptor agonist, apomorphine, and the serotonin-1A receptor 

agonist, 8-OH-DPAT, to disrupt PPI. Finally, to compare effects on PPI with another 

behavioural model with relevance to schizophrenia, this study also aims to assess the 

effect of the two hits on locomotor hyperactivity in response to the dopamine releaser, 

amphetamine, and phencyclidine (PCP), which has a complex mode of action including 

non-competitive NMDA receptor antagonism. 
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3.2 Materials and Methods 

Three C010404 (a, b and c) cohorts were used in this experiment as mentioned in Chapter 

2. Two offspring cohorts (C010404a and b) were combined and consisted of 38 rats which 

were tested for PPI with 0.1mg/kg apomorphine and 0.5mg/kg of amphetamine in the 

locomotor hyperactivity test at week 7, 10 and 12 (Figure 3.1). In addition, these rats were 

tested for PPI with 0.5mg/kg of amphetamine only at week 12. The other cohort 

(C010404c) consisted of 42 rats and was tested for PPI with 0.5mg/kg 8-OH-DPAT 

(Tocris, USA) and 2.5mg/kg phencyclidine (PCP; Sigma-Aldrich) in the locomotor 

hyperactivity test. Drugs were administrated 5-10 minutes prior to the PPI test or after 30 

minutes of baseline locomotor activity testing (for details, see Chapter 2). 

 

3.2.1 Behavioural tests  

In the age experiment, each one-week behavioural test series (Figure 3.1 bottom) 

consisted of three PPI experiments and one locomotor hyperactivity experiment. The PPI 

experiments included a pretest, a saline treatment experiment and a drug treatment 

experiment. The locomotor hyperactivity experiment was carried out on the third day 

after the PPI pretest (day 1) and saline PPI test (day 2). After a further 3 day drug 

wash-out period, drug-treated PPI was tested on the 7th day. This experimental series was 

conducted in postnatal week 7, 10 and 12 (Figure 3.1), representing adolescence, young 

adulthood (or 3 days after corticosterone withdrawal) and adulthood (or 2 weeks after 

corticosterone withdrawal), respectively. There was an additional PPI test with 

amphetamine treatment on day 10 for 12 week old rats from the C010404 a and b cohort. 

 

3.2.2 Treatment groups 

In the apomorphine and amphetamine cohort (C010404a and b), there were 8 rats in the 

ND Chol group, 10 rats in the ND CORT group, 9 rats in the MD Chol group and 11 rats 

in the MD CORT group. In the 8-OH-DPAT and PCP cohort (C010404c) there were 10 

rats in the ND Chol group, 11 rats in the ND CORT group, 11 rats in the MD Chol group 

and 10 rats in the MD CORT group. 
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3.2.3. Data analysis and presentation 

Statistical analysis of PPI data was done using two-way ANOVA with repeated measures 

with drug (saline and apomorphine/8-OH-DPAT) and prepulse (5 different prepulses, PP2, 

PP4, PP8, PP12 and PP16) as within-group factors and maternal deprivation or CORT 

treatment (where appropriate) as between-group factors. Detailed results for PPI with 5 

different prepulses are shown in this chapter once (for example Figure 3.2). To simplify 

data presentation, PPI is subsequently only shown as average %PPI (for example Figure 

3.3 and next chapters) and significant differences between treatments and groups are only 

indicated in these graphs. 

 

Statistical analysis of startle data was also done using two-way ANOVA with repeated 

measure with drug (saline and apomorphine/8-OH-DPAT) and startle pulse block (4 

subsequent blocks) as within-group factors and maternal deprivation or CORT treatment 

(where appropriate) as between-group factors. Startle data are presented as habituation 

curves once (for example Figure 3.4). Thereafter, to simplify data presentation, only 

average startle is presented (for example Figure 3.5 and next chapters) and significant 

differences between treatments and groups are only indicated in these graphs.  

 

Locomotor hyperactivity data were expressed as a time-course in twenty four 5 minutes 

blocks (see Figures 3.8 and 3.9), with -30 to 0 minutes as the baseline activity and 0 to 90 

minutes as the drug-induced hyperactivity. Baseline activity was analysed for each age 

using two-way ANOVA with repeated measures with time as the within-group factor and 

maternal deprivation or CORT treatment (where appropriate) as between-group factors. 

Post-injection drug-induced hyperactivity was analysed similarly. Data are also 

summarized and presented as total distance travelled during the 30 minute baseline period 

and 90 minute hyperactivity period. 
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3.3 Results 

3.3.1 Prepulse inhibition – Apomorphine 

3.3.1.1 Prepulse inhibition 

In 7 week old animals (Figures 3.2 and 3.3, top panels), there were no significant 

differences among the different treatment groups i.e. no main effect of maternal 

deprivation or apomorphine treatment. 

 

In contrast, at 10 weeks of age (Figures 3.2 and 3.3, middle panels), there was a 

significant main effect of apomorphine treatment (F(1,34)=8.8, P=0.005), an 

apomorphine × corticosterone interaction (F(1,34)=5.4, P=0.026) and also a deprivation 

× corticosterone interaction (F(1,34)=4.6, P=0.04). This is likely due to the fact that, 

while all groups showed at least a clear trend towards a significant disruption of PPI after 

apomorphine treatment (ND Chol: F(1,7)=5.1, P=0.058; ND CORT: F(1,9)=4.8, P=0.056; 

MD Chol: F(1,8)=5.5, P=0.047), this effect was absent in the MD CORT group (P=0.27).  

 

The absence of an apomorphine effect in the same MD CORT rats was also seen at 12 

weeks of age (Figure 3.2 and 3.3, bottom panels). Similar to 10 weeks of age, there was a 

significant main effect of apomorphine (F(1,34)=9.6, P=0.004) at 12 weeks of age. 

Furthermore, there was also a significant deprivation × corticosterone × apomorphine 

interaction (F(1,34)=8.3, P=0.007). Further pair wise ANOVAs showed that there was 

significant PPI disruption caused by apomorphine treatment in the ND CORT group 

(F(1,9)=16.7, P=0.003) and a trend in the MD Chol group (F(1,8)=4.2, P=0.075). 

Surprisingly, unlike the apomorphine effect in the control rats at 10 weeks of age, the drug 

effect was absent in the ND Chol group at 12 weeks of age (P=0.86).  

 

In addition to apomorphine, the same four groups of rats were also tested at week 12 for 

PPI after treatment with amphetamine (Figures 3.2 and 3.3, bottom panels). A significant 

main effect of amphetamine was observed (F(1,34)=4.5, P=0.041), and also a deprivation  

× amphetamine interaction (F(1,34)=6.0, P=0.019). Further analysis showed that this 

interaction was due to a tendency for amphetamine to induce PPI disruption in the control 

(ND Chol; F(1,7)=4.6, P=0.07) and the corticosterone-only groups (ND CORT; 
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F(1,9)=4.0, P=0.076), but there was no effect of amphetamine in maternally-deprived 

animals (MD Chol: P=0.29 and MD CORT: P=0.48). 

 

3.3.1.2 Startle amplitude  

Average startle tended to be lower at week 7 in maternally-deprived animals (F(1,34)=4.0, 

P=0.054) and further analysis showed that startle block 1 was significantly lower in the 

deprived animals after both saline and apomorphine treatment (saline-treated: 

F(1,34)=6.1, P=0.018; apomorphine-treated: F(1,34)=10.6, P=0.003). There was no 

significant effect of apomorphine on startle at 7 weeks of age (Figures 3.4 and 3.5, top 

panels).  

 

There were no significant group differences or statistical interactions at week 10 (Figures 

3.4 and 3.5, middle panel). In contrast, apomorphine treatment significantly suppressed 

startle amplitude at week 12 (F(1,34)=8.4, P=0.006). Further analysis showed that 

apomorphine significantly reduced average startle in the ND Chol group (F(1,7)=6.1, 

P=0.042), but not in other treatment groups (Figures 3.4 and 3.5, bottom panels).  

 

In contrast to apomorphine treatment, amphetamine treatment increased startle 

amplitudes (Figures 3.4 and 3.5, bottom panels; main effect F(1,34)=28.7, P<0.001). 

Further analysis showed that this effect was significant or at least a strong trend in all 

groups (ND Chol rats: F(1,7)=6.9, P=0.034; ND CORT rats: F(1,9)=3.9, P=0.079, MD 

Chol rats: F(1,8)=12.2, P=0.008; MD CORT rats: F(1,10)=11.2, P=0.007).  There was 

also a significant block x drug interaction (F(3,102)=15.9, P<0.001) indicating that the 

increase of startle amplitudes induced by amphetamine was not the same for the whole 

period of the PPI test. Furthermore, there was also a significant deprivation x block 

interaction (F(3,102)=3.7, P=0.015) indicating differences in startle habituation between 

non-deprived and deprived animals. This was confirmed by further analysis showing that 

amphetamine treatment increased startle in block 2 in all groups (ND Chol: F(1,7)=9.4, 

P=0.018; ND CORT: F(1,9)=5.9, P=0.037; MD Chol: F(1,8)=9.0, P=0.017; MD CORT: 

F(1,10)=31.5, P<0.001). However, startle was increased in block 3 only in deprived 

animals (MD Chol: F(1,8)=16.5, P=0.004; MD CORT: F(1,10)=8.4, P=0.016). Thus, 

amphetamine treatment reduced startle habituation, with the effect being particularly 

clear in maternally-deprived animals (Figure 3.4) 
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3.3.2 Prepulse Inhibition - 8-OH-DPAT 

3.3.2.1 Prepulse inhibition 

8-OH-DPAT treatment caused disruption of PPI at week 7 (main effect F(1,32)=9.9, 

P=0.004), week 10 (F(1,38)=34.8, P<0.001) and week 12 (F(1,37)=52.8, P<0.001) 

(Figure 3.6). Furthermore, in 10 week old animals, there was a significant overall 

reduction of PPI after maternal deprivation (F(1,38)=4.9, P=0.033), however this effect 

did not reach significance at week 12 (P=0.091) similar to apomorphine-treated animals 

(see section above).  

 

Further analysis showed that maternally-deprived animals at 7 weeks of age showed no 

disruption of PPI by 8-OH-DPAT treatment, in contrast to the control group at that age 

(F(1,16)=9.1, P=0.008). All groups were similarly sensitive to 8-OH-DPAT induced PPI 

disruption at week 10 (ND Chol: F(1,9)=10.3, P=0.009; ND CORT: F(1,10)=13.1, 

P=0.005; MD Chol: F(1,10)=4.7, P=0.055 and MD CORT: F(1,9)=9.6, P=0.013) and at 

week 12 (ND Chol: F(1,10)=31.9, P<0.001; ND CORT: F(1, 10)=13.8, P=0.004; MD 

Chol: F(1,10)=6.4, P=0.03, MD CORT: F(1,9)=22.1, P=0.001) (Figure 3.6). There were 

no other significant differences or interactions amongst the groups at any of the ages.  

 

3.3.2.2 Startle amplitude 

This cohort confirmed the trend for maternally deprived animals to show lower startle 

responses as found in the apomorphine cohort (C010404a and b). At week 7, there was a 

main effect of maternal deprivation on startle in this cohort (F(1,32)=6.9, P=0.013) and 

this maternal deprivation-induced startle reduction persisted at 10 and 12 weeks of age 

(F(1,39)=10.6, P=0.002 and F(1,39)=12.0, P=0.001, respectively).  

 

Treatment with 8-OH-DPAT slightly, but significantly suppressed average startle at all 

ages (main effect of treatment week 7: F(1,32)=10.4, P=0.003; week 10: F(1,39)=9.5, 

P=0.004; week 12: F(1,39)=7.6, P=0.009). Only at week 7 was there a borderline 

8-OH-DPAT x maternal deprivation interaction (F(1,32)=4.1, P=0.051) and further 

analysis showed significant 8-OH-DPAT-induced startle amplitude suppression in the 

non-deprived group (F(1,16)=7.7, P=0.014), but not in the maternally-deprived animals. 

There were no other interactions of 8-OH-DPAT treatment with maternal deprivation or 

corticosterone treatment either at week 10 or 12. 
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3.3.3 Locomotor hyperactivity – Amphetamine and phencyclidine  

3.3.3.1 Amphetamine treatment 

There was significant habituation of baseline locomotor activity in all groups (Figure 3.8; 

analysis not shown). At week 7, there were no differences and interactions in baseline and 

hyperactivity between ND and MD group (Figure 3.8, top panels).  

 

At week 10, baseline activity was slightly lower in maternally-deprived rats, particularly 

in the first two 5-min blocks (main effect F(1,30)=4.3, P=0.048; maternal deprivation x 

time interaction F(5,150)=3.8, P=0.003). In contrast, there were no differences or 

interactions found in the hyperactivity session (Figure 3.8, middle panels).  

 

At week 12, baseline activity was slightly higher in CORT-treated rats (F(1,34)=4.2, 

P=0.047), however there was no effect of maternal deprivation or any interactions. 

Similar to week 7 and week 10, there were no group differences or interactions in the 

extent of amphetamine-induced hyperactivity (Figure 3.8 bottom panel). 

 

3.3.3.2 Phencyclidine treatment 

At week 7, analysis of baseline activity showed a time x deprivation interaction 

(F(5,195)=2.3, P=0.043) and further analysis revealed that maternally deprived animals 

showed reduced baseline activity in the first 5 minutes (F(1,39)=7.1, P=0.011). Otherwise, 

there were no group differences or interactions found for baseline activity of 

phencyclidine-induced hyperactivity at 7 weeks of age (Figure 3.9, top panels).  

 

A similar time x deprivation interaction was found in week 10 animals (F(5,180)=2.3, 

P=0.048), however further analysis failed to reveal any group differences in specific time 

blocks within the 30 minutes baseline. Both CORT-treated groups showed enhanced 

phencyclidine-induced hyperactivity (main effect of CORT treatment F(16,576)=3.6, 

P<0.001) although again further analysis did not reveal any group difference at specific 

time blocks after phencyclidine administration (Figure 3.9, middle panels).  

 

At week 12, there were no group differences in baseline activity. The enhanced effect of 

phencyclidine in CORT treated groups (ND CORT and MD CORT) was also found at this 
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age (F(16,608)=2.2, P=0.004). Specifically, this enhancement was found to be significant 

from 40 to 70 minutes after phencyclidine administration (Figure 3.9, bottom panels) 

 

In summary, while some effects of maternal deprivation were found on baseline activity 

in younger animals and an enhancement of the effect of phencyclidine by CORT 

treatment, there were no reduced effects of either amphetamine or phencyclidine like 

there were for apomorphine effects in PPI. 
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3.4 Discussion  

3.4.1 Maternal deprivation-induced PPI disruption and startle reduction 

This first series of experiments formed the basis for several follow-up studies described in 

later chapters of this thesis. Our general aim was to investigate if stress at early adult, 

simulated by chronic corticosterone treatment could synergistically exacerbate the effect 

of early developmental stress, in the form of postnatal maternal deprivation. Ellenbroek 

and colleagues described marked disruption of PPI in rats that were maternally-deprived 

on postnatal day 9 (Ellenbroek et al., 1998; Ellenbroek and Cools, 2002a), however 

another study was unable to replicate this finding (Lehmann et al., 2000a). In our study, 

maternal deprivation-induced PPI disruption was only significant at week 10 for the 

8-OH-DPAT cohort but it diminished at week 12 of age and was only observed at trend 

level in other groups. In a separate preliminary experiment for the effect of maternal 

deprivation on PPI, we observed moderate PPI disruption induced by maternal 

deprivation. Thus, in our experiments, the possible effect of maternal deprivation on 

baseline PPI proved to be inconsistent and moderate at best. There could be differences 

between the breeding cohorts with respect to maternal behaviours such as licking, 

grooming and arch-back nursing, which could induce slight difference in the effect of 

maternal deprivation on PPI (Zhang et al., 2005).  

 

In contrast to PPI regulation, a diminished startle response, particularly for startle block 1, 

was more consistently found after maternal deprivation (both in deprived-only and in 

two-hit animals). This finding is consistent with similar trends in maternally-deprived 

rats in other studies and also in the so-called apomorphine-unsusceptible Wistar rats 

(Ellenbroek et al., 1995; Ellenbroek and Cools, 2002b; van der Elst et al., 2007). The 

central neurotransmitter systems involved in startle regulation are not completely 

understood although it is clear that startle amplitude, in contrast to PPI, is less dependent 

on mesolimibic dopaminergic transmission. One other explanation could be that the 

animals which display reduced startle have reduced anxiety. On the other hand, the 

deprivation-only controls and the two-hit animals may have delayed development of 

startle reflex pathways such as motor neuron bundles. Furthermore, the slightly reduced 

body weight (see Chapter 2), possibly reflecting reduced muscle mass, cannot be ruled 
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out as a physical cause of the reduced startle responses in these animals (see Chapter 2 

and (Ellenbroek et al., 2004)). 

 

3.4.2 Reduced sensitivity to apomorphine 

In addition to baseline behavioural testing, we also used pharmacological challenges as 

we postulated that this might be a better way to unmask possible long-term effects of the 

two-hit neurodevelopmental stress on different neurotransmitter systems. Therefore, 

apomorphine and 8-OH-DPAT-induced deficits of PPI, and locomotor hyperactivity 

induced by amphetamine and PCP, were also investigated. 

 

Combined maternal deprivation and early adult corticosterone treatment induced a 

diminution of the PPI disruption induced by apomorphine or amphetamine treatment. 

Moreover, there were differences between the apomorphine and amphetamine challenges 

in that the diminution of PPI disruption by apomorphine required both maternal 

deprivation and corticosterone treatment, while reduction of the amphetamine effect was 

seen after maternal deprivation alone. This diminution or desensitisation of PPI 

disruption in the two-hit animals was specific to dopaminergic stimulation because 

serotonergic stimulation with 8-OH-DPAT was not influenced by any of the 

neurodevelopmental stress episodes. Furthermore, the effect appeared to be selective for 

PPI, as no functional desensitisation was found in amphetamine-induced or PCP-induced 

locomotor hyperactivity.  Finally, the effect of phencyclidine was slightly enhanced, 

rather than decreased, in corticosterone-treated animals. 

 

There have been previous studies suggesting that a chronic hyperdopaminergic state can 

result in functional desensitisation of dopaminergic control of PPI, either with respect to 

the effect of direct agonists, such as apomorphine, or indirect treatments, such as the 

dopamine releaser, amphetamine. In rats that had been repeatedly maternally-deprived 

for 6 hours per day from postnatal day 5 to 20, amphetamine-induced dopamine release 

was enhanced (Hall et al., 1999). In contrast, these animals showed a reduction of 

amphetamine-induced locomotor hyperactivity (Matthews et al., 1996). In the present 

experiments there were no changes in amphetamine-induced hyperlocomotion instead the 

desensitisation was observed for PPI. This difference (locomotor activity vs. PPI) could  
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be due to the differences in maternal deprivation protocol (1x 24 hours vs. 15x 6 hours) or 

genetic aspects such as rat sub-strain differences (Swerdlow et al., 2000b).  

 

As suggested by previous studies, maternal deprivation or chronic corticosterone 

treatment may alter the sensitivity of dopamine D2 receptors (Rots et al., 1995; Rots et al., 

1996a; van den Buuse et al., 2004). Maternal deprivation or chronic corticosterone 

treatment by themselves may not be severe enough in normal animals to exert any 

influence on PPI, however after combining both early and late stresses, the animals may 

pass a ‘threshold’ leading to altered dopaminergic regulation of PPI, in this case the effect 

of apomorphine. The effect of amphetamine was reduced by both maternal deprivation 

alone and by combined maternal deprivation and CORT treatment. Therefore, the 

sensitivity of PPI disruption induced by enhanced dopamine release (as induced by 

amphetamine) appears to have a different ‘threshold’ than PPI disruption induced by 

direct receptor stimulation (such as by apomorphine). Further studies are needed to 

investigate the subtle differences in stress sensitivity of these different dopaminergic 

mechanisms. Dopaminergic regulation of PPI requires intact dopaminergic innervation of 

the nucleus accumbens (Swerdlow et al., 1990a). Although brain regions “higher up” than 

the nucleus accumbens, such as the hippocampus and prefrontal cortex (Chapter 1), are 

also involved in sensory gating mechanisms, further studies should initially focus on 

dopamine receptor density and dopamine transporters levels in the nucleus accumbens.  

 

The dose of the apomorphine that we used in this study (i.e. 0.1mg/kg) has been widely 

used to disrupt PPI in rats (Swerdlow et al., 1986) but the result in our study showed 

age-related differences in the sensitivity of rats to this drug. Hence, the dose of 

apomorphine could be a borderline dose, and therefore a more complete dose-response 

curve of this drug in PPI will have to be done. Similarly, amphetamine treatment should 

be tested at different doses. Furthermore, because apomorphine is not selective for the 

dopamine D2 receptor, a more selective agonist, such as quinpirole, should also be used.  

All these issues will be addressed in the next chapters. 
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Figure 3.1 

Timeline of the experiments showing the two stress treatments: non-deprived (ND) or 

maternally-deprived (MD) and cholesterol treatment (Chol) or corticosterone treatment 

(CORT).  Each one-week series of behavioural tests (bottom panel) included a PPI 

pretest, PPI baseline (PPI/Saline) and PPI with drug administration, as well as a 

locomotor hyperactivity test. There was an additional PPI test with amphetamine 

treatment on day 10 for 12 week old rats from the C010404 a and b cohort.
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Figure 3.2  

C010404a and b: PPI in 7 week old (ND and MD) and 10 and 12 week old rats (ND Chol, ND CORT, MD Chol and MD CORT) administered with 

saline (1ml/kg), apomorphine (0.1mg/kg) or amphetamine (0.5mg/kg). Data are presented for all prepulse intensities (see Figure 3.3 for average 

%PPI)
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Figure 3.3 

C010404a and b: Average %PPI in 7 week old (ND and MD) and 10 and 12 week old rats 

(ND Chol, ND CORT, MD Chol and MD CORT) administered with saline (1ml/kg), 

apomorphine (0.1mg/kg) or amphetamine (0.5mg/kg). *P<0.05 for difference with saline 

treatment; ^P>0.05, but < 0.1 for the trend induced by the drug treatment compared with 

saline treatment. 
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Figure 3.4 

C010404a and b: Startle habituation in 7 week old (ND and MD) and 10 and 12 week old rats (ND Chol, ND CORT, MD Chol and MD CORT) 

administered with saline (1ml/kg), apomorphine (0.1mg/kg) or amphetamine (0.5mg/kg). Data are presented for all startle pulse blocks (see Figure 

3.5 for average startle).
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Figure 3.5 

C010404a and b: Average startle amplitudes in 7 week old (ND and MD) and 10 and 12 

week old rats (ND Chol, ND CORT, MD Chol and MD CORT) administered with saline 

(1ml/kg), apomorphine (0.1mg/kg) or amphetamine (0.5mg/kg). *P<0.05 for difference 

with saline treatment. 
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Figure 3.6 

C010404c: Average %PPI in 7 week old (ND and MD) and 10 and 12 week old rats (ND 

Chol, ND CORT, MD Chol and MD CORT) administered with saline (1ml/kg) or 

8-OH-DPAT (0.5mg/kg). *P<0.05 for difference with saline treatment; ̂ P>0.05, but < 0.1 

for the trend induced by the drug treatment compared with saline treatment 
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Figure 3.7 

C010404c: Average startle amplitudes in 7 week old (ND and MD) and 10 and 12 week 

old rats (ND Chol, ND CORT, MD Chol and MD CORT) administered with saline 

(1ml/kg) or 8-OH-DPAT (0.5mg/kg). *P<0.05 for difference with saline treatment. 



   

 89

-30 0 30 60 90
0

200

400

600

800

ND
MD

D
is

ta
nc

e 
tra

ve
lle

d 
(c

m
)

0

2000

4000

6000

8000 ND
MD

To
ta

l d
is

ta
nc

e(
cm

)

-30 0 30 60 90
0

400

800

1200

1600

2000

2400

D
is

ta
nc

e 
tra

ve
lle

d 
(c

m
)

0

3000

6000

9000

12000

15000

18000

To
ta

l d
is

ta
nc

e 
(c

m
)

-30 0 30 60 90
0

400

800

1200

1600

2000

2400

Time (min)

D
is

ta
nc

e 
tra

ve
lle

d 
(c

m
)

Baseline Hyperactivity
0

4000

8000

12000

16000

20000

To
ta

l d
is

ta
nc

e 
(c

m
)

ND Chol

ND CORT

MD Chol

ND Chol
ND CORT
MD Chol

Week 7

Week 10

Week 12
MD CORT

MD CORT

 
 

Figure 3.8 

Distance travelled at baseline (-30 to 0 minutes) and after treatment with 0.5mg/kg of 

amphetamine (0 to 90 minutes) in 7 week old (ND and MD) and 10 and 12 week old (ND 

Chol, ND CORT, MD Chol and MD CORT) rats. Data are presented as time course (left 

panels) and total distance travelled (right panels). 
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Figure 3.9 

Distance travelled at baseline (-30 to 0 minutes) and after treatment with 2.5 mg/kg of 

phencyclidine (0 to 90 minutes) in 7 week old (ND and MD) and 10 and 12 week old (ND 

Chol, ND CORT, MD Chol and MD CORT) rats. Data are presented as time course (left 

panels) and total distance travelled (right panels). 
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Chapter 4.  

Dose response studies on the effect  

of dopaminergic drugs on PPI  

in the two-hit animal model 
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4.1 Introduction 

The previous chapter described evidence for a reduced sensitivity of two-hit animals to 

the effects of apomorphine and amphetamine on PPI, but not of amphetamine and PCP on 

locomotor activity. In order to confirm and extend the time course study described in 

chapter 3, the aim of the present study was to assess whether the apparent apomorphine 

insensitivity of the MD CORT animals was also seen with other doses of the drug. We 

also tested quinpirole, which is a more specific dopamine D2 receptor agonist, as 

comparison for apomorphine, which is less selective. Finally, different doses of 

amphetamine were tested. Amphetamine is a dopamine releasing drug and both 

dopamine D1 and D2 receptors are stimulated.  

 

At 12 week of age, we found that the ND CORT and MD Chol groups tended to be more 

sensitive to 0.1mg/kg apomorphine than the ND Chol (control) group, suggesting that 

0.1mg/kg of apomorphine was a borderline dose. Therefore the present PPI study 

includes two higher doses for apomorphine (0.3 and 1.0mg/kg). No apomorphine effect 

on PPI was observed at 7 weeks of age and a statistically significant maternal deprivation 

x corticosterone x apomorphine interaction on PPI was only observed at week 12. Hence, 

the present drug dose response experiment was performed at 12 weeks of age. This also 

allowed a full two weeks of possible compensation or stabilisation during the recovery 

period after pellet withdrawal at 10 weeks of age, avoiding as much as practically 

possible any acute or short lasting effects of CORT treatment in controls and maternally 

deprived rats (Bisagno et al., 2004; van den Buuse et al., 2004).  

 

Previous studies have shown that quinpirole treatment causes PPI disruption at doses 

starting from 0.05mg/kg (Peng et al., 1990; Geyer et al., 2001).The present study 

therefore included 0.1, 0.3 and 1.0mg/kg of quinpirole. Previous studies have shown the 

effects of different doses of amphetamine on PPI in Wistar rats (Kinney et al., 1999; 

Geyer et al., 2001). As an extension to our previous studies (see chapter 3), we therefore 

included both 0.5 and 2.5mg/kg of amphetamine. 
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4.2 Materials and Methods 

These studies firstly used breeding cohort C060505a, which consisted of 100 offspring, 

where 40 rats were allocated to the apomorphine dose response experiment and 36 to the 

quinpirole dose response experiment. The rest of cohort, i.e. the siblings of the 

apomorphine and quinpirole group (24 rats, n = 6/group), were left without behavioural 

testing and were used for later in situ hybridization studies on brain-derived neurotrophic 

factor (BDNF) and glucocorticosteroid receptor (GR) mRNA (Chapter 7 and 8).  

 

Half of the rats (39 rats) from the second cohort (C060505b) from the same breeders were 

allocated for two amphetamine doses and one apomorphine reference dose. Overall three 

doses of apomorphine (0.1, 0.3 and 1.0mg/kg) and quinpirole (0.1, 0.3 and 1.0mg/kg) 

were used and two doses of amphetamine (0.5 and 2.5mg/kg). All drugs were obtained 

from Sigma-Aldrich and the same PPI protocol was used as described in chapter 2 and 3.  

 

4.2.1 PPI behavioural test series  

A PPI behavioural test series (Figure 4.1 bottom time series) consisted of 5 PPI 

experiments included a pretest, a saline-treatment test and 3 drug doses. The PPI pretest 

was conducted on day 1 and saline/drug dose sessions were done from day 2 to day 14 

with a 3 days wash-out period between sessions (Figure 4.1 bottom time series). Rats 

were pseudo-randomly allocated to a different drug dose or saline in each session to avoid 

sequence effects, sensitization/desensitization influence, or minor age effects.  Rats were 

culled by decapitation 3 days after the last PPI session and brains were snap frozen on dry 

ice for neurochemical studies (see details in Chapter 5). 

 

4.2.2 Treatment groups 

There were 10 animals allocated to each treatment group (ND Chol, ND CORT, MD Chol 

and MD CORT) in the apomorphine experiment and 9 animals to each treatment group in 

the quinpirole experiment (C060505a). There were 9 animals allocated to ND Chol and 

10 animals to each of the other groups (ND CORT, MD Chol and MD CORT) in the 

amphetamine experiment (C060505b). 
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4.3 Results 

4.3.1 Apomorphine dose response 

4.3.1.1 Average PPI in the apomorphine experiment 

When data from all four treatment groups were analyzed together, there was a significant 

main effect of apomorphine dose (F(3,108)=22.0, P<0.001) and a significant maternal 

deprivation x CORT interaction (F(1,36)=5.0, P=0.032) (Figure 4.2 top panel). Further 

analysis on each treatment group revealed a significant dose dependent apomorphine 

effect in the ND Chol (F(3,27)=16.0, P=0.001), ND CORT (F(3,27)=4.4, P=0.012) and 

MD Chol (F(3,27)=7.1, P=0.001) groups, but not in the MD CORT group (Figure 4.2 top 

panel).  

 

In this study, the low dose of apomorphine had no effect in any of the groups. Significant 

PPI disruption was observed with the medium dose of 0.3 mg/kg apomorphine in the ND 

Chol group (F(1,9)=28.4, P<0.001), with a strong trend in the ND CORT group 

(F(1,9)=4.7, P=0.058), but no significant PPI disruption in either the MD Chol or MD 

CORT group. Significant PPI disruption caused by the highest dose of 1.0mg/kg 

apomorphine was observed in all groups except MD CORT (ND Chol F(1,9)=23.6, 

P=0.001; ND CORT F(1,9)=11.1, P=0.009; MD Chol F(1,9)=5.6, P=0.042).  

 

4.3.1.2 Average startle in the apomorphine experiment 

There was an overall apomorphine dose response effect in all groups (F(3,108)=22.7, 

P<0.001). While there were no statistical interactions of maternal deprivation and 

corticosterone treatment as seen for PPI, further analysis revealed that significant dose 

dependent effects of apomorphine on startle were only observed in the ND Chol 

(F(3,27)=8.0, P=0.001), ND CORT (F(3,27)=10.1, P<0.001) and MD Chol group 

(F(3,27)=6.2, P=0.002), but were absent in the MD CORT group (P=0.16). Over the 

apomorphine dose range from 0.0 to 1.0mg/kg, average startle was significantly 

suppressed to a trough level at 0.1mg/kg (ND Chol F(1,9)=13.8, P=0.005; ND CORT 

F(1,9)=15.0, P=0.004; MD Chol F(1,9)=11.4, P=0.008) followed by a relative increase at 

the higher doses (0.3 and 1.0mg/kg).  There was a trend for higher average startle 

amplitudes in non deprived animals at 1.0mg/kg (ND Chol F(1,9) =3.8, P=0.083; ND 

CORT F(1,9)=4.2, P=0.072) (Figure 4.2 bottom panel). In MD CORT animals, there were 

no differences between apomorphine doses and saline treatment. 
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4.3.2 Quinpirole dose response 

4.3.2.1 Average PPI in the quinpirole experiment 

There was an overall main effect of quinpirole (F(3,96)=3.7, P=0.015), and the quinpirole 

dose response effect was only observed in the ND Chol control group (F(3,24)=7.0, 

P=0.002). No maternal deprivation x corticosterone interaction similar to apomorphine 

was observed (Figure 4.3 top panel). Further analysis showed that only 0.1 and 0.3mg/kg 

quinpirole significantly disrupted PPI in the ND Chol group (F(1,8)=7.4, P=0.026 and 

F(1,8)=14.0, P=0.006, respectively), with no significant effects seen with other doses or 

in the other groups. 

 

4.3.2.2 Average startle in the quinpirole experiment 

Quinpirole treatment caused a marked decrease of startle amplitudes (main effect 

F(3,96)=86.4, P<0.001) which was seen in all treatment groups (ND Chol: F(3,24)=25.3, 

ND CORT: F(3,24)=64.2, MD Chol: F(3,24)=21.0, MD CORT: F(3,24)=15.0, all 

P<0.001) (Figure 4.3 bottom panel). There was also a moderate, but significant main 

suppressive effect of corticosterone treatment on average startle amplitude (F(1,32)=7.4, 

P=0.011).  This corticosterone effect was particularly observed in non-deprived animals, 

where average startle in  the ND CORT group was significantly lower than in ND Chol 

group (F(1,16)=5.7, P=0.029), whereas only a slight trend (P=0.14) was observed in 

maternally-deprived animals (Figure 4.3 bottom panel). 

 

4.3.3. Amphetamine dose response 

4.3.3.1 Average PPI in the amphetamine experiment 

In contrast to the effect of apomorphine in the age dependent study (Chapter 3) and dose 

response results (see above), there was no statistical maternal deprivation by 

corticosterone interaction (Figure 4.4). Instead, there were a significant main effect of 

amphetamine dose (F(2,70)=28.0, P<0.001) and a dose x corticosterone interaction 

(F(2,70)=4.2, P= 0.019). Further analysis showed that the dose dependent effect was 

observed in all groups: ND Chol (F(2,18)=6.2, P =0.009), ND CORT (F(2,18)=10.5, 

P=0.001), MD Chol (F(2,16)=15.1, P<0.001), with the effect being smaller and only of 

borderline significance in the MD CORT group (F(2,18)=3.6, P=0.049). The dose x 

corticosterone interaction was due to the significant PPI disruption caused by 0.5mg/kg 
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amphetamine in Chol treated animals (ND Chol: F(1,9)=8.0, P=0.020 and MD Chol: 

F(1,8)=10.5, P=0.012) but not in CORT treated animals (ND CORT and MD CORT). 

Significant amphetamine induced PPI disruption was observed at the dose of 2.5mg/kg in 

all groups: ND Chol (F(1,9)=12.4, P=0.007), ND CORT (F(1,9)=13.7, P=0.005), MD 

Chol (F(1,8)=18.3, P=0.003), however the effect was smaller and only of borderline 

significance in the MD CORT group (F(1,9)=5.3, P=0.047). 

 

In a separate analysis, 0.3mg/kg of apomorphine was shown to cause disruption of PPI 

disruption (F(1,35)=65.9, P<0.001) and a drug x corticosterone interaction was found as 

well (F(1,35)=5.2, P=0.029). Further analysis showed apomorphine-induced PPI 

disruption in all groups although the effect appeared to be slightly smaller in both 

CORT-treated groups (Figure 4.4, top panel): ND Chol (F(1,9)=25.8, P=0.001), ND 

CORT (F(1,9)=9.8, P=0.012), MD Chol (F(1,8)=27.5, P=0.001) and MD CORT 

(F(1,9)=8.5, P=0.017).  

 

4.3.3.2 Average startle in the amphetamine experiment 

Unlike the amphetamine effect on the average startle response in chapter 3, in the present 

study neither statistical main nor interaction effects of 0.5 and 2.5mg/kg of amphetamine 

were observed. Also different from the 0.3mg/kg apomorphine treatment experiment in 

chapter 3 (C060505a), the animals in this experiment showed a main suppressive effect of 

apomorphine on startle (F(1,35)=40.4, P<0.001) and this suppression was observed in all 

groups (ND Chol: F(1,9)=18.6, P=0.002; ND CORT: F(1,9)=5.6, P=0.042; MD Chol: 

F(1,8)=12.3, P=0.008; MD CORT: F(1,9)=10.6, P=0.010). 
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4.4 Discussion  

4.4.1 Differential effects of maternal deprivation and CORT treatment 

The present study showed that maternal deprivation and/or corticosterone treatment 

induced differential changes in the PPI response to different dopaminergic drugs: 

apomorphine, quinpirole and amphetamine. Collectively, the data showed that control 

animals (ND Chol) showed dose dependent disruption of PPI in response to treatment 

with the dopaminergic psychotomimetics, with the exception of 1.0mg/kg quinpirole. 

This dose of quinpirole could have elicited non-specific effects, as shown by the marked 

6-fold attenuation of average startle. The animals also displayed marked sedation (data 

not shown). In contrast to the controls, in rats with one or two disruptions along the 

neurodevelopmental trajectory, dopaminergic responsiveness was altered. The major 

finding in this chapter is that the attenuated apomorphine-induced PPI disruption, which 

was described in the two-hit animals in chapter 3, was reproduced using three doses of the 

drug. Surprisingly, disruption of PPI by quinpirole was absent even after a single stress 

episode, i.e. in either maternally deprived or CORT-treated rats, as well as after the 

combination treatment. The altered response to amphetamine was shown in both CORT 

treatment groups similar to the previous chapter. 

 

It is important to acknowledge the differences in neuropharmacological mechanism of 

action among apomorphine, quinpirole and amphetamine (see also General Discussion). 

Apomorphine is a direct dopamine receptor agonist, with limited selectivity for dopamine 

D2 over D1 receptors. Quinpirole is more selective for dopamine D2 receptors, although it 

also has high affinity for dopamine D3 receptors. As a dopamine releaser, amphetamine 

indirectly activates dopamine receptors, with no selectivity between them. The 

differential effect of maternal deprivation and CORT treatment on the action of these 

drugs suggest complex, multifactorial changes in dopaminergic control of behaviour, 

particularly PPI, involving dopamine D2 receptors, D1 receptors, and dopamine release. 

Effects of CORT treatment alone were seen with quinpirole and amphetamine; effects of 

maternal deprivation alone were seen with quinpirole treatment; effects of the 

combination of maternal deprivation and CORT treatment were seen with apomorphine, 

quinpirole and amphetamine. Clearly more experiments are needed, firstly to assess 

dopamine receptor density and, in future studies, dopamine signalling and dopamine 
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release may have to be assessed in order to fully explain the effects of maternal 

deprivation, CORT treatment or their combination. 

 

It should be noted that 0.1mg/kg of apomorphine had no effect on PPI in the present series 

of experiments, although it disrupted PPI in most groups in the experiments described in 

chapter 3. As discussed in the previous chapter, this 0.1mg/kg dose appeared to be a 

borderline dose. It is possible that the repeated treatment with apomorphine, in the 

context of the dose-response studies in the present chapter, elicited a slight 

desensitization which rendered this borderline dose ineffective. In the dose-response 

experiments, the only slightly higher 0.3mg/kg dose was active and showed maternal 

deprivation and CORT treatment effects. However, if tested on its own, such as in the 

amphetamine experiment in this chapter, the effect of 0.3mg/kg was stronger and existed 

in all treatment groups, albeit only marginally in the two-hit animals. While overall the 

data support a functional desensitization of the effect of apomorphine, it is also clear that 

this effect is subtly dependent on the apomorphine dose. A similar tendency was seen for 

amphetamine in this chapter. 

 

Future studies should involve the effect of PCP or MK-801 on PPI in the two-hit animals, 

as well as the study of a dopamine receptor agonist, such as apomorphine or quinpirole, 

on locomotor hyperactivity. Sensorimotor gating and locomotor hyperactivity involve 

shared as well as independent regulatory brain regions. Therefore, similar to the result 

with apomorphine in PPI, it will be important to determine if the MD CORT animals 

respond less to apomorphine (insensitivity) in an induced hyperactivity test.   

 

4.4.2 Previous studies on dopaminergic ‘insensitivity’ 

As also discussed in chapter 3, few previous studies have addressed the effect of two 

stress episodes along the neurodevelopmental trajectory. Interestingly, a previous study 

on baseline PPI found that the disruption caused by either maternal deprivation or 

postweaning isolation was absent in animals which had undergone both stress episodes 

(Ellenbroek and Cools, 2002a). This previous result is different from the present study 

where the effect of the two hits was only seen when the animals were treated with a 

pharmacological challenge.  
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Another previous study with relevance to the present results focused on the effects of 

chronic treatment with a dopaminergic drug, in this case quinpirole (Culm et al., 2004).  

These authors showed that the disruption of PPI by acute quinpirole treatment was absent 

after a 4-week daily treatment with the same drug. This relative insensitivity to quinpirole 

was associated with increased expression of cyclic AMP response element binding 

protein (CREB) which is a second messenger component downstream of the receptors 

(Culm et al., 2004). This finding could indicate a possible molecular mechanism relevant 

for the two-hit effect, whereby enhanced dopaminergic tone (by chronic quinpirole 

treatment or intrinsic in our two-hit animals) induces reduced sensitivity to acute 

dopaminergic stimulation (quinpirole or apomorphine in our studies). Further studies 

should therefore address the possible role of increased expression of CREB or other 

second messenger factors in the altered dopaminergic regulation of PPI in two-hit 

animals.  

 

Another animal model with relevance to the present data is the 

apomorphine-unsusceptible (APO-UNSUS) Wistar rat developed by Cools, Ellenbroek 

and colleagues (Cools et al., 1990). These animals and their controls, the apomorphine 

susceptible (APO-SUS) rats, were selectively bred by the researchers according to their 

responsiveness to a 1.5mg/kg apomorphine injection assessed by their gnawing scores 

(Cools et al., 1990). Studies were done on HPA axis components and also the 

hippocampus, which play an important role in PPI regulation, as these two rat lines 

behaved differently in PPI after stress (Ellenbroek and Cools, 2002b; Sontag et al., 2003). 

If the APO-UNSUS rats could be considered to be similar to the our two-hit animals in 

terms of low apomorphine responsiveness, our two-hit animals may also exhibit the lower 

corticotrophin-releasing hormone (CRH) mRNA levels in the paraventricular nucleus 

(PVN), lower baseline plasma adrenocorticotropin (ACTH) levels, and lower and 

shorter plasma ACTH and corticosterone secretion responses previously described (Rots 

et al., 1995; de Kloet et al., 1996a). In addition to these hormonal changes, the 

apomorphine responsiveness in APO-UNSUS and APO-SUS rats was linked to changes 

of mineralocorticoid and glucocorticoid receptor (GR) binding and expression in the 

hippocampus (de Kloet et al., 1996a; de Bruin et al., 2001b). Furthermore, 

APO-UNSUS exhibited lower dopamine D1 and D2 receptor expression and a lower D2 

receptor associated PPI response (Rots et al., 1996a; van der Elst et al., 2006). The 

APO-UNSUS also exhibited a smaller supply of dopamine, which was determined by 
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measuring the levels of dopamine synthesis limiting factors, such as tyrosine-hydroxylase 

(van der Elst et al., 2005). Dopamine receptor and release changes were suggested to be 

mediated by the hippocampus in these breeding lines (Bardgett et al., 1995; Howland et 

al., 2004b).  

 

4.4.3 Conclusions and further studies 

Collectively, this study confirmed and extended the results of chapter 3. Previous 

studies suggest possible mechanisms to explain the apomorphine insensitivity in the PPI 

test, focusing on different components of dopaminergic transmission in the mesolimbic 

system such as dopamine receptor levels and the HPA-axis negative feedback 

components such as GR receptor expression. These aspects will be addressed in the next 

chapters. The hippocampus will be a particular focus based on its important role in PPI 

regulation (Chapter 3 and present chapter) and learning and memory of the two-hit 

animal model (Chapter 6). 
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Figure 4.1 

Timeline of the experiments showing the two stress treatments: non-deprived (ND) or 

maternally-deprived (MD) and cholesterol treatment (Chol) or corticosterone treatment 

(CORT).  Each one-week series of behavioural tests (bottom panel) included a PPI 

pretest, PPI baseline (saline) and PPI with drug administration. Treatment with saline and 

different dose of apomorphine or quinpirole was pseudo-randomly allocated to each rats 

over these 4 drug tests (drug 1, drug 2, drug 3, drug 4). In the amphetamine experiment, 2 

drug doses were tested plus a reference experiment with 0.3 mg/kg of apomorphine. Rats 

were culled 3 days after the last PPI test. 

PPI/Drug 1 

PPI/Drug 2 PPI pretest PPI/Drug 4 

PPI/Drug 3 Cull 

Day 1 Day 2 Day 8 Day 14Day 5 

wash out wash out wash out wash out

Day 11 

Birth 

Chol/CORT 
Implantation

Chol/CORT 
Withdrawal 

Rat age  
Wk 8 PND 0 PND 9    Wk 10 Wk 12 Wk 14 
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Figure 4.2 

The effect of 0.1, 0.3 or 1.0mg/kg of apomorphine on average PPI (top panel) or startle 

(bottom panel) after maternal deprivation (MD) and corticosterone (CORT) treatment. 

Controls were non-deprived (ND) and received cholesterol (Chol).  

There was a significant dose dependent apomorphine effect on PPI in the ND Chol, ND 

CORT and MD Chol group, but not in the MD CORT group. There were significant 

biphasic effects of apomorphine on startle amplitude in the ND Chol, ND CORT and MD 

Chol groups, but not the MD CORT group, revealing that the relative apomorphine 

sensitivity in MD CORT animals was also observed for startle.  

* P<0.05 for different with the saline control within group; ^ P>0.05 (but <0.1) for 

difference with saline control within the same group 
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Figure 4.3 

The effect of 0.1, 0.3 or 1.0mg/kg of quinpirole on PPI (top panel) and startle amplitude 

(bottom panel) after maternal deprivation (MD) and corticosterone (CORT) treatment. 

Controls were non-deprived (ND) and received cholesterol (Chol). There was a 

significant dose dependent quinpirole effect on PPI in the ND Chol group, but not in any 

other group. Quinpirole treatment markedly reduced startle amplitude in all groups. 

* P<0.05 for difference with saline treatment. # P<0.05 for difference between Chol 

treated and CORT-treated animals in either the ND or MD groups at the same saline and 

quinpirole dose. 
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Figure 4.4 

The effect of 0.5 or 2.5mg/kg of amphetamine and 0.3mg/kg of apomorphine on PPI (top 

panel) and startle amplitude (bottom panel) after maternal deprivation (MD) and 

corticosterone (CORT) treatment. Controls were non-deprived (ND) and received 

cholesterol (Chol). * P<0.05 for difference with saline treatment. 
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Chapter 5.  

Neurochemical studies on dopamine D1 and 

D2 receptors and dopamine transporter 

density in the two-hit animal model 
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5.1 Introduction 

The effects of amphetamine and quinpirole in Chapter 4 did not show the exact the same 

pattern of functionally decreased sensitivity as seen with apomorphine which was 

uniquely affected in the MD CORT group. Apomorphine is not only a dopamine D2 

receptor agonist in PPI but also has high affinity for dopamine D1 receptors (Swerdlow et 

al., 2000a; Ralph-Williams et al., 2003; de Jong and van den Buuse, 2006; Hara and 

Pickel, 2007). Dopamine release by amphetamine potentially activates both dopamine D1 

and D2 receptors, whereas quinpirole is a dopamine D2/D3 receptor agonist. The previous 

behavioural results could therefore indicate a complex interaction of the early and late 

stresses with dopaminergic transmission, where (1) combined early and late stress 

attenuates a combined D1 and D2 receptor effect, as seen by the desensitization of the 

apomorphine response in PPI; (2) either early or late stresses as well as both stresses 

together attenuates D2 receptor effects, as shown by the attenuated response to quinpirole, 

and (3) late stress, simulated by CORT treatment attenuates dopamine release and 

therefore reduces activation of all dopamine receptors subtypes. 

 

The aim of the study in the chapter was to determine the density of dopamine D1 and D2 

receptors and dopamine transporters in PPI-associated brain regions, such as the nucleus 

accumbens and caudate putamen (anterior striatum). This was an attempt to explain the 

apparent reduced sensitivity to apomorphine described in Chapter 3 and 4, similar to 

previous approaches comparing behavioural findings (Al-Amin et al., 2000) and receptor 

expression (Al-Amin et al., 2001). As discussed in Chapter 1, dopamine hyperactivity in 

the nucleus accumbens and striatum causes PPI disruption (Swerdlow et al., 1986; 

Swerdlow et al., 1990b) and functional desensitization to dopaminergic stimulants could 

be associated with downregulation of dopamine receptors (Tenn et al., 2003).  The 

present study will use autoradiography to measure the density of dopamine D1 and D2 

receptors, and dopamine transporters (DAT), in the anterior striatum and nucleus 

accumbens in brain sections from the animals of all four groups used to test the effects of 

apomorphine (see previous chapter). 
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5.2 Materials and methods  

The anterior part of the brain (Bregma 1.00mm to 1.70mm) was obtained from rats used 

in the previous PPI apomorphine dose dependent study (C060505a; see chapter 4) with 8 

rats per treatment group (ND Chol, ND CORT, MD Chol and MD CORT). Fourteen 

micron coronal sections were cut on a cryostat (Leica CM1850) and mounted on 

gelatine-coated glass slides and stored in a -20oC freezer. Six sections were obtained from 

one animal where 3 sections were used for total binding (TB) as a triplicate and another 3 

for non-specific binding (NS).  

 

The TB solution mix consisted of the specific [3H] ligand and NS solution mix consisted 

of both [3H] ligand and a competitive agonist or antagonist for the target receptor/protein. 

Sections were thawed at room temperature for 20 to 45 minutes prior to the 

autoradiography procedure. They were pre-incubated in the designated buffer, which was 

also used for TB and NS mixing and washing. During the TB/NS incubation, 100µl of TB 

or NS mix was pipetted onto each section. After the incubation period, the sections were 

washed in ice-cold buffer 3-4 times at 5 minutes per wash, followed by another 5 minute 

ice-cold dH2O wash. The sections were then dried with cold air and fixed in 

paraformaldehyde vapour in a desiccator overnight. The fixed sections were placed in a 

cassette and exposed to a Fuji BAS phosphor-imaging plate (BAS-TR2025, Fuji Imaging 

plate) for 6 days together with [3H] scales (Amersham Biosciences, UK).  

 

5.2.1 D1 receptors 

The thawed sections were pre-incubated in buffer containing 50mM Tris-HCl, 120mM 

NaCl, 5mM KCl, 2mM CaCl2, and 1mM MgCl2 (pH 7.4) for 30 minutes. In the 30 

minutes TB/NS incubation, 1nM of [3H]SCH23390 (85Ci/mmol; PerkinElmer, Boston, 

USA) was used for TB and 0.5µM cis-flupenthixol (Sigma) was added for NS. 

 

5.2.2 D2 receptors 

The same buffer and duration of pre-incubation and TB/NS incubation as for the D1 

receptor autoradiography was used. One nM of [3H]YM091512 (63Ci/mmol; Perkin 

Elmer, Boston, USA), 0.1µM of pindolol (Sigma) and 0.5µM of 1,3-di-o-tolyguanidine 

(DTG; Sigma) were used for TB and 10µM of (-)-sulpiride (Sigma) was added for NS. 
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5.2.3 Dopamine transporter (DAT) 

Sections were pre-incubated in buffer containing 50mM NaH2PO4, 70mM NaCl, 0.025% 

bovine serum albumin (BSA), 1µM cis-flupenthixol (Sigma) and 0.001% L-ascorbate. 

During the 1 hour TB/NS incubation, 2nN of [3H]GBR12935 was used for the TB and 

10µM of GBR12909 (Sigma) was added for the NS. 

 

5.2.4 Analysis 

The exposed phosphor-imaging plates were scanned and images analysed using AIS 

image analysis software (Analytical Imaging Station, Imaging Research Inc., Ontario, 

Canada). A standard curve was calculated according to the tritium scales prior to analysis 

of the sections. The standard/calibration was then used for the conversion of 

photo-stimulated luminescence (psl) to disintegration units per minute per milligram 

(dpm/mg) estimated tissue equivalent (ETE). The density of D1, D2 receptors and 

dopamine transporters was calculated by subtracting the density values of non-specific 

binding from that of the total binding (ETETB – ETENS) (Figure 5.1). Caudate putamen 

(anterior striatum), nucleus accumbens core and shell and cingulate cortex were analysed 

(Figure 5.1). 
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5.3 Results 

5.3.1 D1 receptors 

Analysis of all regions combined showed that there was a main effect of region on the 

density of D1 receptors (F(3,31)=529.0, P<0.001), reflecting that density was highest in 

the caudate nucleus and nucleus accumbens core and shell, with lower density in 

prelimbic cortex (Figure 5.2). There was also a region by maternal deprivation interaction 

(F(3,31)=5.2, P=0.002) and a main effect of maternal deprivation on D1 receptors density 

(F(3,31)=9.2, P=0.005).  

 

Further analysis by region showed a main effect of maternal deprivation in the nucleus 

accumbens core (F(3,31)=8.9, P=0.006) and shell (F(3,31)=7.8, P=0.009), although no 

main effect of CORT treatment or MD x CORT interactions were observed in either 

nucleus accumbens region (Figure 5.2 top panels). Further analysis showed that the MD 

Chol, but not MD CORT animals had significantly higher D1 receptor density when 

compared to the control (ND Chol) animals (Core: F(1,15)=5.8, P=0.031; Shell 

F(1,15)=5.9, P=0.031). In contrast, no main effects or statistical interactions were 

observed in the caudate nucleus or prelimbic cortex (Figure 5.2 bottom panels). 

 

5.3.2 D2 receptors 

Similar to D1 receptor density, there were significant regional differences for dopamine 

D2 receptor density (F(3,32)=633.1, P<0.001), where the density was highest in caudate 

nucleus, followed by the nucleus accumbens core and shell and the prelimbic cortex 

having the lowest density (Figure 5.3). Analysis of all regions combined furthermore 

revealed a significant MD by CORT interaction (F(3,32)=5.52, P=0.026) and also a 

region by MD by CORT interaction (F(3,32)=3.8, P=0.014) suggesting differential 

effects of maternal deprivation and corticosterone between the regions. Further analysis 

revealed a MD by CORT interaction in the nucleus accumbens core (F(3,32)=5.0, 

P=0.033) and caudate nucleus (F(3,32)=6.0, P=0.021), but not the nucleus accumbens 

shell and prelimbic cortex (Figure 5.3). This statistical interaction reflected a tendency for 

a CORT-induced decrease of D2 receptor density in non-deprived animals compared to a 

tendency for a CORT-induced increase of D2 receptor density in maternally-deprived 

animals in these regions. Consequently, there was a significant difference between MD 
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CORT and ND CORT animals (Nucleus accumbens core: F(1,16)=7.2, P=0.018; Caudate 

nucleus F(1,16)=6.4, P=0.024). Although no differences were found between the ND 

Chol and other groups, this result indicated that the effect of CORT treatment on 

dopamine D2 receptor expression is opposite depending on whether the animals are 

maternally deprived at an early development stage. 

 

5.3.3 Dopamine transporter (DAT) 

Density of DAT was the highest in the caudate nucleus and nucleus accumbens core, 

followed by the nucleus accumbens shell. Lowest density was found in the cingulate 

cortex. There were neither significant main effects nor any statistical interactions among 

the regions and treatment groups (Figure 5.4). 
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5.4 Discussion 

In chapter 3 and 4, the time course and dose dependency studies showed that acute 

apomorphine treatment caused disruptions of PPI in the control, maternally deprived, and 

corticosterone-treated animals, however this effect was absent in rats subjected to 

combined maternal deprivation and corticosterone treatment. This functional 

desensitization, and that to quinpirole and amphetamine in the PPI experiments described 

in chapter 4, could be due to downregulation of dopamine D1 and D2 receptors. In this 

chapter, we therefore measured density of these receptors in the nucleus accumbens shell 

and core, the caudate nucleus and the cingulate cortex. There were minor changes of 

dopamine D1 and D2 expression in caudate nucleus and nucleus accumbens. Dopamine 

D1 receptor expression was significantly increased by maternal deprivation but this effect 

was less pronounced after maternal deprivation combined with chronic corticosterone 

treatment. On the other hand, dopamine D2 receptor density was not significantly 

different in any of the groups compared to the control group (ND Chol). Instead, 

statistical interactions and further pairwise group comparisons showed that the MD 

CORT group had higher density than ND CORT animals. These minor changes in D1 and 

D2 receptor levels could be secondary changes or compensation in response to the single 

‘hit’ treatments. No differences were found between the groups in terms of DAT density. 

 

Previous studies on the effects of maternal deprivation or corticosterone treatment on 

dopamine receptor densities have been inconclusive. For example, maternal deprivation 

increased dopamine D1 receptor levels in one study (Brake et al., 2004), however other 

studies showed no change (Henry et al., 1995; Ploj et al., 2003). A similar inconsistency 

was also found for dopamine transporters in that maternal deprivation caused either no 

change (Kikusui et al., 2005) or a decrease (Brake et al., 2004). Inconclusive results were 

also reported for dopamine receptors after an chronic stress at young adult. For example, 

unavoidable stresses increased D1 receptors binding and decreased D2 binding in the 

nucleus accumbens (Scheggi et al., 2002). In contrast, another study showed that a 

chronic restraint stress caused a decrease of D1 and no change for D2 receptors in the 

nucleus accumbens (Giardino et al., 1998) whereas in another study chronic 

immobilization stress was reported to cause an increase of D2 receptors (Lucas et al., 

2007). These inconsistent results could possibly be due to strain differences or genetic 

background (Cabib et al., 1998), where glucocorticoid receptors may contribute to this 



   

 112

genetic difference by modulating dopamine receptor expression (Cyr et al., 2001; Wrobel 

et al., 2004; Izawa et al., 2006). Further investigation and discussion of glucocorticoid 

receptor levels will be reported in chapter 8. 

  

Similar to this study, other studies have also shown a lack of receptor density or mRNA 

changes despite alterations in drug responsiveness caused by developmental disruptions 

(Al-Amin et al., 2001).  In normal animals, administration of corticosterone or stress has 

been shown to enhance mesolimbic dopaminergic transmission for example by increasing 

D2 receptor and dopamine transporter densities in the nucleus accumbens (Copeland et al., 

2005; Lucas et al., 2007).  The almost 4 weeks recovery and behavioural test period after 

corticosterone pellet withdrawal may have been sufficient to normalize a shortlasting 

increase in D2 receptor levels in the ND CORT animals. In terms of D2 receptor 

expression, prenatal stress or stress during pregnancy caused a significant increase at an 

adult age (Henry et al., 1995; Berger et al., 2002) although the neonatal maternal 

deprivation in our experiment did not. Instead of increasing D2 receptor density, the 

maternally-deprived animals showed higher D1 receptor expression. However, in these 

animals there were no major changes of the amphetamine and apomorphine effect on PPI, 

suggesting that the minor D1 receptor upregulation has little functional consequence. In 

this context it is of interest to note that the role of dopamine D1 receptors in PPI regulation 

may be largely focused in prelimbic frontal cortex (Peng et al., 1990; de Jong and van den 

Buuse, 2006), where no difference in densities were observed in the present experimental 

groups.  Therefore changes in D1 receptors in the caudate and accumbens may not be a 

direct explanation of the PPI insensitivity. Further studies should more extensively detail 

D1 receptor expression in various subregions of the prefrontal cortex. Conversely, PPI 

experiments could include local infusion of D1 and D2 antagonists only in the anterior 

caudate (or striatum) and/or accumbens to confirm the functional importance of the 

altered receptor densities in these regions. Also, dopaminergic activity e.g. release and 

uptake rate may have changed independent from dopamine transporter densities and 

techniques such as in vivo microdialysis or voltammetry will enable us to assess the 

excellular dopamine levels and dopamine uptake kinetics in the caudate nucleus and 

nucleus accumbens.  
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In conclusion, the main finding of this experiment is that the two hit animals (MD CORT) 

showed no difference in the densities of dopamine D1 and D2 receptors and dopamine 

transporters compared to control (ND Chol) animals and this experiment therefore does 

not explain the apparent apomorphine insensitivity reported in chapters 3 and 4.
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Figure 5.1  

Non-specific (top panel) and total binding (bottom panel) autoradiograms showing 

dopamine transporter binding in the four regions assessed: caudate nucleus (CN), nucleus 

accumbens core (NAc), nucleus accumbens shell (NAs) and cingulate cortex (CC). 
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Figure 5.2 

Dopamine D1 receptor density in the nucleus accumbens core and shell, caudate putamen 

and cingulate cortex in the 4 treatment groups: ND Chol, ND CORT, MD Chol and MD 

CORT. Data are presented as mean ± SEM. * p<0.05 compared to the ND Chol group. 

Maternal deprivation alone increases D1 receptor abundance in the nucleus accumbens by 

~20-30%. 
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Figure 5.3 

Dopamine D2 receptor density in nucleus accumbens core and shell, caudate putamen and 

cingulate cortex in the 4 treatment groups: ND Chol, ND CORT, MD Chol and MD 

CORT. Data are presented as mean ± SEM. There was a MD by CORT interaction in the 

nucleus accumbens core and caudate putamen (P=0.033 and P=0.021, respectively) 

reflecting a tendency for a CORT-induced decrease of D2 receptor density in 

non-deprived animals compared to a tendency for a CORT-induced increase of D2 

receptor density in maternally-deprived animals in these regions.  
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Figure 5.4 

Dopamine transporter (DAT) density in nucleus accumbens core and shell, caudate 

putamen and cingulate cortex in the 4 treatment groups: ND Chol, ND CORT, MD Chol 

and MD CORT. Data are presented as mean ± SEM. No significant differences or 

interactions were observed between any regions and groups. 
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Chapter 6.  

Learning and memory in the two-hit animal 

model assessed by Y-maze, Morris water 

maze and delayed alternation T-maze 
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6.1 Introduction 

As discussed in Chapter 1, cognitive deficits have been widely characterised in patients 

with schizophrenia. These deficits include disturbances in working memory, executive 

control and episodic memory (Barch, 2005). The brain regions most commonly 

associated with these cognitive processes are the prefrontal cortex (PFC) and 

medio-temporal cortex, and also the hippocampus which is markedly affected by stress. 

In this chapter, we investigated PFC- and hippocampal-related cognitive functioning in 

the two-hit animal model using spatial learning and working memory tasks. 

 

Delayed alternation tasks assess spatial working memory which is associated particularly 

with the mPFC (Sanchez-Santed et al., 1997; Mizoguchi et al., 2000). These alternation 

tasks are usually assessed using the radial arm maze or the T-maze task. A delay period is 

interposed between trials, which assesses working memory. In addition to the T-maze 

delayed alternation test, we also used the Morris water maze task that assesses primarily 

hippocampus-based spatial memory (Moser et al., 1993; Ferbinteanu et al., 2003).  It has 

been shown that lesions of the hippocampus or chronic stress cause disruption of the 

acquisition and retrieval of this spatial information, and also its consolidation and storage 

(Moser et al., 1993; van Praag et al., 1998; D'Hooge and De Deyn, 2001; Ferbinteanu et 

al., 2003). Unlike the Morris water maze test, which assesses long-term spatial memory, 

the Y-maze is focused on short-term spatial memory (Martin et al., 2003). The Y-maze is 

a simple test based on the innate tendency for an animal to explore novelty and requires 

cue recognition at a learning trial and consolidation of this memory until the test re-trial 

several hours later (Dellu et al., 1992; Dellu et al., 1997; Dellu et al., 2000). Again, this 

relatively short spatial reference memory was shown to be hippocampus-based (Conrad 

et al., 1996). 
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6.2 Material and methods 

6.2.1 Y-maze 

Short-term spatial memory was assessed using the Y-maze (Dellu et al., 1997) which 

consisted of three arms (50cm l x 16cm w x 31cm h) and a triangular central area. In the 

first phase of the experiment the rat was placed facing the wall at the end of one arm, the 

start arm. The rat was allowed to explore the Y-maze for 10 minutes, with one of the arms 

other than the start arm, the novel arm, closed (Figure 6.1). This pre-exposure phase was 

not recorded or analysed. After a 2 hour interval, the rat was replaced in the Y-maze for 5 

minutes, initially facing the wall of the start arm, similar to the pre-exposure phase. The 

arm that was closed during the pre-exposure phase became accessible during this memory 

retrieval phase. Behaviour was recorded using a video camera fixed to the ceiling of the 

room and connected to a video recorder. The number of times each arm was visited and 

the time spent in each arm, was then analysed using the video tracking software package, 

Ethovision® (Noldus, The Netherlands). 

 

6.2.2 Morris water maze 

Long-term spatial learning was assessed using the Morris water maze test (Morris, 1984). 

A large dark green plastic pool (150cm diameter x 55cm h) was filled with water (28ºC) to 

a depth of 40cm which was made opaque by addition of non-allergenic, water-soluble 

black paint. The pool was placed in a room with various spatial cues, which consisted of 

geometric shapes on the wall (Figure 6.2). A square black platform (15.5cm x 15.5cm) 

was placed 1cm below the water level and served as an escape from the water. This 

hidden platform was positioned in the north-east corner of the pool during the entire 

protocol. The rats were given 4 consecutive trials per day for 4 days. Rats were placed 

into the water, facing the wall, sequentially into 4 different entry points that were set 

equally around the pool (north, east, west, or south). The order of the 4 entry points was 

randomised for each animal on each day. The rat was allowed to search the hidden 

platform for 60 seconds. A trial was terminated when the rat reached the platform and 

remained there for 20 seconds, to orientate to the spatial cues in the room. Rats that failed 

to find the hidden platform within 60 seconds were placed on the platform by the 

experimenter and remained there for 20 seconds. After each trial, the rat was dried briefly 

with a towel and was then submitted to the next trial. Upon completion of the last trial, 
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rats were thoroughly dried by placing them in a heat box and returned to their home cage. 

The 5th day was used to reassess learning by a free swim trial and to assess motor, 

sensory, or motivational deficits by visible platform trials. In the free swim trial, the 

platform was removed and the rat was allowed to explore the pool for 2 minutes. In the 

visible platform trials, the platform was placed 1cm above water in the south-west 

quadrant and was made visible with white tape on the edges. Rats received 4 

consecutive trials in which to escape to the platform. 

 

Behaviour was recorded using a video camera which was fixed to the ceiling of the room 

and connected to a video recorder. Similar to the Y-maze test, the position of the rat was 

determined by the video tracking software package, Ethovision® (Noldus, The 

Netherlands). For the first 4 days and for the visible platform test, the distance travelled 

(pathlength), time taken to reach the hidden platform (escape latency) and velocity of 

movements (swim speed) were analysed. For the free swim trials (the 5th day), the 

percentage of time spent in the north-east quadrant was measured and also the distance 

travelled in this quadrant and swim speed.  

 

6.2.3 T-maze delayed alternation 

Working memory was assessed with the T-maze delayed alternation test as previously 

described (Moran, 1993; Deacon et al., 2001). To increase the motivation for food, the 

rats were maintained at 90% of their pre-experimental body weight until the end of the 

T-maze experiment. Body weights were measured daily after the T-maze trials. The rats 

were initially habituated to the T-maze (overall 15cm h; start box: 26cm l x 26cm w; stem 

arm: 68cm l x 12cm w; branch arms: 52cm l x 12cm w) for 5-10 minutes on 5 days, until 

they were readily eating the food reward at either end of the branch arms (Figure 6.3). 

After habituation, the rats were trained until they reached criterion (see below) and then 

tested for delayed alternation (Moran, 1993). The rats were given daily training sessions 

of 11 consecutive trials in which they had to alternate between the left and right branch 

arm in order to obtain the food reward. The first trial was a forced trial, where access to 

one arm was closed, forcing the rat to enter the other arm that contained the food reward. 

The direction (left or right) was alternated per rat each day. On the subsequent 10 trials, 

the rat was only rewarded for entering the branch arm not chosen in the previous trial. A 

correct trial ended in eating the food reward and an incorrect trial ended in reaching an 
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empty food cup. After each trial, the rat was placed back in the start arm ready for the next 

trial. The criterion for successful training was defined as >90% of correct trials averaged 

over 3 consecutive days.  

 

Once the criterion was reached, spatial delayed alternation was tested by interposing a 30- 

or 60-second delay period between trials. During this time, the rat was confined in the 

start box. Each delay period was tested for 2 consecutive days. The latency to find the 

food and the number of errors made were recorded and averaged over the 2 days. The 

number of errors made was taken as a measure of spatial working memory, the first day of 

reaching the criteria was taken as days needed to learn, and the latency to reach the food 

reward was used to assess possible motivational or motor impairments (Moran, 1993; 

Deacon et al., 2001; Deacon and Rawlins, 2006). 

 

6.2.4 Data analysis 

All data were analysed with ANOVA with repeated measures where appropriate and 

Chi-square test was used to compare percentages obtained from the T-maze test. For 

Y-maze data, we expressed the number of arm visits as a percentage of totals to correct for 

any differences in overall locomotor activity. For water maze data, we assessed the escape 

latencies and distance travelled to reach the hidden platform from day 1 to 4, and also the 

latencies and distance changes between days, i.e. day 1 to 2, day 2 to 3 and day 3 to 4.  

Swim speed and visible platform trials were similarly analysed.  For T-maze data, the 

total number of days required to reach criterion was used, as well as the number of errors 

during delayed alternation trials.  
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6.3 Results 

6.3.1 Short-term spatial memory in the Y-maze 

6.3.1.1 Number of arm visits 

The expected significantly higher number of visits and time spent in the novel arm was 

only observed in the ND Chol and the ND CORT treated rats (Figure 6.4 top panel), 

indicating intact short-term spatial memory in these two groups. In MD Chol rats, there 

was a clear tendency for scores in the novel arm to be higher however the difference with 

the ‘other’ arm was not significant. In MD CORT rats, there was no difference between 

the number of visits and the time spent in the novel arm vs. the ‘other’ arm (Figure 6.4 top 

panel), suggesting disrupted short-term spatial memory in these rats.  

 

Specifically, when comparing the number of visits to all three arms, ANOVA revealed 

that there was the expected main effect of Arm (F(2,64)=11.4, P<0.001) and a trend 

towards an Arm x Maternal Deprivation interaction (P=0.071). There were significant 

differences in the number of visits between the three arms in the ND Chol group 

(F(2,16)=3.8, P=0.044), the ND CORT group (F(2,16)= 14.8, P<0.001), but not in the 

MD Chol group (P=0.133) or the MD CORT group (Figure 6.4).  Furthermore, when 

comparing the number of visits to the novel arm vs. the ‘other’ arm, there was the 

expected main effect (F(1,32)= 20.8, P<0.001) and also a significant Arm x Maternal 

Deprivation interaction (F(1,32)=5.5, P=0.025). Further paired group comparison did not 

show a difference between either ND CORT rats or MD Chol rats with the ND Chol 

controls. In contrast, the difference between scores in the novel arm vs. the ‘other’ arm 

were significantly reduced in MD CORT vs. ND Chol or ND CORT rats (Arm x Group 

interaction F(1,16)=4.7 and 5.0, P=0.044 and 0.039, respectively), but not when 

compared to MD Chol. The difference between the number of times the novel arm and the 

‘other’ arm were visited was significant in the ND Chol group and the ND CORT group, 

but was only at trend level (P=0.127) in the MD Chol group, with no difference found in 

the MD CORT group.  

 

6.3.1.2 Duration of arm visits 

When data were expressed as duration of arm visits, a similar difference between the 

experimental groups emerged as seen with the number of arm visits (Figure 6.4 bottom 
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panel). The expected significant main effect of Arm (F(2,64)=7.8, P=0.001) was again 

associated with a trend towards an interaction of Arm x Maternal Deprivation (P=0.071) 

but this time also with an Arm x Maternal Deprivation x CORT treatment interaction 

(F(2,64)=3.5, P=0.037).  There were significant differences in the duration of time 

between the three arms in the ND Chol group (F(2,16)=5.8, P=0.013), the ND CORT 

group (F(2,16)= 8.0, P=0.004), but not in the MD Chol group (P=0.144) or the MD CORT 

group (Figure 6.4). 

 

When comparing the duration of visits to the novel arm vs. the ‘other’ arm, there was the 

expected main difference between these arms (F(1,32)= 13.7, P=0.001) and also a 

significant interaction of arm x maternal deprivation (F(1,32)=5.2, P=0.029). As with the 

number of visits, further paired group comparison did not show a difference between 

either ND CORT animals or MD Chol animals with the ND Chol controls. In contrast, the 

difference between scores in the novel arm vs. the ‘other’ arm were significantly reduced 

in MD CORT vs. ND Chol or ND CORT rats (Arm x Group interaction F(1,16)=6.3 and 

4.3, P=0.023 and 0.050, respectively), but not when compared to MD Chol. In individual 

groups, the difference between the duration of visits to the novel arm and the ‘other’ arm 

was significant in the ND Chol group and the ND CORT group, but not in the MD Chol 

group or the MD CORT group (Figure 6.4 bottom panel).  

 

6.3.1.3 Locomotor activity in Y-maze 

There was no significant difference in total number of arm entries between the groups, 

indicating no differences in locomotor activity (data not shown). 

 

6.3.2 Long-term spatial memory in the water maze 

6.3.2.1 Escape latencies to reach the hidden platform 

Mean latency to reach the hidden platform significantly decreased over the four testing 

days (F(3,102)=25.0, P<0.001), indicating water maze learning. While there were no 

significant 2-way interactions, there was a strong trend towards an interaction of Day, 

Maternal Deprivation and CORT treatment (F(3,102)=2.6, P=0.059), suggesting 

differential learning between the groups. Inspection of the graphs (Figure 6.5) suggested 

that the MD CORT rats required more days of learning to reach the same minimal latency 

scores seen in the other groups. This difference was most obvious between day 1 and day 
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2, where a sharp and significant decline in latency occurred in ND Chol (F(1,9)=13.0, 

P=0.006), ND CORT (F(1,8)=7.3, P=0.027) and MD Chol (F(1,8)=13.8, P=0.006) groups, 

however there was no significant change in escape latency between day 1 and day 2 in the 

MD CORT animals (Figure 6.5). Calculation of the difference in escape latency between 

day 1 and day 2 confirmed this effect, with the MD CORT animals displaying the lowest 

difference compared to the other groups (Figure 6.5). In contrast to the decrease in 

pathlength from day 1 to day 2, there was no significant decrease in pathlength from day 

3 to day 4 in any of the groups, except in MD CORT rats where a significant decrease was 

observed (F(1,9)=5.2, P=0.048), suggesting continued learning and ‘catching-up‘ of 

these animals even after several days of training. 

 

6.3.2.2 Distance travelled to reach hidden platform 

Mean pathlength (distance travelled) to reach the hidden platform significantly decreased 

over the four testing days (F(3,102)=41.4, P<0.001), again indicating water maze 

learning.  There was a Day x Deprivation x Pellet interaction of borderline significance 

(F(3,102)=2.7, P=0.049), suggesting differential learning between the groups. Inspection 

of the 4-day water maze curves (Figure 6.5) again suggested that the two-hit group 

required more days of learning to reach the same minimal pathlength seen in the other 

groups. This difference was mostly seen between day 1 and day 2, where a sharp and 

significant decline in pathlength was seen in ND Chol (F(1,9)=12.8, P=0.006), ND CORT 

(F(1,8)=8.3, P=0.020) and MD Chol (F(1,8)=14.8, P=0.005) groups, however in the 

two-hit group (MD CORT) there was only a trend for reduced pathlength (F(1,9)=5.1, 

P=0.051). Calculation of the difference in pathlength between day 1 and day 2 confirmed 

this effect, with the MD CORT animals displaying the lowest difference between the first 

two days of training compared to the other groups (Figure 6.5). In contrast to the decrease 

in pathlength from day 1 to day 2, there was no significant decrease in pathlength from 

day 3 to day 4 in any of the groups, except in MD CORT rats where again a decrease was 

observed which was of borderline significance (F(1,9)=5.1, P=0.050), suggesting 

continued learning of these animals even after several days of training. 

 

6.3.2.3 Swim speed to reach the hidden platform 

Swim velocity during the learning trials (Table 6.1) significantly decreased over the four 

days of training (main effect of Day F(3,102)=42.3, P<0.001). Surprisingly however, this 

effect was not the same in all groups (Day x maternal deprivation x CORT interaction 
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F(3,120)= 6.1, P=0.001). The difference between day 1 and day 4 of training was 6.3 ± 

1.3cm/sec in the ND Chol controls, 4.4 ± 1.5cm/sec in the MD Chol rats and 7.5 ± 1.2 

cm/sec in the MD CORT group, as opposed to only 0.5 ± 1.2cm/sec in the ND CORT rats. 

Analysis of individual groups revealed that this decrease of swim speed was highly 

significant in the ND Chol, MD Chol and MD CORT groups (all P<0.001), but there was 

only a trend (P=0.054) in the ND CORT group (Table 6.1). Pair-wise group comparison 

confirmed that the reduction of swim speed over the four training days seen in ND Chol 

controls was not present in ND CORT animals (day x group interaction F(3,51)=5.8, 

P=0.002). On the other hand, the MD Chol and MD CORT groups did not significantly 

differ from each other. Thus, the effect of CORT treatment on swim speed changes in the 

water maze was not seen if it was combined with previous maternal deprivation. Unlike 

the ND CORT group, the MD Chol and MD CORT groups both did not differ 

significantly from the ND Chol controls (Table 6.1). 

 

6.3.2.4 Free swim trial and visible platform trials 

Analysis of the free swim trial on day 5 did not show any main effects or interactions and 

no differences between the groups in percentage time spent in the platform quadrant, 

pathlength in the platform quadrant, or overall swim speed (Table 6.1). During the visible 

platform trials, all rats rapidly located the escape platform. There were no significant 

differences between the groups with respect to latency to reach the platform, pathlength 

or swim speed (Table 6.1). 

 

6.3.3 Working memory in the delayed alternation T-maze 

6.3.3.1 Acquisition of T-maze responding 

Within the total of 13 learning days, all rats acquired the criterion of three consecutive 

days of at least 90% correct responses. The average number of days to reach this point 

was lowest in the MD CORT rats (6.9 ± 0.8 days vs. 8.3-8.9 in the other groups (Figure 

6.6)) however there were no statistically significant differences between the groups. If 

data were plotted as the percentage of rats on each day that reached criterion, again the 

MD CORT rats appeared to be the fastest learners (Figure 6.6). For example, on days 5 

and 6 already 75% of the MD CORT rats had reached criterion. In contrast, in the other 

groups, these scores were only 25-44%. However, despite this trend, Chi-square analysis 

on individual days did not reveal statistically significant differences between the groups. 
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Linear regression analysis of the group learning curves from the start of training to the 

point where 100% of the rats in each group had reached criterion, revealed a much steeper 

learning curve in MD CORT rats, as opposed to any of the other groups; the slope of the 

lines were 8.3 ± 0.4 in ND Chol group, 8.0 ± 0.3 in ND CORT group, 8.9 ± 0.8 in MD 

Chol group, and 12.0 ± 0.6 in MD CORT group. 

 

6.3.3.2 Delayed alternation 

Once the rats had reached criterion, a 30-second and 60-second delay was interposed 

between trials. This resulted in a significant decrease in the number of correct responses 

in all groups (Figure 6.7). However, ANOVA of the 30-second interval data also showed 

an interaction of CORT treatment with the effect of the delay (F(1,28)=7.3, P=0.012). 

Inspection of the data (Figure 6.7) revealed that the greatest reduction of correct 

responses after introducing a 30-second delay was seen in rats that had been either 

maternally deprived or treated with CORT or those that had received both treatments 

combined compared to untreated controls. Indeed, while there were no differences in 

performance between the groups without a delay period or after a 60-second delay period, 

after a 30-second delay period rats that had been either maternally deprived or treated 

with CORT or those that had received both treatments combined made significantly more 

errors than non-treated controls (Figure 6.7). 

 

There did not seem to be much difference in the effect of a 30-second delay or a 

60-second delay on the number of correct entries (Figure 6.7). However, it was observed 

that during the 60-second delay, all rats were noticeably more restless and attempted to 

enter more than during the 30-second delay. In the 60-second delay trials, the latency to 

find the food reward was significantly shorter than in the 30-second delay trials 

(F(1,28)=80.3, P<0.001) or the no-delay trials (F(1,28)=25.3, P<0.001) in all groups.  

This suggests that the motivation to find the food pellet was increased after the 60-second 

delay, possibly explaining why there was no further decrease in the number of correct 

entries between the 30-second delay and the 60-second delay. 
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6.4 Discussion 

The main findings reported in this chapter were that the ‘two hit’ rats (MD CORT) 

exhibited (1) a marked disruption of Y-maze performance; (2) delayed Morris water maze 

learning; but (3) no impairment in T-maze delayed alternation, suggesting impaired 

short-term spatial memory and long-term spatial memory, but no disruption of short-term 

working memory, respectively. Thus, cognitive behaviours are selectively affected by the 

combination of early stress, in the form of maternal deprivation, and early adult stress, 

modelled by the chronic corticosterone treatment. 

 

6.4.1 Disrupted Y-maze performance 

The Y-maze relies on the animal’s innate tendency to explore new environments (Dellu et 

al., 1992; Conrad et al., 1997; Dellu et al., 1997; Conrad et al., 1999).  Thus, if the rats 

are first exposed to the Y-maze with only two arms open and then re-exposed to the 

Y-maze with all three arms opened, the expected response is a higher number of visits 

and/or time spent in the novel arm as opposed to the more familiar start arm and ‘other’ 

arm. This bias is believed to represent hippocampus-dependent short-term spatial 

memory and has been referred to as spatial working memory (Dellu et al., 1992; Conrad 

et al., 1997; Dellu et al., 1997; Conrad et al., 1999). Previous studies have addressed the 

effect of stress on Y-maze performance. For example, chronic restraint stress impaired 

spatial memory in a Y-maze procedure similar to the one used in the present study (Kleen 

et al., 2006).  Interestingly, if animals were selected on the basis of individual differences 

in anxiety levels, as tested at 6 weeks of age using open-field and elevated plus-maze 

procedures, interactive effects of early and late characteristics occurred (Bellani et al., 

2006). While low anxiety and high anxiety rats did not differ in baseline Y-maze 

performance, only high anxiety rats showed a restraint stress-induced disruption of 

Y-maze performance, whereas low anxiety rats showed no such effect (Bellani et al., 

2006). This indicates that individual characteristics in rats determine the outcome of later, 

stressful events, similar to the results in the present study. Thus, we observed that only 

after a combination of neonatal maternal deprivation (equivalent to high-anxiety rats 

(Bellani et al., 2006)) and chronic corticosterone treatment later in development 

(equivalent to chronic restraint stress (Bellani et al., 2006)), rats showed marked 

disruption of Y-maze performance. Individual characteristics of rats and early treatment 
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and housing effects could also explain why other studies have failed to find an effect of 

subchronic corticosterone treatment on spatial memory in the Y-maze (Coburn-Litvak et 

al., 2003). It would be of interest to assess anxiety-related behaviours in our rats at 

different stages of development.  

 

6.4.2 Delayed Morris water maze learning 

The Morris water maze is a classic test for hippocampus-dependent long-term spatial 

memory (Morris, 1984) and has been widely used to assess the effects of a variety of 

environmental factors on this parameter (Brandeis et al., 1989; D'Hooge and De Deyn, 

2001).  There is some controversy in the literature about the effect of neonatal stress, in 

the form of maternal deprivation, on water maze learning. For example, while some 

previous studies (Aisa et al., 2007; Garner et al., 2007) observed impaired performance of 

Wistar rats which had undergone maternal deprivation, other such studies in the same rat 

strain found improved water maze performance (Lehmann et al., 1999). In the present 

study, a 24-hour maternal separation on postnatal day 9 did not induce any change in 

water maze performance on its own. The cause of these discrepancies is unclear but could 

be related to details of the maternal separation protocol or the water maze procedure.  

 

Also studies on the effect of stress and corticosterone treatment on water maze 

performance have yielded variable results. For example, one-month treatment of 

Long-Evans rats with corticosterone did not cause impairment of water maze 

performance (Bodnoff et al., 1995). On the other hand, acute treatment with 

corticosterone caused a short-lasting impairment of memory retrieval in the water maze 

(de Quervain et al., 1998). Furthermore, acute blockade of glucocorticoid receptors by 

intra-hippocampal injection of a glucocorticoid receptor antagonist resulted in facilitation 

of water maze behaviour 24 hours after treatment (Oitzl et al., 1998). Our results showed 

no impairment of corticosterone-treated rats 2-4 weeks after the pellet was removed. 

While we cannot exclude that this treatment had an effect on water maze performance 

during treatment, our results at least show that these rats do not have long-lasting effects 

on learning and memory in the water maze. This is in contrast to rats which had 

undergone both maternal deprivation and corticosterone treatment.  Both treatments may 

have had sub-threshold effects on water maze performance in the long-term, whereas in 

combination a mild deficit was caused. It should be noted that even the two-hit animals in 
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this study showed water maze learning, however these animals were delayed compared to 

the other groups. Thus, it seems that longer training is required to reach the same level of 

performance as seen in rats treated with one ‘hit’. It is furthermore feasible that a more 

complex learning task would show more separation between two-hit animals and the 

various single treatment and control groups. The Morris water maze set-up used in this 

study may be relatively easy for the rats as indicated by the marked reductions of escape 

latency and pathlength between the first and second day of training.  

 

6.4.3 Enhanced T-maze learning? 

Spatial memory, as measured in the Morris water maze and the Y-maze is mainly 

hippocampus-based (Morris et al., 1982), while short-term memory performance in the 

T-maze in a time-dependent way involves other brain regions such as the striatum and 

prefrontal cortex apart from hippocampus (Deacon et al., 2001; Deacon et al., 2002; Lee 

and Kensner, 2003). There were no major differences between the groups in the 

acquisition of T-maze alternation behaviour, although the two-hit group tended to show a 

more rapid acquisition. There is good evidence that learning can be mediated by several, 

often competing brain systems (Poldrack and Packard, 2003; Canal et al., 2005). During 

maze learning, a rat will use spatial and non-spatial navigation depending on the shape, 

size and cues in the maze. The hippocampus is predominantly involved in aspects of 

spatial navigation and place learning, whereas the striatum is more involved in 

non-spatial navigation and response learning. In the T-maze, both mechanisms are 

activated, with hippocampal involvement particularly prominent in early stages of 

learning, and the striatum becoming involved in later stages (Canal et al., 2005). It has 

been shown that inactivation of the hippocampus, and consequently reduced spatial 

learning, can facilitate the learning strategy mediated by other brain systems, such as the 

striatum, and thereby enhance forms of non-spatial learning (Matthews et al., 1999). This 

occurs because normally the hippocampus may be involved in processing information 

that is not useful when solving a task that is predominantly dependent on another system, 

such as the striatum, thereby interfering with learning of the task (Poldrack and Packard, 

2003).  If hippocampal function is impaired, such as with local anesthetic injections or, 

in our experiments, in rats treated with both maternal deprivation and corticosterone, 

striatal learning is enhanced (Schroeder et al., 2002). This could explain why, in the 

presence of reduced spatial learning and memory, as evidenced by disrupted Y-maze 
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performance and slower water maze acquisition, these rats are able to show a tendency for 

improved T-maze learning. Further experiments are needed to separate specific aspects of 

place vs. response learning and spatial vs. non-spatial learning strategies in these rats. 

Although previous studies showed that stress or corticosterone treatment did impair 

spatial delayed alternation, the stress or corticosterone was administrated continuously 

prior to the T-maze test (Roozendaal et al., 2006). 

 

6.4.4 Possible causes of the spatial memory deficits in the two-hit model  

The deficits in spatial learning ability observed in maternally-deprived and two-hit 

animals may be partly due to alterations in HPA axis function. Glucocorticoids can either 

enhance or impair cognitive performance via their action on corticosteroid receptors (MR 

and GR) and thus changes in the expression of MR or GR can significantly affect learning 

and memory functioning (Lupien and McEwen, 1997; de Kloet et al., 1998). Maternal 

deprivation led to a reduction in hippocampal GR mRNA levels in juvenile/young adult 

rats (Rots et al., 1996b; van Oers et al., 1997). Therefore, maternal deprivation could lead 

to long-lasting reduction in hippocampal GR expression, which may contribute to the 

impairment in spatial learning ability. Furthermore, maternal deprivation combined with 

corticosterone treatment could lead to a further reduction in hippocampal GR expression 

and thereby lead to a more severe impairment in spatial learning ability. Chronic high 

corticosterone induces atrophy of hippocampal neurons (Luine, 1994; Conrad et al., 

1996), but it is reversible after termination (Sousa et al., 2000). This reversibility explains 

why ND CORT rats, after a 2 weeks recovery after the corticosterone pellet withdrawal, 

show similar cognitive performance as the controls.  

 

Changes in brain-derived neurotrophic factor (BDNF) and its receptor levels may also 

contribute to the spatial learning deficit observed in maternally-deprived and two-hit 

animals. Maternal deprivation (24 hours on pnd 9) reduced the expression of BDNF in 

cortical regions of adult Wistar rats (Roceri et al., 2002). Together with NMDA receptors, 

BDNF plays an important role in maintaining synaptic connections involved in spatial 

memory, possibly including memory consolidation and retrieval (Mizuno et al., 2000; 

Mizuno et al., 2003). Further studies are therefore needed to assess BDNF expression and 

GR expression, particularly in the hippocampus, in the various groups in these 

experiments. 
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Figure 6.1 

The Y-maze set-up: a rat at the pre-exposure phase, where one arm is closed, which 

becomes the ‘novel’ arm during the retrieval phase 2 hours later. Different coloured and 

shaped pieces of paper on the inside of the arm walls facilitate spatial recognition memory. 

A camera is positioned above the Y-maze to record behaviour including the number of the 

animal (i.e. no. 30 next to the Y-maze). 

Closed arm 
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Figure 6.2  

Schematic diagram of the Morris water maze set-up (the inserted photo shows a rat being 

tested at one of the 60-sec trials). The pool has four entry points: north (N), south (S), east 

(E) and west (W). Animals were randomly assigned to these four entry points with 

different order e.g. day 1: NSEW, day 2: ESWN and day 3: WNES etc. Animals use the 

spatial cues on the surrounding walls to locate the hidden platform, which was placed 1 

cm below the water level on test days 1-4, and the visible perform which was placed 1 cm 

above the water level on day 5. 

 

North

West East 

South

Hidden platform position 

Visible platform position 

Spatial cues on 
the screens 
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Figure 6.3 

Photo of a rat eating its food reward after entering the correct arm during the T-maze 

delayed-alternation test. The position of the food reward was alternated between trials 

and the rats were required to consecutively alternate between the left and right arms. After 

>90% correct arm entries over 3 consecutive days, a 30- or 60-second delay period was 

interposed between the trials. 
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Figure 6.4 

Y-maze behaviour of the four treatment groups: ND Chol, ND CORT, MD Chol and MD 

CORT.  Data represent the number of arm visits (top panel) and percentage time spent 

(bottom panel) in the start arm, novel arm and ‘other’ arm of the Y-maze during 5 min of 

re-exposure, 2 hours after a 10 min pre-exposure during which the novel arm was closed 

off. Rats that had received maternal deprivation and corticosterone treatment showed 

disruption of normal Y-maze behaviour. Data are mean ± SEM.  * P<0.05 for difference 

between ‘novel’ arm score and ‘other’ arm score. 
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Figure 6.5 

Water maze behaviour of the four treatment groups: ND Chol, ND CORT, MD Chol and 

MD CORT.  Data represent the latency time (sec) to find the hidden platform in the water 

maze (top left panel) and the pathlength (cm, top right panel). On day 5, the rats were 

subjected to a free-swim trial and visible-platform trials. The bottom panels show the 

change in latency and pathlength, respectively, between day 1 and 2 (1-2) and between 

day 3 and 4 (3-4). MD CORT rats showed a significant disruption of normal water maze 

behaviour as shown by a slower acquisition, particularly between day 1 and 2. * P<0.05 

for difference between either day 1-2 of training or between day 3-4. 
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Table 6.1 

Morris water maze scores for swim speed on day 1-4 of learning and during the free swim 

trial and visible platform trials on day 5. 

 

 ND Chol ND CORT MD Chol MD CORT 

Swim speed day 1 23.3 ± 0.8 22.3 ± 1.4 24.8 ± 1.5 24.6 ± 0.6 

Swim speed day 2 23.0 ± 1.0 22.9 ± 0.7 24.7 ± 1.3 22.3 ± 1.0 

Swim speed day 3 19.5 ± 0.9 20.0 ± 1.0 19.8 ± 1.0 18.4 ± 0.6 

Swim speed day 4 16.9 ± 0.9 21.8 ± 1.1 20.4 ± 1.0 17.2 ± 1.0 

     

Free swim trial %time in 

platform quadrant 26.7 ± 2.8 25.2 ± 2.5 23.7 ± 1.7 29.3 ± 2.1 

Free swim trial pathlength in 

platform quadrant 
618 ± 57 575 ± 50 573 ± 52 598 ± 50 

Free swim trial swim speed 20.2 ± 1.1 20.3 ± 1.4 20.9 ± 1.2 19.4 ± 1.1 

     

Visible platform trial latency 7.5 ± 1.9 10.2 ± 1.6 9.8 ± 1.7 7.4 ± 1.0 

Visible platform trial pathlength 113 ± 20 160 ± 23 160 ± 31 123 ± 14 

Visible platform trial swimspeed 18.2 ± 1.1 17.6 ± 1.3 17.5 ± 1.0 17.9 ± 1.1 
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Figure 6.6 

T-maze behaviour of the four treatment groups: ND Chol, ND CORT, MD Chol and MD 

CORT.  Data represent the average number of sessions needed by the rats to reach the 

criterion of at least 90% correct choices (top panel) and the % of animals on each day that 

had reached criterion (bottom panel). MD CORT rats tended to show more rapid 

acquisition of T-maze behaviour as shown by a trend towards lower average number of 

scores and a higher % of the animals that had reached criterion. 
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Figure 6.7  

Delayed alternation T-maze behaviour of the four treatment groups: ND Chol, ND CORT, 

MD Chol and MD CORT. Data represent the percentage correct arm entries (top panel) 

and the mean latency to reach the food reward (bottom panel) after no delay, a 30-second 

delay, or a 60-second delay in the start box. Both a 30-second and a 60-second delay 

introduced a significant decrease in the number of correct responses in all groups. Only a 

60-second delay period caused a significant but similar decrease in the latency to find the 

food pellet in all groups. * P<0.05 for difference with the no-delay score; + P<0.05 for 

difference with the score in non-treated controls at the same delay interval. 



   

 140

 

 

 

 

 

 

 

 

 

 

Chapter 7.  

Brain-derived neurotrophic factor expression 

in the hippocampus 
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7.1 Introduction 

Brain-derived neurotrophic factor (BDNF) has been extensively studied and implicated 

in various mental illnesses including schizophrenia (Angelucci et al., 2005; Fumagalli et 

al., 2007). BDNF is involved in regulating dendritic and synaptic plasticity in the 

postnatal cortex (Yamada et al., 2002; Angelucci et al., 2005) and therefore it could 

contribute to predisposition in the two-hit animal model. Levels of BDNF in the brain, 

especially the hippocampus, are down-regulated by chronic stress (Smith et al., 1995a; 

Smith, 1996).  BDNF is dynamically regulated throughout the lifespan and any moment 

along the developmental trajectory is contributing to alterations of BDNF expression 

(Dennis and Levitt, 2005). Regulation of BDNF levels was furthermore shown to be 

associated with both mineralocorticoid receptors (MR) and glucocorticoid receptors (GR) 

in a regionally specific pattern (Chao et al., 1998).  

 

In humans, BDNF is involved in cortical activity and memory and a polymorphism in the 

BDNF gene (val66met) is predictive of aspects of memory functioning (Egan et al., 2003; 

Hariri et al., 2003). Chronic schizophrenic patients with more than 2 decades of illness 

history displayed lower BDNF levels in their serum (Toyooka et al., 2002). Furthermore, 

studies have shown reduced levels or expression of BDNF and its major receptor (TrkB) 

in the prefrontal cortex and/or hippocampus of patients with schizophrenia (Knable et al., 

2004; Hashimoto et al., 2005; Shoval and Weizman, 2005; Weickert et al., 2005). 

However, the causes of this BDNF reduction in schizophrenia and whether it is affected 

by both early and later developmental stresses, remains unclear.  

 

In the previous chapter, we observed that the MD CORT rats exhibit a specific short- and 

long-term spatial memory deficit. Because it has been shown that spatial cognitive 

function is closely associated with hippocampal BDNF and several neurodevelopmental 

animal models of schizophrenia showed BDNF reductions (Lillrank et al., 1995), the aim 

of the present chapter was to examine BDNF expression in the hippocampus in the 

two-hit animal model. 
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7.2 Materials and Methods 

Briefly, in the in situ hybridization protocol, BDNF mRNA probes labelled with 35S-UTP 

were hybridized on 14µm dorsal hippocampal sections. The sections were exposed to 

Kodak photographic emulsion for 2 weeks and developed. After counter-staining with 

cresyl-violet, a total of 330 cells from either the left or right hippocampus were analysed 

under 400× microscopic magnification. Grain coverage in selected cells was analysed as 

percentage per area.  

 

7.2.1 Brain sections collection 

The brains of 24 animals were used with 6 animals per treatment group (ND Chol, ND 

CORT, MD Chol and MD CORT). The animals were selected from the dose-response 

cohort used in Chapter 4 and were the siblings of the animals tested with apomorphine or 

quinpirole (C060505a). They were not subjected to any behavioural testing and only 

handled in brief weekly during body weight recording. The rats were culled on the same 

day as their behaviourally tested siblings (C060505a). Similar to previous groups, the 

animals in each treatment group in this experiment were obtained from different litters 

(see Chapter 2) in order to reduce any possible ‘litter effect’ (Lehmann et al., 2000a). One 

14µm coronal section was obtained from each dorsal hippocampus, between bregma 

-3.3mm to -3.5mm (Paxinos and Watson, 1986). The number representing the animals 

(No. 77 to 100) were not uncoded (e.g. 77 = ND Chol) until finishing the analysis. The 24 

sections were randomly allocated on 6 slides. Then the slide labels were covered up and 

relabelled with letters (A to W) after in situ hybridization (section 7.2.3). Hence, the 

sections were blinded from this point until the assessment was finished (section 7.2.5). 

 

7.2.2 Radioactive [35S] probe preparation 

The BDNF antisense mRNA probes were transcribed from a 460-bp rat cDNA, subcloned 

in a pGEM-4z vector (Promega, Madison, WI, USA) between the HindIII/EcoR1 sites 

from transformed bacteria previously prepared (Phillips et al., 1990). A sense control for 

BDNF was not available therefore glucocorticoid receptor (GR) sense riboprobes were 

used as controls. It was because both BDNF and GR were expected to demonstrate 

diverse localization patterns of tissue expression. The BDNF cDNA was linearised with 

EcoR1 previously by Dr. Nancy Nichols. BDNF riboprobe was transcribed and labeled 
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using 35S-Uridine 5’-(α-thio) triphosphate (UTP) (Perkin Elmer, Australia) in 1 × 

transcription buffer, 0.1M DTT (Promega, Australia), 0.5mM ATP, CTP and GTP (Sigma, 

Australia), ~100ng cDNA, 10-14 units of T7 polymerase (Promega, Australia) and 0.5 

units of RNasin (Promega, Australia) in a 10µl reaction. The mixture was incubated at 

37oC in a water bath for 1 hour. The [35S] -UTP was dried for 20-30 minutes in a vacuum 

speedvac prior to the transcription and only nuclease-free water was used for dilution. 

The [35S] mRNA probe was then cleaned by running through a push Nuctrap column 

(Stratagene, Integrated Science, Australia) with 210 – 250µl STE buffer (0.1M NaCl, 

20mM Tris and 10mM EDTA). The filtered [35S] mRNA probe in STE buffer was 

estimated to be around 130µl. The radioactivity and concentration of the filter-cleaned 

[35S] probe were determined by acid precipitation using 0.1M Na4P2O7 and 1M HCl and 

calculating the ratio of incorporated radioactivity (after precipitation) to total 

radioactivity (before precipitation) as a percentage (%) in a 2µl [35S] mRNA in STE 

aliquot (see protocol in Appendix 3 and calculation in Appendix 6). Approximately 

120ng of [35S] BDNF riboprobe was produced and stored at -20oC until in situ 

hybridization when it was condensed by acetate precipitation and reconstituted in 

hybridization solution (see 7.2.3 in situ hybridization) to the optimal concentration of 

0.3ng/µl/kb (or 1.41ng/section) prior to the hybridization step (Angerer and Angerer, 

1992). The GR cDNA was sequenced and the sequence confirmed by comparison with a 

previous study (Miesfeld et al., 1986). GR sense probes for use as controls were 

synthesised at the same time as BDNF antisense riboprobes (for details see 8.2.2). 

 

7.2.3 In situ hybridization 

The sections were briefly thawed at room temperature and fixed with 4% 

paraformaldehyde in phosphate buffer at 4oC. The sections were then soaked in 0.1 M 

triethanolamine with 0.5ml of acetic anhydride for 10 minutes, run through an ethanol 

series (30% to 100%) and air dried. They were incubated with pre-warmed 

pre-hybridization (pre-hyb) solution (50% formamide, 0.75M NaCl, 50mM phosphate 

buffer pH 7.4, 10mM EDTA, 0.150mM DTT, 1% SDS, 5x Denhardts, 0.2mg/ml heparin, 

0.5mg/ml tRNA, 0.05mg/ml poly A and poly C, and 0.250mg/ml sheared, denatured 

salmon sperm DNA; ~250µl/slide) at 55oC for 1 hour. The sections were then incubated at 

10µl per section with pre-warmed precipitated [35S] probe with ~2.3 x 106cpm/ng at 

~0.3ng/µl/kb (or 1.41ng/section) in hybridization (hyb) solution (prehyb + 10% dextran 
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sulfate) for another 3 hours, where the sections were cover-slipped to prevent dehydration 

and minimize [35S] usage. After the prehyb and hyb incubation, the sections were washed 

in 4x SSC with 10mM β-mercaptoethanol (ME) to soak off the cover-slips. Then the 

sections were incubated with 0.5M NaCl and 50mM phosphate buffer for 10 minutes and 

then with an addition of 0.025mg/ml RNAase A at 37oC for a further 30 minutes to digest 

partial non-specific hybrids. Lastly, the sections were incubated with criterion wash 

(0.5M NaCl, 0.05M PB, 100mM β-ME) at 63oC for 30 minutes to melt non-specific 

hybrids, then washed overnight with continuous stirring in 0.5x SSC with 20mM β-ME at 

room temperature. Formamide, which lowers the melting point of the hybrids, was 

omitted in this high stringency wash (the criterion wash) because the BDNF cDNA 

sequence is AT rich and melts at a lower temperature than hybrids where the ratio of AT to 

GC is equal (Wilkinson, 1992). The sections were dehydrated with 0.3M ammonium 

acetate ethanol (30% to 85%) and ethanol (95% to 100%) before exposure to x-ray film 

and emulsion. 

 

7.2.4 Autoradiography  

The dehydrated sections were exposed to x-ray film to estimate the emulsion exposure 

duration (1-2.5cpm, expose film for 9 days). Then the same sections were dipped with 

pre-warmed NTB-2 emulsion (Kodak, New York, USA) at 45oC and dried in 

conventional photographic dark room for 2-3 hours. Newly opened emulsion batches 

were tested by developing a dipped blank slide with ideal <100 grains under 400× 

magnification. Testers were usually added to the experiment as reference for the 

experimental sections. The emulsion-dipped sections were developed after 15 days of 

exposure by soaking in 15oC D-19 developer (Kodak, New York, USA) for 2.5 minutes 

and fixer (Kodak, New York, USA) for 5 minutes. After developing and fixing, sections 

were washed for 30 seconds in distilled water or 1 hour in running tap water, respectively. 

Then the developed sections were counter-stained with 1% acidic cresyl-violet staining.  

 

7.2.5 BDNF expression analysis  

The sections were analysed under 400x magnifications using a Nikon (Japan) light 

microscope connected with a Panasonic digital camera (WV-CL350). The images were 

computerized via an AV cable from the camera and captured and displayed on the 

computer screen (or monitor) for assessment. To assess the BDNF mRNA expression, the 
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silver grains clustered on cresyl violet-stained neurons were as previously described 

(Morgan et al., 1993; Bye et al., 2001). Granule neurons and pyramidal neurons in a 

designated portion of 5 hippocampal sub-regions including dentate gyrus (160 cells per 

rat), CA1 (70 cells per rat), CA2 (30 cells per rat) and CA3 (70 cells per rat) were 

individually assessed (330 cells total per rat). Analysed neurons were marked on the 

computer screen to avoid re-assessing the same neuron again. The dentate gyrus was 

further divided into the suprapyramidal (supra) blade (80 cells per rat) and infrapyramidal 

(infra) blade (80 cells per rat) as previously described (Gould et al., 1991a, b). The 

average percentage cellular area covered by the silver grains (% grain area) in each 

hippocampal sub-region in each rat was then used for statistical analysis.  

 

The 400x magnification view was moved along the granule neuron layer or pyramidal 

neuron layer, in one direction from a well-defined landmark of each sub-region. In both 

blades of the dentate gyrus, the view was starting from the lateral tip of each blade and 20 

cells were picked in each view. These 20 cells were always picked from the top edge of 

the computer screen row by row of cells to the centre. These 20 cells usually made up a 

quarter or one-third of the computer screen of the computerized image. Both the supra- 

and infra-pyramidal blade of the dentate gyrus in the dorsal hippocampus usually covers 

four to five 400x magnification views, therefore a total of 4 fields i.e. 80 cells were taken 

from each blade (Figure 7.1). In CA3, the pyramidal neuron layer usually covers seven 

400 x magnification views as starting in-between the middle of the supra- and infra-blade 

of the dentate gyrus. Similar to the granule cells picking method, from the top edge to the 

centre of the screen, a set of 10 cells were chosen from each of seven 400x magnification 

fields along the CA3 pyramidal neuronal layer, leading to a total of 70 cells. Because the 

pyramidal neurons in CA3 were almost double the size of granule cells in the dentate 

gyrus and neurons were spaciously distributed in the layer, a set of 10 neurons could 

sometimes cover the whole computer screen. In CA2, 30 cells were chosen from a single 

400x magnification field between the CA3 to CA1, characterised by changing neuron 

nucleus size (from ~800-1000µm2 to 500-600µm2 ) and space between neurons were 

more closely packed in CA2 than in CA3. In CA1, with a neuronal layer similar length to 

CA3 layer that covers seven to eight 400x magnification with a distinctive distance 

remaining from CA2, 10 neurons were chosen (covering about a half screen) from each of  
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400x magnification views. The starting point of CA1 was from the medial side above the 

middle of the supra blade of the DG (Figure 7.1). Both CA1 and CA2 had obviously less 

BDNF expression allowing another way to distinguish CA2 from CA3. 

 

7.2.6 Statistical analysis 

Data for all regions were analysed with ANOVA in combination first and then 

individually for each region. Since the BDNF expression represented by the silver grains 

presented as a wide heterogeneous pattern similar to prefrontal cortex in human (Weickert 

et al., 2003), further analysis was done on the frequency distribution of grain density and 

cell numbers among the four experimental groups (Yoshida et al., 1996). Cells were 

subdivided into low-, medium- or high-expressing subcategories using the expression 

frequency distribution of the control (ND Chol) group. BDNF was highly expressed in 

the both blades of dentate gyrus and CA3 with a peak of around 5-6% of the cellular area 

covered by the silver grains and 99% of the sampled population ranging within 0 to 12%. 

Therefore, the low-, medium and high- subcategories were divided in 4% intervals i.e. 

0-4% for low-, 4-8% for medium- and >8% for high-expressing subcategories. BDNF 

expression was relatively low in CA1 and CA2 and therefore the low- to high- 

subcategories were divided in 2% intervals, i.e. 0-2% for low-, 2-4% for medium- and 

>4% for high. Chi-square test was done on the means of the three subcategories in 

different subregions among the four groups. In all cases data were expressed as the mean 

± the standard error of the mean (SEM). If P<0.05, differences were considered 

statistically significant. 
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7.3 Results 

Expression of BDNF was highest in the CA3 region, followed by the supra- and infra- 

blade of the dentate gyrus and the CA2 (Figure 7.2 and 7.3). Combined analysis of all 

subregions of the hippocampus revealed significant differences in the expression level of 

BDNF between regions (F(4,76)=72.3, P<0.001). There were also differences between 

the four treatment groups which depended on the brain region studied (Group x Region 

interaction F(12,76)=2.6, P=0.005).  

 

In the supra blade of the dentate gyrus, there was a strong trend for a main effect of 

maternal deprivation (P=0.063) and a significant CORT effect (F(1,19)=9.0, P=0.007). 

Bonferroni-corrected t-test showed a significantly lower expression level in the MD 

CORT animals compared to ND Chol controls and MD Chol rats (Figure 7.2). Similarly, 

in the infra blade of the dentate gyrus (Figure 7.3), there were significant main effects of 

maternal deprivation (F(1,19)=6.9, P=0.017) and of CORT treatment  (F(1,19)=6.6, 

P=0.019) and there was a significantly lower expression level in the MD CORT animals 

compared to ND Chol controls. The ‘two-hit’ animals furthermore showed a strong trend 

towards significance compared to the ND CORT rats (P=0.073) and MD Chol rats 

(P=0.079).  The difference in the supra blade and infra blade between MD CORT rats 

and any of the control groups was 25-35% (Figure 7.2).  

 

In the CA3 region, BDNF expression was reduced by 15-20%, however this effect did not 

reach statistical significance. In the CA2 region, there were no effects of maternal 

deprivation or CORT treatment and no differences between the groups.  In the CA1 

region, BDNF expression was reduced by 15-20% and ANOVA revealed a main effect of 

CORT treatment (F(1,19)=5.1, P=0.036). There was significantly lower expression of 

BDNF in the MD CORT animals compared to MD Chol controls (Figure 7.2). 

 

Further analysis was done by dividing the level of BDNF expression into low-, medium- 

and high-expression subcategories (Figure 7.4). In the supra blade of the dentate gyrus, 

most cells were in the medium BDNF expression subcategory in the controls and in MD 

Chol and ND CORT animals (Figure 7.4). In contrast, in MD CORT animals, the 

expression pattern was shifted so that the majority of cells were in the low expression 

subcategory. Chi-square test showed that the expression pattern over the three 
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subcategories was significantly different between the four groups (χ2=25.9, d.f.=6, 

P<0.001). Furthermore, while there was no difference between either MD Chol or ND 

CORT rats compared to controls (Figure 7.4), the distribution pattern in the MD CORT 

group was significantly different from both the control group (χ2=21.8, d.f.=2, P<0.001) 

and from the MD Chol group (χ2=15.0, d.f.=2, P=0.001). 

 

Also in the infra blade of the dentate gyrus, an overall difference between the four groups 

with respect to the frequency distribution between low-, medium- and high-expressing 

subcategories was found (χ2=25.0, d.f.=6, P<0.001). In this brain area, most cells were 

found approximately equally in the low- and medium expression subcategories in ND 

Chol controls, MD Chol rats and ND CORT rats (Figure 7.4). In contrast, in MD CORT 

rats, the majority of cells were found in the low-expression subcategory (Figure 7.4). This 

distribution pattern was significantly different compared to controls (χ2=22.4, d.f.=2, 

P<0.001) and compared to maternally-deprivation only (χ2=13.1, d.f.=2, P=0.001).  

 

In the CA3, comparison between the four groups failed to detect an overall significant 

different in the proportion of cells in the low-, medium- and high-expressing subcategory 

(χ2=10.0, d.f.=6, P=0.126). However, inspection of the data (Figure 7.4) showed that the 

MD CORT group showed a shift towards most cells being in the low-expression 

subcategory, as opposed to a more equal distribution in the other three treatment groups 

(Figure 7.4). Indeed, further analysis showed that the MD CORT group was significantly 

different from ND Chol controls (χ2=7.6, d.f.=2, P=0.023) and from MD Chol rats (χ2=6.0, 

d.f.=2, P=0.049). In the CA2, there were no overall differences and the ‘two-hit’ group 

did not differ significantly from either the controls or maternally-deprived rats. 

 

Similar to the infra blade of the dentate gyrus, in the CA1 of ND Chol controls, ND 

CORT and MD Chol rats, most cells were found approximately equally in the low- and 

medium expression level subcategory (Figure 7.4). In contrast, after MD CORT, there 

was a shift towards the low-expression subcategory. In the CA1, the four-group 

comparison revealed an overall difference in the proportion of cells in the low-, medium- 

and high-expressing subcategory (χ2=13.0, d.f.=6, P=0.043) and the MD CORT group 

was significantly different compared to controls (χ2=7.5, d.f.=2 P=0.024) and compared 

to MD Chol rats (χ2=11.3, d.f.=2, P=0.004). 
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7.4 Discussion 

The main result of this study was that MD CORT rats showed reductions of BDNF gene 

expression in the dentate gyrus, and to a lesser extent CA3 and CA1 of the hippocampus. 

Thus, taking into account a role of BDNF in neuronal plasticity and cognition, these 

results are consistent with the Morris water maze and Y-maze spatial memory test results 

described in the previous chapter. Interestingly, these results are similar to the reduction 

of BDNF expression in the neonatal ventral hippocampal lesion model (Lipska et al., 

2001; Ashe et al., 2002). Consistent with the two-hit hypothesis, early developmental 

disruption in the form of postnatal maternal deprivation, may have increased 

vulnerability and predisposed the animals which, together with early adult stress in the 

form of chronic corticosterone treatment, triggered significant and longlasting expression 

reduction. With this BDNF reduction persisting up to 4 weeks after the corticosterone 

withdrawal, it may have triggered the cognitive deficiencies revealed in the water maze 

and Y-maze (Chapter 6).  

 

Stress-induced BDNF expression reduction is normally only found shortly after the stress.  

Corticosterone treatment induced a decrease in BDNF expression, but only within 24 

hours after administration (Schaaf et al., 2000b). In the ND CORT group in the present 

experiments, suppressed BDNF expression may have occurred initially but was 

reversible, leading to normal levels in the longer term (Song et al., 2006). Similarly, after 

a total of 4 weeks after pellet withdrawal, we did not show any difference in BDNF 

expression in our corticosterone-treated rats. The maternal deprivation-only animals (MD 

Chol) similarly did not exhibit BDNF mRNA reduction in any sub-regions of the 

hippocampus at the adult age, although this does not necessarily mean there were no 

changes for the whole developmental trajectory. In a previous study, repeated maternal 

deprivation from postnatal days 2 to 14 induced an increase of BDNF levels in the 

prefrontal cortex at postnatal day 17, which was then followed by a decrease in adulthood 

(Roceri et al., 2004). Therefore, early developmental changes in BDNF expression may 

have compensated back to normal as observed in our maternal deprivation-only animals 

(MD Chol).  In contrast, combined postnatal and late disruptions triggered much 

longer-term or irreversible decreases of BDNF expression, emphasizing the importance 

of a combination of multiple environmental factors along the neurodevelopmental 

trajectory on brain trophic factors, such as BDNF in the adult. Overall, the previous and 
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present results suggest that longlasting reduction of BDNF expression in the 

hippocampus requires multiple developmental disruptions in our specific experimental 

conditions, in this case a combination of neonatal maternal deprivation and early adult 

corticosterone administration. 

 

Previous studies have suggested an association of hippocampal BDNF expression and 

memory performance, particularly in the water maze (Falkenberg et al., 1992; Schaaf et 

al., 2000a). Chronic mild stress has been shown to reduce learning and memory in the 

water maze procedure and BDNF expression in the hippocampus (Song et al., 2006). 

Conversely, in genetically-modified mice with reduced BDNF expression either in the 

forebrain (Gorski et al., 2003) or specifically in the hippocampus (Heldt et al., 2007), 

deficits in water maze learning have been found. Previously, BDNF treatment reverses 

the effect of chronic stress-induced impairments of spatial learning (Radecki et al., 2005).  

 

It is as yet unclear how BDNF expression remains reduced in the absence of further 

adverse stimulation. This also applies to the persistent deficit in Y-maze performance and 

the delay in water maze learning. The BDNF reduction vulnerability (see above) could be 

caused by epigenetic changes in the BDNF gene or its promoter.  Recently it was shown 

that changes in BDNF or other gene expression could be mediated long-term by 

reversible methylation of the promoter and/or histone acetylation (Martinowich et al., 

2003; Tsankova et al., 2006). For example, chronic social defeat stress induced 

longlasting down regulation of BDNF expression and increased histone methylation at 

selective BDNF promoter regions (Tsankova et al., 2006). This dynamic regulation of 

BDNF expression via its promoter affects synaptic function and protein expression 

(Tsankova et al., 2004). Also corticosterone treatment altered BDNF expression by 

selective modulation of promoter region methylation (Aid et al., 2007). These reversible 

methylation levels of BDNF gene promoters may vary in a limited, but dynamic manner 

dependent on environmental changes and learning habits (Miller and Sweatt, 2007). After 

multiple developmental disruptions or environmental insults, these fluctuations may 

exceed a threshold and remain stable for prolonged periods of time, leading to changes in 

behaviour.  In our model, in the animals with both maternal deprivation and chronic 

glucocorticoid activation, the methylation may be increased cumulatively leading to 

longlasting reduction of BDNF expression and leading to functional deficits as seen in 

previous chapter.  
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BDNF is associated with neuronal survival and cell death especially in the hilar regions of 

the dentate gyrus (Gould and Cameron, 1996). Instead of being mitogenic, BDNF is 

essential in synapse formation and network maintaining therefore contributing to 

neuronal survival (Kim et al., 2004b). It has been proposed that an imbalance between 

neuronal birth and death contributes to psychotic illness (Arango et al., 2001). However, 

instead of stimulating proliferation or neurogenesis, protection of existing neurons and 

connectivity maintenance stimulated by the natural environment could be more important 

against traumas and stress-induced disruptions (Young et al., 1999; Brown et al., 2003). 

Maintaining a stable homeostasis of neuronal number could be an important therapeutic 

issue in the future in a variety of psychotic illnesses including schizophrenia. 
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Figure 7.1 

A simplified diagram representing the granule cell layer (supra- and infra- DG) and the 

pyramidal neuronal layer (CA1 – 3) of the dorsal hippocampus. Each dotted circle 

represents the cell fields used for densitometry analysis, where 20 cells were analysed in 

each field in the DG, 10 cells in each field in CA1 and CA3 and 30 cells in the single field 

in CA2  

Supra DG

Infra DG

CA 3

CA 2

CA 1 
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Figure 7.2 

BDNF gene expression in different regions of the hippocampus of the four treatment 

groups. Columns represent the percentage cell area covered by grains (% grain area) in 

selected cells in the supra- and infra-blade of the dentate gyrus (DG), and the CA3, CA2 

and CA1. *P<0.05 for difference with ND Chol controls; ̂ P<0.05 for difference with MD 

Chol animals. 
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Figure 7.3 

Representative sections of the granule neuron layer of the dentate gyrus (infra DG), 

showing the silver grains induced by BDNF riboprobes. Scale bar represents 20µm 
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Figure 7.4 

Columns represent the percentage number of cells in defined low-, medium- and 

high-expression subcategories in the supra- and infra-blade of the DG, and the CA3, CA2 

and CA1 region of the hippocampus. Cells were allocated into low-, medium- or 

high-expressing subcategories according to the expression frequency distribution of the 

ND Chol group. 
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Chapter 8.  

Glucocorticoid receptor (GR) expression  

in the hippocampus 
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8.1 Introduction 

In addition to its role in learning and memory (see previous chapters), the hippocampus 

also plays a role in negative feedback of the HPA axis; its homeostatic control involves 

the mineralcorticoid and glucocorticoid receptors (GRs) as detectors of circulating 

corticosterone (or cortisol) (Goursaud et al., 2006). Studies have shown that the quantity 

or expression of GRs can be extensively affected by environmental changes during 

development, at a mature age and also during aging (Yau et al., 1994). Early postnatal 

manipulations such as handling or enriched environment increased GR expression in the 

hippocampus, resulting in improved resistance to stress with shorter and reduced 

corticosterone secretion and also improved cognitive function (Yau et al., 1994; Ladd et 

al., 2004; Garoflos et al., 2005). In contrast, 24 hours of maternal deprivation opposed the 

effects of handling and enriched environment (Schmidt et al., 2004). Deprivation of more 

than 8 hours caused significant changes of GR mRNA expression, and ACTH and 

corticosterone secretion (van Oers et al., 1998a; van Oers et al., 1998b; Schmidt et al., 

2004). Specifically, the maternally deprived animals exhibited a more sensitive HPA 

system to acute stress with longer and higher increases of ACTH and corticosterone 

secretion accompanied by lower hippocampal MR and GR expression (Penke et al., 2001; 

Ladd et al., 2004). These changes in the regulation of the HPA axis caused by maternal 

deprivation could play a role in predisposing the animals to the apomorphine insensitivity, 

cognitive deficits and BDNF mRNA reduction described in previous chapters. Indeed, 

BDNF mRNA has been shown to be regulated by corticosterone and stress (Smith et al., 

1995a; Schaaf et al., 1997; Schaaf et al., 2000b) via GRs (Ridder et al., 2005).  The 

BDNF reduction found in our two-hit animals in the previous chapter (Chapter 7) may 

reflect a possible change of GR expression in the hippocampus. The aim of the present 

chapter was, therefore, to assess GR gene expression in the hippocampus of the two-hit 

animal model. 
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8.2 Materials and Methods 

8.2.1 Brain sections collection 

Fourteen µm brain sections were collected from the dorsal hippocampus around 50 to 

100µm posterior to the sections collected for the BDNF in situ hybridization in the 

previous chapter (Chapter 7). As these were the animals without any behavioural testing 

and minimal handling, they were ideal for this HPA axis-related study as well as the 

BDNF study. Again, there were 24 animals with 6 animals per treatment group. All 

proceduces were performed the same way as BDNF including slides ramdomisation, in 

situ hybridization, autoradiography and cellular analysis. Except that there were extra 

steps such as the GR cDNA probe multiplication, image digitalisation and lesser cells 

analysis. 

 

8.2.2 [35S] probe preparation, in situ hybridization and autoradiography 

The rat GR cDNA had a length of 433bp and was obtained from E.coli transformed with a 

pGEM4 vector ligated with the GR cDNA (Miesfeld et al., 1986). An aliquot from a 

frozen bacterial stock containing the plasmid cDNA was grown in 10ml sterile ampicillin 

treated liquid broth (LB) medium (1%w/v tryptone, 0.5%w/v yeast extract, 0.5%w/v 

NaCl and 50µg/ml ampicillin) for 16 hours at 37oC. A 5ml aliquot of this culture was 

further grown in 100ml of LB medium for 6 hours. The absorbance (OD600) was 

checked to make sure the growth was at the optimal range (>2.0A). Plasmid containing 

rat GR cDNA was extracted from the bacterial culture and isolated by the PureYieldTM 

Midiprep system (Promega). An aliquot of plasmid cDNA was prepared and sequenced  

by the Micron sequencing facility (Monash University, Melbourne, Australia) to confirm 

that it was identical to the original clone (Miesfeld et al., 1986)(see Chapter 7 and Figure 

8.1). Two more aliquots were then linearised with restriction enzymes (HindIII sense cut 

and EcoR1 antisense cut; see Figure 8.1 for the GR sequence) at 37oC in a water bath 

overnight, and cleaned by Wizard® DNA Clean-up kit (Promega). The final concentration 

of the cleaned cDNA was determined by the absorbance (λ = 260nm, 280nm) read from a 

photometer and re-adjusted to the appropriate concentration for the transcription reaction. 

 

The probe radiolabeling, in situ hybridization and autoradiography were the same as 

previously described in Chapter 7 with slight modification. The [35S] radioactive 
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antisense and sense probes were polymerized by SP6 and T7 polymerases, respectively, 

where ~ 340ng of antisense GR probe was produced from a 10µl reaction mix and ~ 95ng 

sense from a 5µl reaction mix. In situ hybridization was performed as previously 

described in Chapter 7, except 50% formamide was included in the high stringency wash 

due to the higher melting temperature based on higher CG content (54% CG and 46% AT) 

than BDNF hybrids (Wilkinson, 1992; Morgan et al., 1993). The sections were dipped in 

Kodak emulsion as described in Chapter 7. 

 

An alternative analysis method was also included in this chapter.  For autoradiography, 

the hybridized sections were exposed to a Kodak phosphor imaging plate (sensitive to 35S) 

in a similar way as the dopamine receptor and transporter autoradiography in Chapter 5 

(Figure 8.2). This autoradiography method was used in an attempt to achieve an 

alternative and quicker way for assessing the quantity of hybridization in the brain 

regions of interest i.e. the DG and CA 1-3 similar to a previous study (van Eekelen et al., 

1991) (Figure 8.2 and 8.3).  Phosphor imaging requires much shorter exposures than the 

traditional Kodak film exposure used in Chapter 7 because the phosphor imaging plate is 

5-10 times more sensitive than the film. An estimated 3 hours exposure time to the plate 

was required when 25-30cpm was detected over the sections by a Geiger counter, while it 

required 24 hours for the traditional Kodak film with this level of radioactivity. The 

exposed plate was scanned using a Typhoon® trio scanner at settings of 200µm pixel and 

633nm red laser. Section images were digitized and analysed using computer software 

(ImageJ version 1.37, NIH, USA).  The sections dipped with Kodak emulsion were used 

for analysis at the cellular level and also as a reference for the phosphor imaging 

technique.  

 

8.2.3 Analysis  

The densitometry analysis was the same as described in Chapter 7. However, compared to 

the BDNF expression pattern, GR expression was less heterogeneous (99% of cells found 

within 0-14% cell surface covered with grains for BDNF vs. 99% of cells found within 

6-15% cell surface for GR). Therefore, a smaller population was chosen for densitometry 

(Figure 8.3 bottom panel). Similar to BDNF, the 400x magnification fields were scanned 

systematically running along the granule cell layer and pyramidal cell layer. Instead of 

running the neurons from the top edge to the centre row by row, 2 to 5 dots e.g. north, 
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south, east and west, were marked on the computer screen. These marks stayed on the 

computer screen the whole time as the 400x magnification view scanned along the 

neuronal layer. On each captured view, neurons at the closest distance or covered by the 

marks were only assessed. In brief, 20 cells were picked from each blade in the DG (i.e. 

40 cells), 20 cells from CA1, another 20 cells from CA3 and 5 cells from CA2. Analysis 

was done bilaterally, therefore in total 170 cells were analysed. Again, the slides were 

blinded the same way as BDNF in situ hybridisation (Chapter 7).  

 

8.3 Results 

8.3.1 Traditional emulsion and grains area per cell analysis 

While there was a significant main effect of brain region (F(4,80)=19.0, P<0.001), there 

were no significant differences between the experimental groups nor any statistical 

interactions (Figure 8.4). GR mRNA expression was slightly higher in the 

suprapyramidal blade of the DG than the infrapyramidal blade of the DG > CA2≥ 

CA1>CA3. These regional differences were similar in all groups (ND Chol: F(4,20)=5.9, 

P=0.003; ND CORT: F(4,20)=5.3, P=0.005; MD Chol: F(4,20)=6.5, P=0.002; MD CORT: 

F(4,20)=5.0, P=0.006). 

 

8.3.2 Phosphor imaging grey scale analysis 

Similar to the emulsion analysis, there were no significant differences between the 

experimental groups nor any interactions except the regional differences (F(2,40)=304.4, 

P<0.001) (Figure 8.5). As seen with the emulsion analysis, GR mRNA expression was 

highest in the DG, however the difference between this region and the other areas 

appeared greater than with the emulsion analysis (80% higher, while 10-20% in emulsion 

analysis). 
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8.4 Discussion 

8.4.1 Hippocampal GR mRNA expression in the two-hit animals  

Previous studies have previously demonstrated that either maternal deprivation or 

chronic stress suppressed hippocampal GR levels (Herman et al., 1995; Avishai-Eliner et 

al., 1999). However, these GR findings usually were assessed within days after the stress 

manipulation.  For example, after maternal deprivation GR expression was decreased 

within hours and for several days up to the weaning age of the animals (Sutanto et al., 

1996; Vazquez et al., 1996; van Oers et al., 1997; Avishai-Eliner et al., 1999). However, 

this GR reduction disappeared when the animals reached adulthood (Penke et al., 2001). 

In the present study this was confirmed by the lack of differences between the controls 

(ND Chol) and the maternal deprivation-only animals (MD Chol). The absence of a 

change in GR mRNA levels in this experiment confirms earlier reports (see above) of a 

possible compensation mechanism which mediates return of normal function after initial 

effects on GR gene expression after a trauma or a stress disruption. The slow time-course 

of this return of function could be explained by a recent study showing reversible GR 

methylation and related epigenetic events (Weaver et al., 2005). 

 

Comparing the results in this chapter with those obtained for BDNF expression (Chapter 

7) shows that GR mRNA levels are not changed in the same way in the two-hit animals. It 

is possible that early stress caused some activation of GR receptors, and transitional 

changes in its expression, which possibly was sufficient to cause suppression of BDNF 

production. However, in the case of maternal deprivation or CORT treatment, as yet 

unidentified compensation mechanisms may have returned these levels back to normal. 

Previous studies have shown that maternal deprivation suppressed BDNF levels for some 

weeks after which these levels were restored at adolescence and young adult age (Kuma 

et al., 2004). These compensatory mechanisms for GR and BDNF gene expression could 

be associated with each other within a dynamic range along the developmental trajectory. 

The exception to this association could be found in the two-hit animals which exhibited 

decreased BDNF expression and cognitive deficits (see previous chapters), but an 

absence of GR changes. Indeed, GR gene expression tended to be higher in MD CORT 

animals, despite the significant reduction of BDNF gene expression in these animals (see 

previous chapter). It is possible that in the two-hit animals recovery of changes in GR 
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expression are no longer leading to recovery of BDNF expression as this expression has 

crossed a critical threshold and perhaps also involves other changes for example in trkB 

receptors or other neurotrophins and neuronal connections. However, GR is not 

necessarily the only factor involved in the persistent change of BDNF expression in the 

two-hit animals; therefore more studies are required to follow up the causes of the 

changes BDNF levels. 

 

8.4.2 Technical aspects of in situ hybridization autoradiography  

The phosphor imaging technique, which was introduced as an alternative analysis method 

in this chapter, has been widely used before in the field. The abundance of the radioactive 

mRNA probe was determined by densitometry quantification compared to microscales as 

standard, similar to the dopamine receptor autoradiography done in Chapter 5. In contrast 

to the paraventricular nucleus and caudate putamen (see chapter 5) which are relatively 

large areas of the brain, the granule cell layers (DG) and the pyramidal neuronal layers 

(CA1-3) of the hippocampus showed up as a thin layer of around 2-10 cells width and 

also with a differently curved shape in different regions. Hence, a higher resolution 

scanning is required to focus on the layer area only without including the area outside the 

layer (Figure 8.3). Since the current scanner had already been adjusted to the maximum 

resolution settings, an alternative scanning device and technique is required in future 

experiments in order to be more specific. The phosphor imaging method was more time 

efficient, as it required only 1-2 hours for scanning and 2 hours for analysis, while the 

traditional emulsion dipping technique required 2-3 weeks to finish, yet a more 

sophisticated scanning device may increase running cost. Duplicate or triplicate brain 

sections would be ideal for representing one group of animals, similar to the dopamine 

receptor autoradiography in Chapter 5, because of increased usage of polymerase and the 

[35S] UTP (~$400/mCi). Technically, the phosphor imaging method also introduces 

difficulties such as adhesion of film to sections (or slides) and air bubbles, which will 

introduce variability. The emulsion method furthermore remains a preferable method 

because of the variable distribution of neurons in the hippocampus, with the DG showing 

tighter cellular distribution of grains with smaller space between neurons, while 

pyramidal neurons in CA regions are larger and farther apart. This could explain the 

marked difference between expression levels in the DG and CA1/3 using phosphor 

imaging, with little difference detected using the emulsion method. Finally, there is 
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heterogeneity of mRNA expression within the layers similar to BDNF as seen in the 

previous chapter; hence the emulsion-dip method of cellular analysis of expression is 

overall better to detect quantitative differences. 
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CTGGGGGCCGGCAG[[[GGTCGACCTATTGGAGGTTTGCAATGCTTTCTTCCAGAAGCCGA
AAGTCTGTTTCCCCAGAGGAAAGGCCAAGTTGGCCCTGCTGTGGGTAGCCCAAGTCATT
CCCCATCACTTTTGTTTCTGTCTCTCCCATATACAGCCCCATGGACAGTGAAACGGCTTTG
GATAAGTCTGGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGTCGC
TGCTGCACATTGCTTGTGGAGCCTTTCGAAAAATCAAGGAGAATCCTCTGCTGCTTGGAA
TCTGCCTGAGAAGCAGCAGCCACTGAGGGCGAAGATGCAGAAACCTTGACTGTAGCTCC
TCCCCTCAGGCTTTTATAAAAGTCCATTACGCTCCCCCTCCCCTGGCCAAGCAAACTGCC
AGGGACTTCGTCTCTACCAGGGGGAGCTAA]]]GGATCCGAATTCCGGTCTCCCTATAGTGA

GT 

 

Figure 8.1 

The GR anti-sense sequence. The cDNA was isolated from transformed E.coli bacteria 

and sequenced at Micron, Monash University. The result of the sequencing was reviewed 

by Finch TV software (top) and matched with the previously published sequence (bottom) 

(Miesfeld et al., 1986). The sequence within the “[[[” and “]]]”, and bolded is the 433bp 

sequence for part of the rat GR mRNA. The yellow highlight is the EcoR1 site and the 

green highlight is the T7 polymerase site for the GR sense control. 
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Figure 8.2  

Digital images of GR radioactive hybrids: The exposed phosphor imaging plate was 

scanned by a multi-fluorescence scanner and recorded as a high definition image that was 

analysed by computer software as a possible alternative quantitative method together 

with the emulsion dipping. The sense controls were outlined by the grey rectangle where 

the sections displayed no expression as the antisense did. 

The position of the sense sections 
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Figure 8.3  

Subregional analysis in the hippocampus. Top panel: areas in the dotted-lined boxes 

correspond to the subregions (CA 1-3 and DG) used in the digitalized phosphor image 

analysing method.  Bottom panel: after emulsion dipping and cresyl-violet staining, 2-5 

cells in each of the dotted circles (DG: 4 cells, CA1 and CA3: 2 cells and CA2: 5 cells) 

were randomly chosen for analysis similar to the BDNF analysis (see chapter 7), except 

that the averaged reading in the selected regions was corrected by subtracting a 

background (BG) reading obtained in the yellow dotted control area (rectangle or circle).  
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Figure 8.4 

GR mRNA expression in subregions of the hippocampus. While maternally-deprived 

animals tended to show increased GR gene expression, there was no significant 

difference or statistical interactions between groups. 
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Figure 8.5 

GR mRNA expression obtained with the alternative phosphor imaging method where the 

level of expression was measured by the grey scale level of the subregions minus 

background. There were no statistically significant differences found among groups.  
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Chapter 9.  
General Discussion 
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9.1 Introduction 

There is little real understanding of the pathophysiology of schizophrenia and the 

mechanisms of action of antipsychotic drugs. Even with recent encouraging progress in 

drug development and with ever more sophisticated methods to describe changes in brain 

functioning in schizophrenia, commonly used antipsychotic drugs still have unacceptable 

side effects and low overall treatment success rates. Moreover, very little real progress is 

being made in terms of preventative approaches in schizophrenia. Antipsychotic drug 

development is still more or less a case of trial-and-error, often leading to major problems 

with disease relapse. Basic research will enable an understanding of the details of 

pathological mechanisms in schizophrenia, including both neurochemical and functional 

aspects. Such a dual attempt was made in this thesis. 

 

The two-hit hypothesis proposes that two (or more) disruptions along the developmental 

pathway result in behavioural and neurochemical mechanisms passing a threshold, 

therefore triggering symptoms such as cognitive deficits. Such a two-hit mechanism may 

not only apply to schizophrenia but also to other psychiatric illnesses, such as major 

depression (Heim et al., 2004). Notably, some authors believe that a two-hit theory does 

not sufficiently explain disease development in humans, and that a three-hit model is 

more appropriate: genetic, early postnatal events and late environmental factors 

(Ellenbroek et al., 2005). Whether there are two or three hits along the developmental 

trajectory, these theoretical considerations allow the design of specific animal studies to 

address the mechanisms of developmental factors contributing to mental illness. In 

experimental studies, details such as timing and severity of the environmental hits may be 

modified and compared. With respect to genetic factors, future studies could involve 

genetically-modified mice, for example BDNF knock-out animals (Heldt et al., 2007), 

with additional maternal deprivation as the postnatal hit. In the present thesis, maternal 

deprivation was used as the first hit. Clearly, maternal deprivation, either as a one-off 24 

hour separation or repeated (discussed in Chapter 1), induced a variety of direct and 

indirect effects, including on the HPA axis. To more clearly specify individual factors, 

more specific treatments or genetically-modified animals could be included in future 

investigations. The corticosterone treatment, here used as the ‘stress-like’ second hit, 

could be replaced by psycho-social stress, such as dominant-submissive aggression 

models, or repeated amphetamine treatment to model drug abuse (Angelucci et al., 2007). 
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9.2 Developmental model: every moment along the development trajectory matters 

In previous studies, researchers have attempted to determine the most effective age to 

introduce a behavioural insult to animals, for example the postnatal day at which maternal 

deprivation results in disruption of PPI later in life (Ellenbroek et al., 1998; Garner et al., 

2007; Jarskog et al., 2007). However, even when performing maternal deprivation at 

postnatal day 9 in these different rat studies, including the present investigation, 

significant PPI disruption at baseline was not always found. It is possible that genetic 

differences between Wistar rats from different countries or even different suppliers 

contributed to the different PPI outcome. Such genetic variations may have resulted in 

differences in maternal behaviour as previously discussed, ultimately influencing 

postnatal behaviour of the pups (chapter 3 and (Ellenbroek et al., 2000; Swerdlow et al., 

2000b; Zhang et al., 2005)) leading to long-term variations of behavioural outcome. The 

first 21 postnatal days of brain development are a critical period for establishment of 

HPA-axis function and, consequently, for later neurological development including 

sensorimotor gating and cognitive function. After this critical initial developmental 

period, the animals enter the peri-adolescent and adolescent period during which the brain 

remains relatively plastic and susceptible to environmental challenges (van Praag et al., 

2000; Kempermann et al., 2002; Mora et al., 2007). Epigenetic studies have demonstrated 

that gene regulation can be modulated by the environment of the individual (Branchi et al., 

2004; Weaver et al., 2005). Therefore, it seems that environmental factors throughout life 

are contributing to neurological functional development, and we can not state that one 

period is more important than the other times in life. 

 

9.3 The triggering of psychotic symptoms: the highs, lows and the thresholds 

Animals treated with early stress in the form of maternal deprivation only, late stress in 

the form of corticosterone treatment only, or both, exhibited different abnormalities 

(summarised in Table 9.1). These results demonstrate that these stresses do not simply 

‘add up’, instead the behavioural insults interact with each other and result in different 

deficits compared to the treatments on their own.  
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The body has a great capacity to compensate or readjust to possible trauma or insult. 

For example, BDNF expression remains unchanged after mild learning stress (Schaaf et 

al., 1999) and there is an absence of neuronal loss in depressed patients (Lucassen et al., 

2001). Hippocampal BDNF suppression is normally shortlasting after early stress, such 

as maternal deprivation, or chronic stress or physiologically high corticosterone 

treatment (Smith et al., 1995a, b; Roceri et al., 2002) In non-stress studies similar 

time-related plasticity is found, for example there is decreased dopamine release 14 

days after ventral hippocampus lesions but increases above normal after another 14 days 

(Lipska et al., 1992). Clearly the timing and duration of the stresses or insults are 

critical in combination with the presence of compensation mechanisms (McEwen, 2006). 

Insults performed at different stages of development differentially affect the central 

nervous system, for example as shown by differential effects of similar maternal 

deprivation at different ages (Ellenbroek et al., 1998). Thus, disruptive effects could be 

shortlasting and diminish over time whereas other effects could be long lasting. 

 

From our study, it could be suggested that in the maternal deprivation-only and 

corticosterone-only animals (MD Chol and ND CORT), a recovery period of weeks 

allowed behaviour and BDNF expression to essentially return to control levels.  This 

would be in line with some previous studies, for example showing shortlasting BDNF 

changes from early postnatal ages to young adulthood after repeated maternal 

deprivation, where BDNF expression was restored later in life after an initial drop at the 

early stage (Kuma et al., 2004). The molecular mechanism responsible for these plastic 

changes could be reversible epigenetic methylation or acetylation processes (Dennis and 

Levitt, 2005). Such reversible changes could be viewed as ‘ups and downs’ during 

development, not dissimilar to a “Yin-Yang” concept, used to explain HPA-axis 

regulation (de Kloet, 2003, 2004). An individual may be able to cope with many such 

‘ups and downs’ during their life, as long as they are regulated within a ‘safety zone’ 

and not pass a pathological threshold (Figure 9.1). However, sufficiently large insults or 

stresses may cause a greater fluctuation of the ups and downs and push homeostasis 

beyond this pathological threshold (Figure 9.1 from the middle panel to the bottom 

panel). Taking BDNF as an example again, maternal deprivation stress may have 

increased the amplitude of downs (early stage) and ups (adolescent to adult), with 

additional corticosterone treatment pushing these fluctuations beyond the pathological 
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threshold and therefore triggering permanent changes (Figure 9.1) and onset of disease 

symptoms. 

 

This fluctuating or “Yin-Yang” concept could be the reason why we did not observe a 

simple summation effect in behavioural and neurochemical parameters after the two hits 

in our animals, unlike body weight where this was seen (Table 9.1). In some cases, the 

two hits may result in apparently less effect compared to either of the treatments alone. 

For example, in MD Chol, but not MD CORT animals, an increase of D1 receptor density 

in the nucleus accumbens was observed. This may be due to maternal deprivation 

triggering compensatory mechanisms, which adolescent corticosterone was able to 

magnify resulting in functional restoration back to control levels. It remains to be 

investigated whether later in life these combined-treatment effects would persist, e.g. 

altered D1 receptor expression could ‘reappear’ at an older age. Another example is the 

borderline effect of maternal deprivation on its own as observed in this thesis as well as in 

previous studies (Ellenbroek et al., 1998; Lehmann and Feldon, 2000; Lehmann et al., 

2000a). The presence or absence of PPI disruption could be caused by a complex 

combination of the effect of multiple stresses plus their induced compensation 

mechanisms. With the two weeks of treatment with corticosterone, additional stress and 

compensation mechanisms were apparently instigated, eventually resulting in a 

functional “turn-off” of the dopaminergic effects on PPI as suggested in Chapters 3-5. 

Clearly, the finding of functional apomorphine desensitisation on PPI regulation requires 

further studies to understand which specific neurochemical mechanisms and brain 

regions are involved.  Similarly, a more detailed time course study could help to achieve 

better understanding of these possible compensatory processes, and for example brain 

samples could be obtained at several more time points (ages) to obtain a time course 

series of ‘snap-shots’ of stress effects along the neurodevelopmental trajectory. 

 

9.4 From the two hit animal model to the patient with schizophrenia 

Animal models of aspects of schizophrenia require different types of validation in order 

to compare with symptoms observed in schizophrenia patients (van den Buuse et al., 2003; 

Boksa, 2004; Angelucci et al., 2005; Stone et al., 2007). These animal models can then be 

used to investigate pathological mechanisms relevant to the human situation (Geyer and 

Markou, 1995; Lillrank et al., 1995; Lipska and Weinberger, 2000; van den Buuse et al., 
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2005). In our developmental animal model consisting of two stresses, the sensorimotor 

gating deficit aspects require further characterisation as the results did not simply show an 

enhanced PPI deficit. Similarly, in the rats working memory was not impaired as it is in 

schizophrenia. On the other hand, the spatial memory deficit and also the BDNF 

reduction could be seen to parallel not only findings in schizophrenia, but also be relevant 

to other mental illness such as depression. Therefore the animal model described may not 

be a complete representation of positive or cognitive symptoms in schizophrenia per se 

but, instead, it could help to elucidate developmental regulation of PPI, cognition and 

BDNF levels and potentially become a target for development of therapeutic treatments 

(Angelucci et al., 2005).  

 

This two-hit model could furthermore be a possible model for negative symptoms in 

schizophrenia based on two findings: (1) the dopaminergic ‘insensitivity’ in the PPI 

studies may mimic a hypodopaminergic state commonly associated with negative 

symptoms; and (2) cognitive deficits have been suggested to be associated with negative 

symptoms in schizophrenia (Goldman-Rakic and Selemon, 1997; Mizoguchi et al., 2004; 

Rector et al., 2005). Further behavioural studies investigating behaviours such as 

anhedonia, social withdrawal and reward are required for validation of this two-hit model 

as a possible negative symptoms model (Ellenbroek and Cools, 2000b). Finally, in 

contrast to the permanent nature of the ventral hippocampus lesion model or BDNF 

knock-out mouse model (Montkowski and Holsboer, 1997; Angelucci et al., 2000; Ashe 

et al., 2002), the two-hit model in this thesis may offer a better way to investigate 

epigenetic mechanisms in schizophrenia as the BDNF reduction was induced purely by 

environmental manipulations. Therefore, the model also offers a better opportunity for a 

time point study to evaluate dynamic changes along the developmental trajectory. 

 

9.4.1 The best therapeutics approaches: preventive medicine 

The best treatment against any illness is prevention.  The present two-hit model may 

help us to identify risk factors which may allow us preventative measures, for example in 

genetically ‘at-risk’ population groups. Coping strategies or mental training by cognitive 

challenges (Hogarty et al., 2004) may become as useful as pharmacological antipsychotic 

treatment. Retaining detailed health records may help us to identify and understand 

individuals’ subtle health changes and commence preventative or very early 
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interventional treatments. Already countries like Finland have extensive data available 

allowing to correlate the occurrence of major life events with psychosis later in their life 

(Cannon et al., 1999; Isohanni et al., 2001; Maki et al., 2003; Isohanni et al., 2004). 

Potentially, test programs may be introduced for the early identification of risk and to help 

protect our children from future possible mental illness just like we can immunize our 

babies against influenza or transmitted disease. 

 

Histological studies in living humans are impossible and, therefore, to understand 

dynamic changes in high-risk patients, PET and MRI scans can help us to understand the 

onset and developmental perspective of schizophrenia (Vance et al., 2000; Pantelis et al., 

2005; Rapoport et al., 2005; Jarskog et al., 2007). Reducing the cost associated with this 

clinical methodology would greatly help our understanding of the role of different brain 

regions in schizophrenia. Animal models on the other hand remain a valuable tool for 

mental illness studies (Sullivan et al., 2006), for example for drug screening (Hohnadel et 

al., 2007). Few schizophrenia studies are being done in primates and most of these studies 

have focused largely on antipsychotic drug action (Ellenbroek et al., 1989; Linn and Javitt, 

2001; Linn et al., 2003). For example, primate studies confirmed the findings in rodents 

of higher efficacy of clozapine compared to haloperidol to reverse PCP-induced PPI 

disruption (Bakshi et al., 1994; Wiley, 1994; Linn et al., 2003). Two-hit studies in 

primates, similar to the rodent work described in this thesis, may provide major new 

insight into pathological processes involved in schizophrenia. 

  

9.5 Conclusion 

In conclusion, the work in this thesis has investigated the two-hit neurodevelopmental 

hypothesis of schizophrenia, with an early hit predisposing to behavioural changes and a 

later, second hit triggering onset of symptoms. The findings in this thesis have shown that 

insults at different moments during life trigger different changes in dopamine 

neurotransmission, cognitive function and also BDNF. Quantitative and qualitative 

interactions without a simple “add-up” effect in our studies revealed the importance of 

timing of life events, which may also be important for future experimental design. Future 

animal models could be designed using multiple hits to help our understanding of 

developmental components of mental illness, allowing the most important aim of these 

studies: better therapeutic treatments for schizophrenia and other psychiatric disorders. 



Table 9.1.   

Main aspects of physical, neurological and neurochemical changes in the two hit animal model in this thesis. 

 

 Early stress only (MD Chol) Late stress only (ND CORT) Two stresses (2-hit) (MD CORT) 

Physical and organ  

Body weight decrease decrease decrease (further) 

Adrenal weight/ 

Body weight (mg/g)

decrease No change decrease 

 

Behavioural changes 

PPI Absent effect of quinpirole Absent effect of quinpirole and 

0.5mg/kg amphetamine 

Absence or reduced response to 

apomorphine, quinpirole and 

amphetamine 

Startle Occasionally lower in adolescent  No change Occasionally lower in adolescent 

Cognitive function Trend for deficit in short term spatial 

memory (Y-maze) 

No change Deficit in short-term spatial memory; 

Delayed learning in long-term spatial 

memory task (water maze) 

 

176 



   

 177

Molecular changes 

D1 receptors Increase No change No change 

D2 receptors No change No change No change 

Dopamine 

transporters  

No change No change  No change 

Hippocampal 

BDNF 

No change No Change Decrease in the DG (strong trend in 

CA1 and CA3) 

Hippocampal GR  No change No Change No Change 

177 



 
 

Figure 9.1 The concept of “Yin-Yang” with the homeostatic ups and downs (disruption 

+ compensation). If the system passes a pathological “threshold” (into the grey regions), 

dependent on genetic factors it will put the person at risk of disease. In a normal person 

(top panel), mild daily stresses are stabilized within a homeostatic range. In the presence 

of one or more severe traumas (middle panel to bottom panel), permanent illness may 

ensue.

Threshold 
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Appendix 1. Animals usage and tissues record 

 

The following pages show all the animals and tissue details used in this thesis. All the 

codes were named according to the parents’ arrival date. The cohort with “a” at the end of 

the code was raised from nulliporous/primiporous females.    

 

 
C010404 
Parents 

Ethic No.: 03152 

5 males, 10 females (1:2 mating) 

DOB: 15/01/2004 (± 3 days) 

 

C010404a & b (time course study I) 

Offspring 

Pregnancy rate: 90% (C010404a—9; C010404b—9) 

117 males (2 breeding cycles) 

Usage date: 12/05/2004 (1st born) – 15/10/2004 (last culled) 

Mortality: 0 

 

The behavioural group was subjected to PPI test (pretest, saline, 0.1mg/kg Apo) and 

locomotor hyperactivity (0.5mg/kg amph) at 7, 10 and 12th weeks. They had an extra PPI 

test session with 0.5mg/kg amphetamine at 12th week as the last behavioural test. 

The non-behavioural group was another subset being the siblings to the behavioural 

groups was perfuse-fixed at 3, 7, 10 and 12th weeks.  

 

Non-behavioural group 

78 males 

 

Week 3: 14 rats 

Ndep (n=8) a: 18(4), 23(6), 31(7), 50(10) b: 8(1), 16(2), 38(5), 59(8) 

MD (n=6) a: 4(1), 12(2), 39(8) b: 24(3), 45(6), 51(7) 
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Week 7: 15 rats 

Ndep (n=7) a: 16 (3), 26(6), 34(7), 52(10) b: 7(1), 15(2), 58(8) 

MD (n=8) a: 7(1), 14(2), 40(8), 45(9) b: 23(3), 31(4), 50(7), 64(9) 

 

Week 10: 25 rats 

 Chol CORT 

Ndep a: 25(6), 33(7), 

53(10) 

b: 6(1), 14(2), 

37(5), 57(8)  

n=7 a: 24(6), 32(7), 

51(10) 

b: 5(1), 36(5), 

56(8) 

n=6 

MD a: 6(1), 37(8), 

46(9) 

b: 22(3), 

30(4), 44(6) 

n=6 a: 8(1), 13(2), 

44(9) 

b: 29(4), 

43(6), 49(7) 

n=6 

 

Week 12: 24 rats 

 Chol CORT 

Ndep a: 21(6), 29(7), 

48(10) 

b: 35(5), 55(8) n=5 a: 19(4), 

27(6), 35(7) 

b: 11(2), 

34(5), 54(8) 

n=6 

MD a: 5(1), 15(2), 

43(9) 

b: 20(3), 28(4), 

42(6), 48(7) 

n=7 a: 2 (1), 10(2), 

41(8) 

b: 27(4), 

41(6), 62(9) 

n=6 

a=C010404a, b=C010404b, # =rat no. (# = mother’s no.) 

 

Brains  

 Total: 78, blocked at brain stem, labelled: r=rostral & v=ventral. 
 Brain used: 0; brain left: 78; stored in 56A, 56B (1st July, 2007) 
 Administrated with 200mg/kg BrdU (i.p.) for 24 hours prior perfusing. 
 Widely randomised and genetically spread 

 
 

Behavioural group 

39 males  

 

Week 12 – 14 

 Chol CORT 

Ndep a: 22(6), 

30(7), 49(10) 

b: 2(1), 4(1), 

10(2), 12(2), 

33(5), 53(8)  

n=9 a: 17(4), 20(6) 

28(7), 47(10) 

b: 1(1), 3(1), 9(2), 

13(2), 32(5), 52(8) 

n=10



   

 217

MD a: 3(1), 11(2), 

38(8) 

b: 18(3), 26(4), 

40(6), 47(7), 

60(9), 63(9) 

n=9 a: 1(1), 9(2), 

36(8), 42(9) 

b: 17(3), 19(3), 

21(3), 25(4), 39(6), 

46(7), 61(9) 

n=11

 

Brains 

 Total: 25 (C010404b only), blocked at optical ch, labelled: d=dorsal & v=ventral. 
 C010404a: Intent for PPI test at older age, however give up due to time 

limitation and complaint from animal house staff. They were culled ~ 6 months 
after the last PPI test. No brain was kept for this subset. 

 C010404b: Culled at 14th week –1 week after the last behavioural test 
 Used: 16; Left: 9; stored in 56C (1st July, 2007) 

 4 from each group for the GR, MR and ER promoter detection: 2 regions (PVN 
and hippocampus), however failed the quality test prior sending. 

 Moderately to widely randomised and genetically spread 
 

 

 

C010404c (time course study II) 

Offspring 

Pregnancy rate: 80% 

43 males 

Usage date: 01/10/2004 (1st born) – 25/01/2005 (last culled) 

Mortality: 4 (3 due to heat, 1 due to sickness) 

 

Week 12 – 14 

 Chol CORT 

Ndep 0(3), 12-13(3), 20-22(5), 

26-28(6), 40-41(9) 

n=11 15-17(3), 23-25(5), 29-31(6), 

42-43(9) 

n=11

MD 1-4 (1), 8-9(2), 32-34(7), 

44-45(10) 

n=11 6-8(1), 11(2), 36-38(7), 46-48(10) n=10

 

Comment 

It was the 3rd breeding cycle at 6-8 months old. All offspring were subjected to 0.5mg/kg 

8-OH-DPAT and 2.5mg/kg PCP induced locomotor hyperactivity. The brains were fresh 

frozen when they were 15-16 weeks old.  
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Brain 

 Total: 43, no blocking  
 Used: 0; Left: 43; stored in 56D (1st July, 2007) 
 Moderately randomised and genetically spread 
 Rating: 5th 
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C060505 

Parents 

Ethic No.: 05040 

10 males, 20 females (1:1 mating, 2 times with 1 week apart) 

DOB: 01-15/03/2005 

 

C060505a [Dose dependent study (I)] 

Offspring 

Pregnancy rate: 85%  

109 males (3 breeding mini-cycles with 1 week apart) 

Usage date: 24/06/2005 (1st born) – 25/10/2005 (last culled) 

Mortality: 0 

 

Comment 

The breeders were paired in1 male to 1 female at least 3 weeks after they got delivered 

from Perth. Only the first 100 rats bred from 16 breeder pairs were used for analysis and 

last 9 males (#101-109) bred from #19 female was not counted. They were decapitated at 

around 3 days after the last PPI tests. Their organs weight was measured during culling. 

 

The behavioural group was subjected to PPI dose dependant test: pretest, saline, 0.1, 0.3 

and 1 mg/kg apomorphine OR pretest, saline, 0.1, 0.3 and 1 mg/kg quinpirole at 12th 

weeks.  

 

The non-behavioural group was another subset being the siblings to the behavioural 

groups was culled at the same time as the behavioural group. 

 

Behavioural group 

 

Apomorphine: 40 males 

 

 Chol CORT 

Ndep 1(2), 2(4), 3(5), 4(5), 5(6), 

6(12), 7(14), 8(14), 9(15), 

n=10 11(2), 12(4), 13(6), 14(5), 15(6), 

16(12), 17(14), 18(14), 19(15), 

n=10 
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10(20) 20(20) 

MD 21(1), 22(3), 23(3), 24(8), 

25(10), 26(11), 27(16), 28(16), 

29(17), 30(18) 

n=10 31(1), 32(3), 33(8), 34(10), 

35(11), 36(16), 37(16), 38(17), 

39(18), 40(18) 

n=10 

 

 

Quinpirole: 36 males 

 

 Chol CORT 

Ndep 41(2), 42(4), 43(5), 44(6), 45(12), 

46(14), 47(14), 48(15), 49(20) 

n=9 50(2), 51(4), 52(5), 53(6), 54(12), 

55(14), 56(15), 57(15), 58(20) 

n=9 

MD 59(1), 60(3), 61(8), 62(10), 63(11), 

64(16), 65(16), 66(17), 67(18) 

n=9 68(1), 69(3), 70(8), 71(8), 72(10), 

73(11), 74(16), 75(17), 76(18) 

n=9 

 

Non-behaviour group 

 

 Chol CORT 

Ndep 77(4), 78(5), 79(6), 83(15), 84(14), 

85(20) 

n=6 80(2), 81(6), 82(5), 86(14), 87(20), 

88(15) 

n=6 

MD 89(8), 90(1), 91(8), 95(11), 96(18), 

97(16) 

n=6 92(3), 93(8), 94(1), 98(16), 99(18), 

100(11) 

n=6 

 

Brains & Previous work (date to 1st July, 2007) 

 

 Total: 109, no blocking  
 Used: 84; Left: 25; Stored in 58C,D, 59A,B (1st July, 2007) 

 Usage record (behavioural group), Used: 60; Left: 25 16+9 (+8 midbrains) 
 Dopamine receptors (D1 & D2) and dopamine transporters (DAT) 

autoradiography studies. Total: 32 (8 midbrain leftover) 
Ndep/chol: 1(2), 2(4), 3(5), 5(6), 6(12), 8(14), 9(15), 10(20) 

Ndep/CORT: 11(2), 12(4), 14(5), 15(6), 16(12), 17(14), 19(15), 20(20) 

MD/chol: 21(1), 23(3), 24(8), 25(10), 26(11), 28(16), 29(17), 30(18) 

MD/CORT: 31(1), 32(3), 33(8), 34(10), 35(11), 37(16), 38(17), 40(18) 
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 Epigenetic study (1) (19/9/06)  failed quality test (see C010404b 
behavioural group). Total: 0 (used the leftover from D1, D2 and DAT 
studies) 
Ndep/chol: 2(4), 3(5), 8(14), 10(20) 

Ndep/CORT: 15(6), 17(14), 19(15), 20(20) 

MD/chol: 21(1), 24(8), 25(10), 29(17) 

MD/CORT: 32(3), 35(11), 37(16), 38(17) 

 Epigenetic study (2) (13/12/06)  passed quality test. Used both 
apomorphine and quinpirole animals. Total: 28 (partially used the leftover 
from D1, D2 and DAT studies) 
Ndep/chol: 4, 5, 9, 41, 42, 43, 45, 46, 49 

Ndep/CORT: 11, 12, 51, 52, 53, 54, 55, 56, 58 

MD/chol: 22, 28, 59, 60, 61, 62, 63, 66, 67 

MD/CORT: 31, 33, 34, 36, 39, 69, 72, 73, 75 

 Usage record (non-behavioural group), Used: 24; Left: 0 (+24 post-dorsal 
hippocampus brains) 

 Collected 8-10 14µm sections from caudate putamen/accumbens regions 
(Bregma +1440µm to +1200µm) and PaMP regions (Bregma -1800 µm to 
~2000µm) and stored at -70oC 

 Collected 200-400µm thick of sections from dorsal hippocampus (starting 
from Bregma -3500µm) 

 BDNF in situ hybridization (Dec 06  Jan 07) 
 GR in situ hybridization (Jan  Mar 07) 
 Ki67 immunohistochemistry (Jan  Apr 07) 

 

 Widely randomised and genetically spread 
 
 



   

 222

C060505b Dose dependent study (II) & cognitive study (I) 

Offspring 

Pregnancy rate: 75%  

77 males (2 breeding mini-cycles with 1 week apart) 

Usage date: 10/10/2005 (1st born) – 25/01/2006 (last culled) 

Mortality: 0 

 

Comment 

It is the same as C060505a for the breeding method. No organs weight was measured 

during culling, instead, rats were administrated with 150mg/kg BrdU 24 hours before 

decapitation. Also, there is no non-behavioural animals were allocated. 38 males were 

allocated to cognitive, Morris water maze and Y-maze; and the other 39 males were 

allocated to PPI amphetamine dose response/single dose apomorphine. 

 

1st sub cohort: 

ND/chol = # 1-12, ND/CORT = # 23-35, MD/chol = # 45-55, MD/CORT = # 66-77  

DOB = 10-13/10/05 Wk12 = 2/1-6/1/06  Wk13 = 9/1-13/1/06 

 

2nd sub cohort: 

ND/chol = # 13-21, ND/CORT = # 36-43, MD/chol = # 56-63, MD/CORT = # 78-85 

DOB = 17-18/10/05  Wk12 = 9/1-13/1/06  Wk13 = 16/1-20/1/07 

 

Water Maze / Y-Maze Group 

 

 Early  Late  

ND/chol n=10(7) 1(1), 2(1), 4(4), 6(8), 8(8), 11(19) 13(5), 1(12), 16(12), 19(15) 

ND/CORT n=9(7) 23(1), 26(4), 28(8), 29(8), 33(19) 36(5), 38(12), 39(12), 41(15) 

MD/chol n=9(8) 45(2), 46(2), 49(3), 51(7), 53(10) 56(11), 59(16), 60(17), 62(18) 

MD/CORT n=10(8) 66(2), 68(2), 69(3), 72(7), 73(7), 77(10) 78(11), 80(16), 82(17), 84(18) 
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PPI / Amphetamine 0.5, 2.5 mg/kg & Apomorphine 0.3mg/kg 

 

 Early  Late  

ND/chol 

n=10(7) 

3(1), 5(4), 7(8), 9(8), 12 (19) 14(5), 17(12), 18(12), 20 (15), 21(15)

ND/CORT 

n=10(7) 

24(1), 25(1), 27(4), 30(8), 34(19), 

35(19) 

37(5), 40(12), 42(15),43(15) 

MD/chol 

n=9(7) 

47(2), 48(3), 50(3), 52(7), 54(10), 

55(10) 

57(11), 61(17), 63(18) 

MD/CORT 

n=10(7) 

67(2), 70(3), 71(3), 74(7), 75(10), 

76(10) 

79(11), 81(16), 83(18), 85(18) 

 

Brains & Previous work (date to 1st July, 2007) 

 

 None 
 Total: 77, no blocking 
 The original is widely randomised and genetically spread. However, the early 

sub-cohort animals were injected with higher pH BrdU, therefore, could not be used. 
Only the late cohort could be used  moderately randomized  

 Rating: 3rd 
 



   

 224

C060505c Cognitive Study (II) 

Offspring 

Pregnancy rate: 25%  

32 males  

Usage date: 14/01/2006 (1st born) – 9/05/2006 (last culled) 

Mortality: 0 

 

This cohort was raised from a limited number of 9 months old breeders. The offspring 

were subject for T-maze alternation study. The brains were cut at nucleus 

accumbens/striatum level (rats atlas, plate 10-13), and the frontal cortex and nucleus 

accumbens were deliver to Victoria College of Pharmacy (VCP). Only the major caudal 

brain was left. 

 

 

 

 

 

 

Brains & Previous work (date to 1st July, 2007) 

 Both caudate nucleus and frontal cortex were delivered to VCP for western blot 
(unfinished).  

 Total: 32 major caudal brains 
 Mildly randomised and genetically spread.  
 Rating: 6th 

 

ND/chol n=8() 1 – 8 

ND/CORT n=9() 9 – 17  

MD/chol n=7() 18 – 24  

MD/CORT n=8() 25 – 32   
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Appendix 2. Adult rat brain cryosection reference 

Figure 10 

 

 

 Caudate nucleus/accumbens site approach characterised by the corpus callosum (the 
eyebrows) that just not touching yet, and the mesolimibic bundle(the white dots) are 
right at the middle below the eye blows 

 0.1mm to Figure 12, 8-9 x 14µm 
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Figure 12 

 

 

 The “eyebrows” touch each other 
 From Figure 12 to Figure 13, the double “horns” or corners combined to single at the 

middle. Start collecting for caudate putamen/accumbens when the “white corners” 
start to disappear (~10 x 14µm) 

 0.4mm to Figure 13, 28 x 14µm 
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Figure 13 

 

 

 Best collecting position for caudate nucleus and nucleus accumbens (+ Figure 14 
also) 

 The lateral ventricles usually were still in a straight ventral lines 
 0.5mm to Figure 15, 35 x 14µm  
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Figure 15 

 
 

 appearance remain similar to Figure 13  14 
 The last collecting point for caudate and accumbens 
 ~0.9mm to Figure 18 (ventral tilting adjusting position), 65 x 14µm 
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Figure 33  

 

 

 Ready for dorsal hippocampus collection, collect at late Figure 33, i.e. ~0.2mm later, 
14 x 14µm 
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Figure 34 

 

 

 Best collection for dorsal hippocampus with 600µm availability (45 x 14µm) 
 Lateral ventricles start appearing from Figure 33 to Figure 34, it could be the 

landmark for collecting 
 The tip of ventral hippocampus start appearing after the 600µm cutting 
 0.6mm, ~45 x 14µm to Figure 36 
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Figure 36 

 
 

 Last position for section collections for the dorsal hippocampus (not collected up to 
here, therefore photos are not available) 
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Appendix 3. Experimental protocols 

In situ hybridization 

Day 1 part 1:  probe preparation 

 Thaw and aliquot 4, 10 or 20µl from 35S-UTP stock to 0.6ml microcentrifuge tube, 
turn on the refrigerating trap for > 30mins prior use 

 Test run – 4µl (50µCi) 
 1 reaction – 20µl (250µCi)  
 0.5 reaction – 10µl (125µCi) 

 Dry down in speedvac, ~30mins for 20µl aliquot and ~10mins for 4µl, check every 
10 mins. Go longer if necessary. 

 Prepare reaction mix 
 ×1 (test) ×0.5 ×1 ×2 ×4 

Nuclease-free H2O* 3.35µl 1.75µl 3.5µl 7µl 14µl 

5× trans. buffer (commercial) 2µl 1µl 2µl 4µl 8µl 

0.1M DTT (make fresh) 1µl 0.5µl 1µl 2µl 4µl 

5mM NTPs (-UTP) ^ 1µl 0.5µl 1µl 2µl 4µl 

3mM UTP**^ 0.15µl - - - - 

*reduce if > 1µl is required to achieve 100ng cDNA 

**3mM UTP  1:33 dilution of 100mM UTP (Sigma) 

^ all nucleotides must not leave in room temperature for long, chill in ice and quickly 

store back in freezer after finish, the 5mM NTPs stock could store < 1 month  

 To the dried [35S]-UTP: 
 ×1 (10µl) ×0.5 (5µl) 

Reaction mix* 7.5µl 3.75µl 

cDNA (100ng)* 1µl 0.5µl 

Rnasin 0.5µl 0.25µl 

Polymerase 1µl 0.5µl 

*Flexible according to the cDNA initial conc  

 Incubate at 37oC water bath for 1 hour. Optional (×1 reaction only): add 0.5µl 
polymerase twice with 30 minutes interval 

 Make 1× salt containing 0.01M DTT 
 ×1 ×2 ×4 ×6 

10× RQDNAse buffer 6µl 12µl 24µl 36µl 

0.1M DTT (commercial) 6µl 12µl 24µl 36µl 

Nuclease-free H2O 48µl 96µl 192µl 288µl 
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 Add 60µl of 1× salt containing 0.01M DTT to ×1 reaction or 65µl to ×½ reaction 
 Add 1.5µl RQDNAse to trim the exposed [35S]-RNA and incubate at 37oC water 

bath for 15 mins 
 Aliquot 1µl of the mix (70.5 µl left) dilute 1:10 in 9µl MQ (before column test) 
 Prepare 1 × STE (300µl/column) 
 Add 70-80µl (80µl April – Dec/2006) to wet the Nuc trap purification column 

(Intergrated Science P/L Cat No.: 400701), push column until there’s a small droplet 
at the end. 

 Push the ~70µl sample through column and collect in 1.5ml microcentrifuge tube 
 Add another 70µl 1× STE, collect ~120-140µl [35S]-probe, push 1-2 empty pump if 

necessary.  
 Aliquot 2µl and dilute with 18µl MQ (or 1µl with 9µl MQ  for % yield test and 

after column test), store probe in -20oC. Nuc trap purification column has >90% 
recovery of the probe. (Nov-Dec/2006) 

 

Day 1 part 2: [35S] RNA yield determination 

 

 To a 5ml tube add 93µl H2O, 5µl of fish sperm DNA (Sigma 10.1mg/ml), 2µl of the 
1:10 dilution. 

 Remove 5µl and put on a dry filter 
 To the remaining 95µl and add 1ml of acid precipitating solution. 
 Chill in ice for 10 mins 
 Place prewet filter in filter holder and apply vacuum to test. 
 Transfer the mixture on the top and vacuum 
 Rinse out the tube and holder inner side 3 × with acid precipitating solution in squirt 

bottle 
 Wash 1 × with 95% EtOH by spraying filter  
 Leave for few more seconds, remove the top part of the holder 
 Vacuum off and remove filter 
 Put filters with 5ml scintillation fluid for β-counting (Program 9) 
 calculate the yield (ng) 

 % incorporation = (cpm incorporated / 0.95) / (cpm total / 0.05) × 100% 
 [cpm incorporated / [310.15 × Specific Activity (= 1250, the value used 2000  

2006)× DF]× V elute] ng; or 
 conc. in ng/µl without [× V elute] 
 target yield: 5.57 λ # ng (λ = cDNA size in kb, # = No. of sections) 
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Day 2: in situ hybridization 

 

Bake sufficient dishes, cover slips and glassware night before 

Quantity. Items Usage 

- 2 days (e.g. Friday) 

1 Millipore system 4% para (bake & make earlier) 

1 500ml flask 4% para (bake & make earlier) 

1 250ml cylinder 4% para (MQ) (bake & make earlier) 

1 4L beaker 0.5× SSC o/n wash (bake earlier) 

1 50ml cylinder PB 

- 1 day (e.g. Monday) 

2 50ml cylinder A: NaCl (criterion wash & 0.5M NaCl, 0.05M PB) 

B: PB (criterion wash & 0.5M NaCl, 0.05M PB) 

1 1L or 2L cylinder 0.85M NaCl  1 × PBS  0.5M NaCl, 0.05M PB 

1 1L cylinder TEA buffer 

2 500ml cylinder A: criterion wash 

B: 4× SSC  0.5× SSC 

5 Glass dishes  

(+ 2 glass racks) 

A: 4% para 

B: PBS rinses  TEA  4× SSC 

C: Acetic TEA  0.5M NaCl 

D: RNAase 

E: Criterion wash 

1 Pyrex dish Prehyb & hyb incubation 

1 Metal plate Prehyb & hyb incubation 

2 forceps  Sharp curved for coverslips 

Brown blunt for picking up slides 

1 (beaker) Coverslips  Hyb incubation (50mm × 22mm) 

 

 800ml 1 × PBS  
 400ml 0.1M Triethanolamine (TEA) 

 1.2ml 12.5M conc. HCl 
 5.3 ml TEA 
 add MQ  400ml  
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 ~ 500ml 0.85M NaCl for humidified dish.  
 Prewarmed and balanced the baked metal plate and humidified dish covered with 

gladwrap in 55oC incubator.  
 Set the slide warmer and tubes warmer to 55oC. Prewarm prehyb. 

 

Thaw sections 15 – 20 mins 

fix in 4% paraformaldehyde chilled in ice 20 mins 

Rinse sections with 1 × PBS 2 × 5 mins 

Incubate in 0.1 M TEA 5 mins 

Incubate in 0.5ml acetic anhydride + exact 200ml 0.1M TEA 10 mins 

Rinse with 1 × PBS 2 × 5 mins 

Dehydrate in EtOH series  30, 50, 70, 85, 95, 95, 100, 100%, air dry 3 mins × 8 

 

Start precipitating probe (optional: do it on –Day 2 or -1)  

 This step is not necessary if the probe (in STE) would not dilute > 1:10 of the hyb 
(≦10% dilution) i.e. conc (in STE) / 10 ≧ 0.3ng/µl/kb * λ (kb) 

 e.g. (1) made GR αS (29/3/07) at 2.15ng/µl in STE, as GR = 0.44kb  
0.132ng/µl in hyb. ∵ 2.15/10 = 0.215 > 0.132 ∴ no precipitation required 

 e.g. (2) made GR S (29/3/07) at 0.73ng/µl in STE, GR = 0.44kb & 0.132ng/µl in 
hyb ∵ 0.73/10 = 0.073 < 0.132 ∴ precipitation required 

 Prefer precipitate both S and αS or both not to keep the consistency 
 Use only 1.6ml tube while pellet is more obvious & assume 100% recovery   

 Add V of probe (in STE)  must follow this order  
 add 150µg (15µl of 10µg/µl) tRNA (tRNA Sigma R-5636: ~10mg/ml) 
 3M NaOAc (final 0.5M, 1:6 dilution) i.e. 0.2V + 3µl 
 2.5 volume of Nuclease-free 100% EtOH (turn cloudy for high yielder) i.e. 

[V + 15µl + (0.2V + 3µl)] × 2.5 
 Centrifuge at 14000rpm for 15 mins 
 ∴  Max amount of probe (in STE), say ~1000µl 

[V + 15µl + (0.2V + 3µl)] × 3.5 < 1000µl (max) 

4.2V < 937µl 

V < 223.1µl 

 Remove all supernatant (1st w/ 200µl pipette & w/ 10µl for fine removal), then air 
dry the EtOH for ~5-10 mins, cover to prevent dirt drop from above 

 Check the counting of both pellet and supernatant (preferable <1/10 of the pellet) 
 Add (13 #)µl hyb (# = no. of sections w/ 30% extra) 
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Add prehyb ~250µl /slide on slide warmer & transfer to the humidified dish. ~30mins 

Incubate at 55oC 60 mins 

Drain the prehyb, add 10µl/section and cover with prewarmed coverslips using 

sharp curve forceps. Avoid bubbles by slowly lowering down from an angle. 

~30mins 

Incubate at 55oC 180 mins 

 

Make solutions at hyb incubation (take ~30-45mins) 

 

 

 PB: 
 

 4 × SSC, 100mM β-mercaptoethanol (add β-mercaptoethanol fresh) – 
200ml/slide dish 

 40ml 20 × SSC 
 add MQ to 200ml 
 add 1.4ml β-mercaptoethanol fresh 

 0.5M NaCl, 0.05M PB – 400ml/ slide dish (200ml × 2) 
 40ml 0.5M PB 
 40ml 5M NaCl 
 add MQ to 400ml 
 put 200ml in 37oC water bath 

 criterion wash (add β-mercaptoethanol fresh) – 200ml/slide dish 
 100ml formamide (only for 50% GC content, eliminated for higher AT 

content cDNA—e.g. BDNF) 
 20ml 5M NaCl 
 20ml 0.5M PB 
 add MQ to 200ml 
 add 1.4ml β-mercaptoethanol 
 turn on the 63oC water bath, shake speed to 40 

 0.5 × SSC, 20mM β-mercaptoethanol (add β-mercaptoethanol fresh) 
 87.5ml 20x SSC 
 add MQ to 3.5L 
 add 5ml β-mercaptoethanol 

 

 

 20ml 40ml 60ml 100ml 200ml 

0.5M Na2HPO4 16.2ml 32.4ml 48.6ml 81ml 162ml 

0.5M NaH2PO4 3.8ml 7.6ml 11.4ml 19ml 38ml 
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Soak off coverslips by 4 × SSC, 100mM β-mercaptoethanol, Check if the 

coverslips come off 

20 mins 

Incubate in 0.5M NaCl, 0.05M PB 10 mins 

Incubate in 0.025mg/ml RNAse A (1 × 0.5ml aliquot/dish) in 0.5M NaCl, 

0.05M PB at 37oC water bath to digest partial hybrids 

30 mins 

Stringency wash in criterion wash at 63oC (only for 50% GC content, lower 

temp. for higher AT content i.e. lower Tm) 

30 mins 

Total: 490mins or 8 hr 10 mins 

Wash in 0.5 × SSC, 20mM ME o/n 

Dehydrate in 0.3M ammonium acetate EtOH (<85%)(Day 3) 

30%, 50%, 70%, 85%, 95%, 95% 

2 mins × 6 

100%, 100% 3 mins × 2 

 

Day 3: Film exposure 

 

 Arrange sections on a filter paper/cardboard with dual side tape in a cassette.  
 In dark room with red light or orange light on, expose the slides to Kodak BioMax 

film (Ref: 8701302) with emulsion facing the sections (identified by notch in the 
upper right corner whereas emulsion facing up) 

 Press on the film against the slides by closing the cassette 
 At range of 20-30cps per sections, expose for ~40 hours (e.g. GR, 13/4/07), 1.5-2cps 

for 15 days (e.g. BDNF, 3/1/07) 
 

Day (3 + x)—part A: Film developing 

 

 Remove film in dark room and process with X-ray film processor (100 Plus, All-Pro 
Imaging Corp, USA; maintained by Jacob’s Medical Supplies, Sydney, Australia) 

 Turn on the processor for ~20 mins and check the light sequence following the 
instruction attached with the log book 

 Check the developer & fixer volume in the bucker 
 Load the film in the loading tray, guide it along the edge, and make sure it goes in 

straight. (Emulsion face up) 
 Record the time expose, the time for emulsion exposure would x2-2.5 this duration. 
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Day (3 + x)—part B: Emulsion exposure 

 

 Melt 1 vial of emulsion stock in 45oC water bath for 30-45mins. About 25 slides can 
be covered up to 0.5cm below the labeled section using Electron Microscopy 
Science (EMS) dipping chamber and 1 vial of emulsion (11ml) (tested on 15/4/07) 
(2 vials for 45-50 slides) 

 Make sure slides were dry and cool before emulsion dipping 
 Pour emulsion slowly to avoid bubbles and allow to sit for 25-30 mins 
 Dip a blank slide to see any bubbles, remove the bubbles by dipping several more 

slides if necessary. (up to 7 slides at 15/4/07) 
 Dip sample slides by immersing slowly twice, stay for 2 seconds for each dip and 

remove the slides, not too slow or it leads to uneven coating 
 Hold the slides vertically for the whole time and blot the bottom edge on paper towel 

1-2 seconds to remove excess emulsion. 
 Place slides vertically leaning inside cardboard rack in a black box. (size: each hole 

could fit in a 50ml falcon tube) 
 Foil covers the box and put in light tight cupboard. Avoid turn on light frequently at 

the dark room. 
 Allow the slides to dry slowly for 2-3 hours. It must be slow and dried completely; 

attempt to speed up the drying could lead to stretching artifacts that result in grains 
forming along the edges of the tissue. 

 Transfer slides to “blind marked” slides boxes with blue/dried silicon gel packs 
inside, wrap in aluminium foil and store in bag filled with silicon gel. Water has 
blenching effect to the grains.  

 Store at 4oC at double duration as the film exposure. Put testers in a separated slide 
box for convenience during testing. 

   

Day (3 + ~3x) or testing day: Emulsion developing & fixing 

 

 Take slides out from 4oC for 15 mins at room temperature to ~15oC, transfer them to 
the glass rack at the mean time. 

 Pour ~200ml room temperature D-19 developer and fixer to dishes and also two 
dishes of dH2O.  

 Prepare a 12.5oC water bath at 5cm depth water bath by chilling with ice, put the 
dishes with solution into the bath and equilibrate for 20 mins. It would be 15oC at 
20oC room temperature after 20 mins (tested 8/5/06) 

 Develop in Kodak D-19 developer for 2.5 mins. Longer developing times and higher 
temperature preferentially produce grain in the emulsion background.  
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 1st dH2O for 30 sec. 
 Fix in Kodak fixer (not rapid fixer as it contains NH4) for 5 mins 
 2nd dH2O for 5 mins (light could be back on ~3mins after dipping in the 2nd dH2O) 
 Rinse in running cold tap water for 1 hr 
 Counter staining the with 0.5-1% Cresyl violet (check the minor protocol) 

 



   

 240

Mini-, Midi- and Maxi-prep plasmid DNA preparation 

 

Promega Wizard Plus Miniprep (Promega Cat: A7100, A7500, A7510) 

 

 Prepare 3ml (6hr – o/n) culture at O.D600 ~1-2 from 5ml loose cap tube, store the rest 
as backup 

 Preheat the resin in 37oC if it precipitated, use only at 25-30oC 
 Prepare 2ml (per miniprep) column wash solution (c.w.s.) at 7 parts of 95%EtOH & 

5 parts of stock c.w.s.  
 

1. transfer o/n (3ml) borth to 2 x 2ml tubes at ~1.5ml each 
2. centrifuge for 2mins at 14000rpm and discard the supernatant 
3. resuspend the pellet with 100µl cell resuspension solution in each tube 
4. combine two tube and add 200µl cell lysis solution & mix by inversion until it clears 

(it is necessary to wait for the solution turn clear  bacteria break up and DNA is 
now in supernatant) 

5. add 200µl neutralization solution & mix by inversion  
6. centrifuge for 5 mins at 14000rpm 
7. decant/pipet supernatant to a new tube 
8. add 1ml purification resin (25-30oC) to the supernatant & mix by inversion 
9. attach a syringe barrel to the luer lock extension of minicolumn (Nuclease-free) and 

insert the tip part to the vacuum manifold 
10. transfer the resin/DNA mix and apply vacuum. Break vacuum gently  do not use 

stopcock. 
11. add 2ml diluted c.w.s/EtOH to syringe barrel and apply vacuum 
12. draw vacuum for another 30sec 
13. remove syringe barrel and put column to a 2ml eppendorf tube 
14. centrifuge for 2 mins at 14000rpm to remove residual c.w.s/EtOH 
15. transfer the minicolumn to a new (storage) tube 
16. add 50µl Nuclease-free H2O & wait for 1 min 
17. centrifuge for 20 sec to elute the DNA & H2O 
18. discard minicolumn and store the DNA 
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Promega PureYieldTM Plasmid Midiprep system (Cat: A2490, A2492, A2495) 

  

 1 colony or frozen maxi/miniprep to 5-10 ml LB o/n  5ml into 50-100ml LB 6hr 
(O.D.600 = 2). Optimal working range O.D600 x volume = 100-200 

 2 x bake sorvall glass tubes, 2 x falcon 50ml tube, 2 x 11ml tube 
 Endotoxin removal wash: 2ml isopropanol to 3ml endotoxin removal wash 
 Column wash solution (c.w.s.): 12.5ml 95% EtOH to 7.5ml c.w.s.   

 

1. divide 50ml LB broth w/ cells into 2 sorvel tube  
2. centrifuge at 9000 rpm (10000 x g) (Sorvall 5C w/ SS34 Rotor) for 10 mins, discard 

supernatant & drain tube gently 
3. resuspend cell pellet w/ 1.5 ml cell resuspension solution into each tube (3ml per 

50ml) and combine, make sure the resuspension is complete 
4. add 3ml cell lysis solution and mix by gently inverting the tube 3-5 times (w/ 

parafilm) & incubate for 3 mins 
5. add 5ml neutralization solution, inverted mix 3-5 times. Sit upright for 2-3 mins 

until the lysate is clearing (important!) 
6. prepare a blue clearing column in a sterile 50 ml falcon tube 
7. pour the cell mix/lysate into the clearing column and incubate for 2 mins (allow the 

debris rise to the top) 
8. centrifuge the clearing column in Beckman 2200 rpm (1500 x g) for 5 mins (repeat 

another 5 mins if necessary or centrifuge faster up to 3200rpm [3000 x g]) 
9. attach a white/clear binding column to the vacuum manifold 
10. pour the filtered lysate to the binding column & apply vacuum until all the liquid has 

passed through the column 
11. gently release vacuum by turning off the pump (do not use stopcock, in case the 

membrane detach from the column, tap it down w/ sterile pipet tip or glass tip) 
12. add 5ml endotoxin removal wash & apply vacuum 
13. add 20ml column wash solution & apply vacuum 
14. keep the vacuum on to dry column for further 30 sec (repeat for another 30 sec if the 

binding membrane tops appear wet) & remove excess ethanol by tapping the tip of 
the column (NEVER touch the tip) 

15. place the binding column in a new falcon tube (DNA collecting) 
16. add 600-800µl Nuclease-free H2O to the column 
17. centrifuge the binding column at 2200 rpm (1500 x g) for 5 mins 
18. transfer the filtrate into a 1.5 tube (save some for A260/280 checking and gel running if 

necessary) 
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Promega Wizard Plus Maxiprep (Cat: A7270, 10 prep) 
 

 Bake 6-7 30ml sorvel tube centrifuge tube (they survive 4200rpm x 20mins w/ 
customized falcon tube cushion; tested in 2006) and 4 sorvel thick tubes (they 
survive 10800 rpm x 15 mins, tested in Feb-Mar 2006) 

 All steps done in room temperature -- adjust that for Beckmann and Sorvel 
centrifuge. 

 Check O.D.600 ≦4 of the TB + amp 
 Preheat the resin in 37oC if it precipitated, use only at 25-30oC 
 Prepare 26ml (per maxiprep) column wash solution (c.w.s.) at 34 parts of 95%EtOH 

& 25 parts of stock c.w.s. i.e. 14.98ml 95%EtOH to 11.01ml c.w.s. 
 Preheat Nuclease-free H2O to 70oC in water bath 
 Prepare 6ml of 80% EtOH  

 

1. divide 200ml into 6 glass sorvel tube with 50ml falcon tube as cushion – centrifuge 
in Beckmann 4200rpm x 20mins—pour off supernatant 

2. add in total of 15ml cell resuspension solution to the sorvel tube. Pipet up and down 
to break the clumps 

3. add in total of 15ml cell lysis solution. Mix gently by inversion to avoid 
chromosomal DNA (>12kb) coming out from the bacteria – do not vortex—wait up 
to 20 mins until the solution turn clear. Sometimes it will not turn clear if you have 
too much bacteria. Go maximum 30 mins and make sure you check the DNA on a 
gel 

4. add in total of 15ml neutralization solution and mix gently by inversion 
5. distribute into 2 sorvel thick tube – ~ 30ml per tube and centrifuge 10800rpm at 15 

mins in Sorvel 
6. filter the supernatant with Whatman #1 in glass funnel to 100ml measuring cylinder. 

The DNA is in suspended in supernatant 
7. add 0.5 volume of isopropanol to the supernatant and transfer to another 2 sorvel 

thick tube 
8. centrifuge at 10800rpm for 15 mins in Sorvel  
9. discard the supernatant and resuspend the DNA pellet in total of 2ml of 

Nuclease-free H2O, combine 2 tube together 
10. add 10ml purification resin to mix 
11. insert the maxi column to the vacuum manifold and transfer the DNA/resin mix to 

the column, then apply vacuum 
12. wash the tube with 13ml dilute c.w.s. and pull through maxi column with vacuum 
13. add the other 12ml c.w.s. to maxi column and draw vacuum through column again 
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14. add 5ml of 80% EtOH to the column, apply vacuum and draw for additional 1 min 
to dry the resin 

15. insert the column into a lab DNAase free 50ml falcon tube and spin at 2500rpm for 
5 mins in Beckmann to get rid of the residual EtOH and isopropanol 

16. put the column back on vacuum for another 5 mins 
17. put the column to the provided 50ml screw cap tube 
18. put the 70oC nuclease-free H2O to the column (straight on top of the resin) and wait 

for 1 min 
19. elute the DNA by centrifuging the column/50ml tube at 2500rpm for 5 mins in 

Beckmann 
20. attach the syringe barrel to the 0.2µm syringe filter and pipet the eluate into the 

syringe barrel 
21. centre the filter over a 1.6ml centrifuge tube. Insert the plunger into the barrel and 

gently push the liquid into the tube to filter the resin from the DNA 
22. centrifuge the tube at 14000 rpm for 1 mins 
23. immediately transfer the supernatant to another new 1.6ml centrifuge tube, pipet 

carefully and do not go further bottom. Resin remain in the DNA before (GR made 
in late 2005 and early 2006) 

24. do a 1:10 and 1:50 dilution and check the concentration with the spectrometer.  
25. run it on gel at ~100ng per well 
26. store the rest (~1ml) in -20oC and make sure it come back to watery liquid at room 

temperature. (GR made in 2005/06 has gel-like stuff floating at the middle, which is 
unwanted) 

 

 

Notes: 

By comparing 3 different plasmid DNA prep, miniprep is only used for obtaining 

preliminary data and both midiprep and maxiprep are preferred to use as a proper DNA 

production for data used in publication. The PureYieldTM Plasmid Midiprep system was a 

free trial generously sent from Promega in 2006/07 and result in an extreme pure plasmid 

that produce 400k cps in a test probe preparation and ~2 million cps in a 1 reaction of 

probe preparation (all before probe purification column). No resin is required for plasmid 

DNA preparation, therefore, shorter duration (<1hour VS. 3-4 hours for Maxiprep) and 

lower chance for resin contamination is found with the Midiprep.  
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Dopamine transporter ([3H]-GBR 12935) autoradiography (11/10/06) 

 

Phosphate (0.025% BSA) buffer 

 500 ml 1 L 1.5L 2L 4L 

NaH2PO4.2H2O 3.9g 7.8g 11.7g 15.6g 31.2g 

NaCl 2.05g 4.1g 6.15g 8.2g 16.4g 

NaOH 0.83g 1.66g 2.49g 3.32g 6.64g 

BSA 0.125g 0.25g 0.375g 0.5g 1g 

 

Add dH2O ~ 90% total volumes, pH 7.5 (use 1N/1M NaOH, or 1N/1M HCl to pH) 

1M NaOH = 0.5g NaOH/12.5ml 

1M HCl = 1ml 12N HCl/12 ml  

 

1. Thaw/defrost sections 20-25 mins (up to 1 hour) 
2. Weigh GBR12909 (Sigma) & cis-flupenthixol (Sigma; cis-flu) ~1mg each 

i. Calculate the dH2O required to make 10mM:        GBR 
12909 = (mg × 197) µl & cis-flu = (mg × 191) µl 

ii. Dilute w/ buffer: GBR 12909 1:100  100µM &     
     cis-flu 1:1000  10µM 

3. Incubate sections with buffer RT 1hr 
4. Prepare [3H] GBR 12935 (10×) stock (Perkin Elmer; calibration date: 20/3/06)  

i. Initial conc.: 1mCi/ml ([3H] conc.) /43.0Ci/mmol (spec.activity) = 
23.3µM (actual conc. of GBR 12935 – constant) 

ii. 2nM [3H] final ∴ ~20nM [3H] is required for the final mix (~1:10 for the 
final mix) 

iii. Total vol (final mix) = 225µl × slide # × 130%  
iv. ~20nM [3H] vol = Total vol / 10 + 150µl. Consider [3H] decay factor e.g. 

with 23.3 µM (say ~ 20µM) do ~1:1000 in the 1st yr, ~1:800-900 in 2nd or 
3rd yr; or extremely ~1:500 at 12th yr). 

v. e.g. 20/3/06 batch usage in 2006 – 2007  
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Slide # [3H] GBR (µl) Phosphate buffer(µl) 

<5 0.343 400 

6-10 0.429 500 

41-45 1.33 1550 

46-50 1.46 1600 (max) 

51-55 1.59 1600 (max) 

61-65 1.8 1600 (max) 

76-80 2.19 1600 (max) 

5. Counting 3 × 50µl, average of 3 readings (cpm A)       
 (ave × 2 / 0.601) / 43 × 222 × decay factor = nM (conc. of initial [3H])   
 ∴ initial (i) µl = total vol (final mix) µl × 2nM / initial [3H] nM 

6. Final mix TB & NS (where TB vol = NS vol =χ)       
      

 TB (χ) NS (χ) 

100µM GBR 12909  χ/10 

10µM cis-flu χ/10 χ/10 

Initial [3H]-GBR12935 i i 

Buffer χ -χ/10 - i χ-χ/5 - i 

 

7. Incubate sections with TB/NS 1hr RT (tested w/ 2hr incubation before  no 
difference) 

8. Wash in ice-cold buffer 5 mins × 4 
9. Air dry sections w/ help of fame hood + hair dryer >1.5 m away from sections, ~20-30 

mins 
10. Fix on top of dry paraformaldehyde powder in a desiccators o/n 
11. Expose to plate for 6 days (1 for scales + 24 experimental slides  1 plate), blue side 

facing the section, clean cassette w/ EtOH prior use 
12. Scan plate w/ Kodak scanner w/ blue side upward/cut corner on left top. Light off and 

scales off from the plate prior scan. ~6-10 mins 
13. Erase plate with blue side upward in the eraser (light) box (normal fluorescent light)  
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Appendix 4. Minor experimental protocols 

 

Cresyl Violet staining (NRN 1, 1990-2000) 

1. 0.5% aqueous, 3 mins 
2. 70% EtOH, up to 15 mins 
3. dehydrate 2-3 mins each: 95% and 100% EtOH 
4. Histoclear, 5 mins × 2 & DPX coverslip 
 

Cresyl Violet staining (NRN 2; 9/2003) 

1. 0.5% aqueous, 2.5 mins 
2. 70% 3mins 
3. 95% 3mins 
4. 100% 3 mins 
5. Histoclear 5 mins × 2 & DPX coverslip 
 

DNA agarose gel (2%) electrophoresis 

1. measure 1.5g DNA grade agarose into 500ml flask 
2. make 1x TAE buffer (1.5ml 50X TAE in 75ml dH2O) & mix with agarose 
3. heat for <2mins in microwave (high, 1000W) until the agarose dissolve 
4. sit in >55oC water bath allow the bubbles come out 
5. pour the gel into a balanced gel casting apparatus (comb on the top while the red dot 

on right), cool to set 
6. prepare DNA at the meantime (80-100ng DNA in each band, 1X Reaction buffer 

final & 1µl DNA loading dye to final volume of 21µl) 
7. mix well, brief centrifuge if necessary 
8. prepare 1L 1x TAE buffer in a balanced electrophoresis tank 
9. load gently the DNA mix into the well, avoid rapid movement in & out, that would 

make the buffer push the sample away 
10. run gel 1hr (< 500bp) to 2hr (>2kb) at 90V constant (red on right match the colour of 

the power pack) 
11. stain gel with 25µl of EthBr (10mg/µl) in 500ml MQ for 15 mins on a rocking 

perform 
12. destain gel with ~500ml MQ for 15 – 20 mins (never go o/n, it makes the gel watery 

& easy to break) 
13. examine on a UV light (at ~400-600ms exposure) & record the bands 
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E. coli (Ampicillin-resisted bacteria) LB plate growth 

1. inoculate a small piece of the ice bit from the frozen cells (-70oC) [E. coli hwith GR 
inserted plasmid isolated in 1988 was able to multiply in 2006] 

2. Spread in light and “zigzag” motion 
3. put the plate at inverted position in 37oC incubator o/n 
4. Colonies could be stored in 4oC for 3-4 days as backup 
 

E.coli (Ampicillin-resisted) LB broth growth 

1. inoculate a small piece of the ice bit or from 1 or few colonies from the LB plate 
2. Shake the cell in the LB broth (5-10ml) with 50µg/ml Ampicillin 
3. incubate in 37oC shaker o/n  

 Mini-prep (Wizard Plus Plasmid Miniprep) OD A600 ~2 (?) at 5ml culture 
 Midi-prep (PureYieldTM Plasmid Midiprep system) OD A600 2-4 at 50ml 

culture 
4. Broth with cells could be stored at 4oC (usually store ~1ml as backup) 
 

E.coli (Ampicillin-resisted) Terrific broth (TB) growth 

1. Pipet 2ml of the LB broth growth to 198ml of TB w/ 50µg/ml Ampicillin 
2. Shake in 37oC o/n 
3. check O.D A600 = 4  
4. Restart the o/n at short time if OD is >4 as it is not preferable 

 

Gelatin coating slides 

1. heat 500ml of MQ to 50oC in water bath 
2. add 2.5g gelatin (type A: from porcine skin), stir constantly with stirring flea 
3. cool to less than 30oC (slightly warmer than rm temp) 
4. add 0.25g (0.05%) chromium (III) potassium sulphate.12 hydrate 

(CrK(SO4)2.12H2O, MW=499.39 gmol-1) 
5. filter with Whatman #1 filter paper 
6. arrange in plastic holder (25 slides space) or bake metal holder (30 slides space)  
7. dip twice in plastic chamber or large (6.5cm h × 9cm w × 10.5cm l) glass slide dish 
8. wash the plastic with MQ, metal with normal H2O and re-bake 
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Restriction endonuclease digestion 

1. Prepare 40-50µl (x2 for later DNA cleaning wizard kit): 
 ~5-7µg Midiprep or Maxiprep 
 10x restriction buffer 
 add MQ to desire volume 
 1-2µl (10-20 U) restriction enzyme in vial cooler, add last 

2. digest o/n in 37oC waterbath 
3. slow down reaction by cooling down in fridge 
4. run gel to confirm (min 80µg), add fresh enzyme and redo digestion if necessary 
5. Heat inactivation at 70oC for 20 mins 
6. DNA cleaning (DNA cleaning wizard) 
 



   

 249

Appendix 5. Solutions recipes  

 

Acid precipitating solution (probe prep) 

 500ml 1L 

Na4P2O7.10H2O 22.3g 44.6g 

12M HCl (add when ½ full) 41.56 ml 83.3ml 

MQ To 500ml To 1L 

Final: 0.1M Na4P2O7, 1M HCl 

No filter or autoclaving need 

 

Ammonium acetate (NH4Ac) 

MW = 77.08 

600mM 46.26 g/L 

1M 77.08 g/L 

3M 231.24 g/L 

5M 385.4 g/L 

 

Ampicillin (Sigma A-9518) 25mg/ml aliquot stock 

 250mg/10ml (500mg/20ml; 1g/40ml), 4.0µm millipore, freeze at -20oC 
 Final conc. in agar plate and terrific broth: 50µg/ml or 50mg/L (2 aliquots/L) 

 

1% Agarose Gel (cDNA electrophoresis)  

 500ml flask, 0.75 g agarose (regular) in 75ml of 1.5ml 50× TAE + MQ 
 Microwave heat <2 mins, adjust to 75ml in measuring cylinder 
 Pour back to 500ml flask & place in 55oC water bath 
 Pour into gel casting apparatus after equilibration.  

 

Apomorphine 

C17H17NO2.HCl= 303.78 gmol-1 

0.1mg/kg (or 0.329µmol/kg) 

total weight (in kg) x 0.1mg/kg = mg required 

& Apo (mg required) x 10 = saline volume (ml) 

then individual vol = 0.1ml /100g 

for other conc. e.g. 0.5 or 1 mg/kg, change the 0.1 to the wanted conc. 
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Cresyl violet nissl stain 

Acidic 

200ml MQ 

0.1g Cresyl violet (0.05%) 

2ml Glacial acetic acid 

0.8g Na Acetate 

pH 3.5, filter w/ Whatman #1 before use 

Aqueous  

1g in 200ml MQ (0.5%) 

 

Diethylpyrocarbonate (DEPC) treated MQ 

1ml / 1L MQ shake and autoclave 

 

Developer D-19 Kodak (Kodak Cat: 146 4593) 

 Warm 1L dH2O (~0.1 to 0.3Ω) in bottle to 52oC in water bath precisely. 
 Dissolve 156 g in 1L warmed dH2O (>1L final volume) 
 Swirl until dissolve 
 Store in dark and re-seal the packet with tape and light tight 

 

50% Dextran sulphate  

Add 50 g Dextran sulphate in MQ. The solution is thick so add water slowly and stir to 

solubilise, can cover with foil and heat to 68oC to solubilise quickly. Aliquot to 10ml tube 

and store at 4oC. 

 

0.1M Dithiothreitol (DTT) 

 make fresh for probe preparation 
 154mg in 10ml nuclease free H2O 

 

0.5M EDTA, pH 8.0 

MW= 372.2gmol-1 

 186.1 g / 1L with 350ml dep H2O  
 add 20ml 12.5N/12.5M NaOH, stir until dissolved 
 adjust pH, volume, millipore and autoclave 
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Emulsion stocks (Kodak NTB-2) 

Order from ProSciTech, Cat no: 889 5666, 118ml, made in USA, stored at 0 to 13oC 

 Melt emulsion in 45oC water bath for 45-60 mins in absolute darkness 
 Prepare 0.6M NH4OAc  5.5513g NH4OAc in 120ml MQ (no filter or autoclave 

required).  
 Pour the 0.6M NH4OAc into 500ml wide mouth flask (neither normal flask or 

beaker) and warmed it to 45oC together with the emulsion 
 Mix by swirling slightly with the 0.6M NH4OAc (use red safety light if necessary, 

absolute dark is recommanded) 
 Aliquot the dilute emulsion using a student glass pipette (which limited at 10ml) into 

10-11ml batches in plastic scintillation vials (non-sterile). 
 Double wrap the vials with aluminum foil, alternate the way of folding 
 Place vials in a secondary light tight containers, foil wrapped again and stored at 4oC 

with no phenol or radioactivity around. 
 Test the emulsion leftover as the quality check: 2 unexposed and 2 exposed to the 

light. >100 grains for unexposed should be observed at 400× microscopic 
magnification as satisfactory. Send back if it does not pass the QC. 

 

EtOH/0.3M Ammunium acetate (NH4Ac)  

 30% EtOH 

/0.3MNH4Ac 

50% EtOH 

/0.3MNH4Ac

70% EtOH 

/0.3MNH4Ac

85% EtOH 

/0.3MNH4Ac 

100% EtOH 300ml 500ml 700ml 850ml 

3M NH4Ac 100ml 100ml 100ml 100ml 

MQ 600ml 400ml 200ml 50ml 

 

Fixer (Kodak Cat no: 197 1746) 

 mix the stock powder before weighing; wear mask due to irritating 
 add 179g to ~600ml dH2O (0.1-0.3Ω) and stir 
 adjust volume to 1L after dissolved 

 

Quinpirole  

C13H21N3.HCl = 255.79gmol-1 

See apomorphine for calculation 
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LB agar (w/ ampicillin) 

Tryptone 10g 

Yeast extract 5g 

NaCl 5g 

MQ to 1L 

Agar 15g (prior autoclaving) 

 

Autoclave for 25-30mins on liquid cycle 

Cool down in 50oC waterbath, then add 1ml/500ml Agar of Ampicillin (stock: 25mg/ml) 

 final: 50µg/ml  

Distribute the molten agar to plastic Petri dishes ~28-30ml/dish 

 

LB medium (Miniprep) 

Tryptone 10g 

Yeast extract 5g 

NaCl 5g 

MQ to 1L (after pH) 

Adjust to pH 7.0 (initial pH ~ 7.5) with 5M NaOH 

Autoclave for 20 mins 

 

5mM NTP(-UTP) 

Nuclease free H2O 34µl 

100mM ATP (Sigma) 2µl 

100mM CTP (Sigma) 2µl 

100mM GTP (Sigma) 2µl 

Make fresh; store < 1 month 

 

PBS 10× (pH 7.3) 

NaCl 80g 

KCl 2g 

Na2HPO4 6.1g 

KH2PO4 2g 

MQ To 1L (after adjusting pH) 

Add ~1-1.5ml 12,5M NaOH to pH 7.3, millipore and autoclave 
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0.5M PB (pH 7.3) 

 40ml 100ml 200ml 500ml 

0.5M Na2HPO4 32.4ml 81ml 162ml 405ml 

0.5M NaH2PO4 7.6ml 19ml 38ml 95ml 

 

4% PB-buffered paraformaldehyde (200ml) 

 preheated 100ml MQ in 60oC water bath 
 add 8g paraformaldehyde with 3 drops of 5M NaOH 
 stir constantly and make 40ml 0.5M PB (final: 0.1MPB) 
 millipore filter and use in 4oC 

no reuse, make fresh o/n, store < 2 o/n 

 

Poly A, Poly C, aliquot 

25mg/ml with Nuclease free H2O, stored at -20oC 

 

Prehybridization (Prehyb) & hybridization (hyb) 

Prehyb final: 50% formamide, 0.75M NaCl, 0.05M sodium phosphate (PB) buffer (pH 

7.4), 0.01M EDTA, 0.15mM DTT, 1% SDS, 5 × Denhardts, 0.2mg/ml heparin, 

0.25mg/ml tRNA (6/12/95; 0.5mg/ml in original), 0.05mg/ml poly A and poly C, 

0.25mg/ml sheared, denatured salmon sperm DNA. 

Hyb final: same as prehyb including 10% dextran sulphate 

 

Stock (initial conc.) Amount Final conc.(50ml) 

Formamide (Sigma 295878) 25 ml 50% 

100× Denhardts  2.5ml 5 × 

20% SDS 2.5ml 2% 

NaCl (Sigma) 2.2g 0.75M 

DTT (MW=154.25; use Promega in future) 0.8g 0.1 M 

Heparin (Sigma H3393) 10mg 0.2mg/ml 

0.5M EDTA 1ml 0.01M 

2M PB buffer (pH 7.4) 1.25ml 0.05M 

25mg/ml Poly A 0.1ml 0.05mg/ml 

25mg/ml Poly C 0.1ml 0.05mg/ml 
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~10mg/ml tRNA (Sigma R5636) 1.25ml 0.25mg/ml  

9.4mg/ml ssDNA (Sigma D-7656) 1.29ml 0.25mg/ml 

Total liquid + solute 35ml + 3.01g 

 

Make this solution up to 37.5ml in bake 50ml cylinder, heat up to 55oC to make sure all 

dissolved and mixed. Use a small stirring flea at the bottom of the cylinder after 

measuring that help to mix. Remove 8ml for hyb and bring the 29.5ml to 42ml with MQ.  

 

Add 2ml 50% dextran sulphate to the 8ml solution. Aliquot and freeze. Heat up the 

Dextran sulphate in 65oC if it precipitates. 

 

20% SDS 

20g SDS/100ml 

heated to 37oC to dissolve 

no autoclaving and millipore filtering required 

 

0.5M Na2HPO4 

MW = 142gmol-1 

142g/2L MQ, millipore and autoclave 

 

0.5M NaH2PO4 

MW = 120gmol-1 

120g/2L MQ, millipore and autoclave 

 

5M NaCl 

MW = 58.44gmol-1 

292.2g / 1L MQ, millipore and autoclave 

 

3M NaOAc pH 5-6 pH w/ glacial acetic acid 

n[NaOAc (Ac = CH3COO). 3H2O] = 136.08gmol-1 

40.8g / 100ml MQ, pH w/ glacial acetic acid to 5.65 (2006), millipore and autoclave 
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20 × Standard saline citrate (SSC) 

NaCl 175.32g 

Na citrate (C6H5Na3O.2H2O) 88.2g 

MQ To 1L 

Shake and stir for 30 mins, store at RT 

 

1 × STE 

5M NaCl 40µl 

1M Tris 40µl 

0.2M EDTA 100 µl 

Nuclease-free H2O 1.82ml 

Final: 0.1M NaCl, 0.02M Tris, 0.01M EDTA 

 

TAE buffer (50 ×) 

Tris base 242g 

Glacial acetic acid 57.1ml 

Na2EDTA.2H2O 37.2g 

MQ To 1L 

 

TBE buffer (10 ×) 

Tris base 121g 

EDTA 7.4g 

Boric acid 53.4g 

MQ To 1L (pH 8.3) 

 

Terrific broth 

Terrific broth (modified) 47g 

Glycerol 8ml 

MQ To 1L 

Autoclave only (no millipore, contain nutrients) 

 

1M Tris pH 7.5 

12.1g/ 100ml MQ, pH 7.5 

millipore, autoclave 
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Appendix 6. 35S-UTP radioactivity calculation  

p n µ m 0 k M G T 

^10-12 ^10-9 ^10-6 ^10-3 ^100 ^103 ^106 ^109 ^1012 

 

 Cpm = counts per minute i.e. the number of events detected in one minute by 
radiation detector 

 Dpm = disintegrations per minute i.e. the number of atoms in a given quantity of 
radioactive material that decay in one minute. 

 1 cpm = 1 dpm 
 1 Bq = 60 dpm; 1Ci = 37 GBq (3.7 × 1010 Bq); 1Ci = 2.22 × 1012 cpm or dpm 
 Specific activity (As) of a standard 1mCi = 1250Ci/mmol and concentration (conc.) 

= 12.5 mCi/ml in ~80µl (1mCi / 12.5mCi/ml = 0.08ml = 80µl) 
 Half-life of [35S] = 87.4 days; decay factor (Df) = (0.9921)d 
 n(NTP) = 340gmol-1 × 4 (assuming 1 set of NTP—ATP, UTP, CTP and GTP , that is 

1 [35S] UTP polymerized) 
  

∵ determine the amount of radioactivity (ng) by cpm  

∴ transform 1250Ci/mmol to cpm/ng for calculation 

  [1250 Ci (As) × DF × 2.22 × 1012 cpm/Ci] / [1mmol × (340 × 4) g/mol × 1 × 

10-3mol/mmol × 1 × 109ng/g] 

= (1250 Ci × DF × 2.22 × 106) cpm / (340 × 4) ng 

= 2.04 × 106 DF cpm/ng 

OR 

= (As × DF × 2.22 × 106) cpm / (340 × 4) ng 

= 1632.35 As DF cpm/ng 

 

In the [35S] testing, 2µl of 1:10 dilution of the filtered elute and made to 100µl 

5% used for total and 95% for incorporated 

∴ % incorporation = (cpm incorporated / 0.95) / (cpm total / 0.05) 

Conc.  = (cpm incorporated / 0.95) / (2.04 × 106 DF cpm/ng) / 2µl × 10 (dilution factor) 

= (cpm incorporated / 3.876 × 105 DF) ng /µl   

OR 

Conc. = (cpm incorporated / 0.95) / (1632.35 As DF cpm/ng) / 2µl × 10 

  = (cpm incorporated / 310.15 As DF) ng /µl 
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Total yield of the probe (ng)  determined by the elute volume (V elute) 

  = [(cpm incorporated / 3.876 × 105 DF) × V elute] ng  

OR 

  = [(cpm incorporated / 310.15 As DF) × V elute] ng 

Target [3H]-probe (ng) required 

 

 0.3ng/µl/kb (minimum 0.1ng/µl/kb) 
 ~70-80% recovery in probe precipitation 
 10µl of [3H] probe (in hyb) is added on each section 
 30% (ng) extra for each preparation 

 

 0.3ng/µl/kb × 10µl × λ kb = 3λ ng/section  

∴ 3λ ng/ section × # sections × 1.3 / 0.7 = 5.57 λ # ng 

and (5.57 λ #) ng dissolved in (13 #) µl hyb 

 

e.g. GR cDNA is 0.44kb, and 4 treatment group with n = 6 / group for 2 brain regions 

(PVN and dorsal hippocampus) i.e. 48 sections + 2 slides × 3 section/ slides (as testers) 

probe required  3 ng/kb × 0.44kb × 54 sections × 130% × 1/0.7 = 132.3 ng in (54 × 10 

× 1.3) µl = 702 µl of hyb after precipitation.  
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Appendix 7. Publications 

Journal paper 

 

Choy KH, van den Buuse M (2008) Attenuated disruption of prepulse inhibition by 

dopaminergic stimulation after maternal deprivation and adolescent corticosterone 

treatment in rats. European Neuropsychopharmacology 18:1-13. 

 

Choy KH, de Visser Y, Nichols, NR and van den Buuse M (2008) Combined neonatal 

stress and young-adult glucocorticoid stimulation in rats reduces BDNF expression in 

hippocampus: effects on learning and memory. Hippocampus, in press 

 

Presented Posters 

 

Choy KH and van den Buuse (2005) Maternal deprivation and corticosterone 

administration in rats as a neurodevelopmental mdoel of schizophrenia: Effect on 

prepulse inhibition and locomotor activity. Australian Neuroscience Society (ANS), 

Perth, Australia 

 

Choy KH and van den Buuse (2005) Maternal deprivation and corticosterone 

administration in rats as a neurodevelopmental mdoel of schizophrenia: Effect on 

prepulse inhibition and locomotor activity. Society for Neuroscience (SFN), Washington 

D.C., U.S.A. 

 

Choy KH and van den Buuse (2006) Maternal deprivation and corticosterone 

administration in rats as a neurodevelopmental mdoel of schizophrenia: A dose response 

study of the effect of apomorphine and quinpirole on prepulse inhibition. ANS, Sydney, 

Australia 

 

Choy KH, de Visser Y and van den Buuse (2006) Maternal deprivation and 

corticosterone administration in rats as a neurodevelopmental mdoel of schizophrenia: 

reduced effect of apomorphine on prepulse inhibition, World Congress of Pharmacology, 

Beijing, China, 
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Choy KH, de Visser Y, Nichols NR and van den Buuse (2007) Combined neonatal stress 

and adolescent glucocorticoid stimulation in rats induces selective cognitive deficits and 

reduced expression of brain-derived neurotrophic factor (BDNF) in the hippocampus, 

SFN, San Diego, U.S.A. 
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