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Thesis Abstract 

Schizophrenia is severe neuropsychiatric disease often characterised by marked 

delusions, hallucinations and abnormalities in cognition. However, some abnormal traits 

found in schizophrenia are not strictly diagnostic, but may be considered as biomarkers: 

biologically based measurements indicative of disease state and/or progression. This 

thesis demonstrates several applications of biomarkers to examine the aetiology and 

neurobiology of schizophrenia.  

Genes and alterations in neurodevelopment play important roles in schizophrenia. 

The potential roles of two neurodevelopmentally important genes were investigated, 

ephrin-A2 and ephrin-A5, which are expressed in multiple regions involved with 

schizophrenia. The role of these genes was examined in knock-out (KO) mice models 

using schizophrenia biomarkers utilising electrophysiology (auditory brainstem 

responses), behavioural testing (prepulse inhibition of the acoustic startle reflex) and 

behavioural monitoring (circadian profiling). Ephrin-A2 and ephrin-A5 KO mice 

exhibited altered auditory sensitivity, indicating that these proteins have an important role 

in auditory brainstem development. Lack of expression did not disrupt the commonly 

used schizophrenia biomarker, prepulse inhibition of the acoustic startle reflex. However, 

KO resulted in changes of startle size and latency, indicating that ephrin-A2 and ephrin-

A5 play a role in neuromotor function. There was little evidence for circadian involvement 

of these genes. In summary, the thesis shows that ephrin-A2 and ephrin-A5 are not 

consistently associated with biomarkers in schizophrenia, but do have previously 

undescribed roles in hearing and neuromotor development. 

Many environmental risk factors exist for schizophrenia, many of which appear 

to be related to early life stress. The thesis examined the hypothesis that neonatal stress 

leads to schizophrenia-like biomarkers by observing the effects of repeated neonatal 

injections of the synthetic glucocorticoid dexamethasone on rat adult phenotypes. The 

battery of tests used a variety of schizophrenia biomarkers including: auditory evoked 

potentials, EEG, behavioural testing and gene expression analyses. The results revealed 

a lack of schizophrenia-like traits. Furthermore, in several domains such as amphetamine 

sensitivity and stress reactivity, neonatal dexamethasone exposure demonstrated 

phenotypes opposite to those found in schizophrenia. 

Abnormalities in sleep and circadian rhythms are common in schizophrenia, and 

may provide insight into underlying pathology of the disease. We investigated the 

potential of various sleep, circadian, stimulus timing, and personality parameters to 
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predict a subclinical psychiatric phenotype: intrusive memory formation. The study 

demonstrated, as proof of principle, that a combination of relatively few traits may be 

sufficiently sensitive to predict susceptibility to intrusive memory formation in a healthy 

population. Sleep and circadian rhythms played only a minor role in intrusive memory 

formation. 

This research demonstrates several different roles of biomarkers in schizophrenia 

and psychiatric research. Biomarkers provided a bridge between human and animal 

research, allowing for the assessment of factors influencing schizophrenia. The use of 

biomarkers also provided novel insights into neurobiology, even in the absence of 

schizophrenia-like traits. Important relationships exist between pathology in 

schizophrenia and biomarkers, which therefore have utility in predicting subclinical 

psychiatric traits. This thesis supports the broad application of biomarkers in 

schizophrenia research and their continued usefulness in probing mechanisms and risk 

factors of disease. 
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Preamble: Structure and Purpose of Thesis 

This thesis seeks to discuss and analyse aspects of biomarkers in animal models 

of schizophrenia, and the use of biomarkers in human clinical and non-clinical 

populations. This was achieved through a variety of projects and techniques to reveal 

insights into the neurobiology of schizophrenia and systems involved in its generation. 

The thesis is divided into sections based upon common themes, and further subdivided 

into chapters. Some chapters are presented in the format of journal manuscripts, which is 

permissible by the University of Western Australia thesis guidelines. Each experimental 

section is bridged by brief linking preface describing the links between experiments, and 

the relationship to the central topic of this thesis.  

 Section 1: Biomarkers in schizophrenia - Chapter 1 

o This chapter presents a broad overview of schizophrenia and some common 

biomarkers in schizophrenia, what they represent and how they are used.  

 Section 2: Modelling The Role of Ephrin-A2 and Ephrin-A5 in Schizophrenia 

Biomarkers - Chapters 2 – 5  

o The role of the neurodevelopmental proteins ephrin-A2 and ephrin-A5 on 

biomarkers used in schizophrenia research are examined using mouse KO 

models. This section is divided into a bridging chapter and three experimental 

chapters, one for each biomarker examined: auditory brainstem responses, 

sensorimotor gating, and circadian rhythms.  

 Section 3: An Environmental Model of Schizophrenia: The Role of Neonatal Stress 

in Neuropsychiatric Phenotypes in Rats - Chapters 6 -7 

o This explores the potential involvement of developmental stress on the 

development of schizophrenia. This was done by generating an animal model 

and applying a battery of biomarker assessments to determine if neonatal 

stress in development resulted in schizophrenia-like phenotypes. 

 Section 4: Schizophrenia and Psychiatric Phenotypes in Humans: Sleep and Circadian 

Rhythms - Chapters 8-10  

o Chapter 8 is a bridging chapter explaining the purpose of the following 

experiments and their role in the thesis. 



10 

o Chapter 9 presents a comprehensive review that explores the role that sleep 

and circadian rhythms changes may have as biomarkers in schizophrenia, and 

their relation to psychosis. 

o Chapter 10 is an exploration of circadian, psychological, and physiological 

traits that predict a subclinical psychiatric phenotype – intrusive memory 

formation. The chapter demonstrates the predictive utility of assessments, and 

their insightfulness into susceptibility to psychiatric traits. 

 Section 5: General Discussion - Chapter 11 

o The final chapter provides a broad overview of the findings in thesis and 

implications to future research. 
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Chapter 1: Introduction and Overview 

1.1 Introduction to Schizophrenia 

Schizophrenia is a relatively common psychiatric disease, with a lifetime 

prevalence rate of approximately 1% (Wildenauer et al., 2009), manifesting from a 

complex and heterogeneous aetiology. It is an often progressive neurodevelopmental 

disease (Jablensky, 2000, Williamson, 2006) which is usually only first manifest clearly 

in adolescence or later (Hafner et al., 1993, Verdoux et al., 1997), though prodromal 

phases have been reported (Addington et al., 2007, Cornblatt et al., 2007). There are two 

widely accepted symptom clusters in schizophrenia, negative and positive symptoms 

(Verdoux et al., 1997, Jablensky, 2000, Wildenauer et al., 2009). Negative symptoms 

show high internal consistency and reliability, and include symptoms such as affective 

flattening, alogia, avolition, anhedonia, and attentional impairment (Andreasen, 1982). 

As a whole these symptoms remain fairly resistant to traditional pharmacotherapy and are 

associated with poorer quality of life (Rado, 2011). The other major symptom cluster is 

that of positive symptoms, which include delusions, hallucinations, and bizarre behaviour 

(Andreasen and Olsen, 1982). Schizophrenia is highly heritable (~80%), as demonstrated 

by identical twin concordance rate of approximately 50% (Farmer et al., 1987, Cardno et 

al., 1999, Braff et al., 2007), though environment also plays an important role.  

Schizophrenia can be a debilitating disease, evidenced by dramatic reductions in 

quality of life such as measures of social interaction (Penn et al., 1997, Magliano et al., 

2006, Cornblatt et al., 2007), economic status including employment and income (Gold 

et al., 2002, Marwaha and Johnson, 2004), affective measures (Huppert et al., 2001), and 

indicators of mortality and health (Brown et al., 2000d, Ösby et al., 2000). In a long term 

study of young chronic schizophrenics with a 2 to 12 year follow up, 38% had attempted 

suicide and only 20% of the patients demonstrated a good outcome (Breier et al., 1991). 
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The suicide rate in schizophrenic patients is between 13 and 20 times that of the general 

population (Brown et al., 2000d, Ösby et al., 2000) making the need for improved 

treatment strategies obvious.  

Schizophrenia is very rarely expressed before the onset of adolescence, with 

almost no diagnosis before the age of 12 (Hafner et al., 1993, Verdoux et al., 1997, 

Mortensen et al., 1999). Because of age of onset and diverse early life risk factors, it is 

generally acknowledged that schizophrenia is a neurodevelopmental disorder 

(Williamson, 2006). However, the delay between cause (developmental and genetic 

factors) and effect (psychosis and diagnosis in adulthood) is a large impediment to 

aetiological elucidation. The neurodevelopmental aspect of schizophrenia is essential 

when considering preventative measures, as it is likely that by the time schizophrenia is 

diagnosed, an important therapeutic window may have been missed.  

A recent meta-analysis of the first-episode patients with schizophrenia showed 

that in all ten neuropsychological domains studied, patients were highly deficient 

compared to controls (Mesholam-Gately et al., 2009). This included immediate verbal 

memory, attention processing, nonverbal memory, general cognitive ability, language 

functions, visuospatial abilities, delayed verbal memory, executive functioning, attention-

working memory, social cognition, attention-vigilance, motor skills, and IQ. It is 

important to note that there does not appear to be significant further deterioration of many 

of these domains in chronic schizophrenia compared to first episode patients, which 

suggests that by the time these deficits have manifested that they are relatively stable and 

permanent. This explains why even when psychotic episodes are not recurrent, many 

functional domains do not return to a premorbid state. It also suggests that the decline in 

functioning begins much earlier than the first episode of psychosis. A developmental 

perspective would suggest that some core features of schizophrenia may start to present 
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before first episode, and thus may be detected before psychosis onset. There is reason to 

suspect this is possible. Adult-onset of schizophrenia can be predicted by watching home 

movies of patients and control participants (Walker and Lewine, 1990) and several 

questionnaires have proven validity in predicting conversion to psychosis in ultra high-

risk populations (Cannon et al., 2007).  

1.2 Biological Theories of Schizophrenia 

Schizophrenia and its symptoms are now generally considered to be the result of 

biological abnormalities. Many hypotheses about the aetiology and symptomatology of 

schizophrenia have been posited. A brief review of the major influential theories of 

schizophrenia is presented below. 

1.2.1 Neurotransmitter Systems Involved in Schizophrenia 

The first conceptually rigorous hypothesis on the neurobiology of the dysfunction 

observed in schizophrenia was the dopamine hypothesis. This hypothesis stated that 

schizophrenia was a result of a generalised hyperdopaminergic state. This was based upon 

evidence that typical antipsychotic drug efficacy was correlated with degree of binding 

to and antagonism of the dopamine D2 receptor (Kapur and Remington, 2001, Kapur and 

Mamo, 2003, Abi-Dargham, 2004). Furthermore, not only is D2 receptor antagonism 

necessary for efficacy of current antipsychotics, but it may also be sufficient (Kapur and 

Remington, 2001, Kapur and Mamo, 2003).  

The origin of major dopamine neuron projections in the brain is in the ventral 

tegmental area (VTA) and substantia nigra pars compacta (SNpc) (Swanson, 1982, Prasad 

and Pasterkamp, 2009). The VTA projections can be divided into mesocortical, 

mesostriatal and mesolimbic, which are VTA projections to the cortex, striatum and 

limbic structures respectively. It was originally thought that there was a general 

hyperdopaminergic state in the VTA projections of patients with schizophrenia. However, 
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elegant experiments by Pycock et al. (1980) revealed that a mesocortical 

hypodopaminergic state concurrent with a hyperdopaminergic state in the mesolimbic and 

mesostriatal systems are likely to be the cause of schizophrenic psychotic symptoms (Abi-

Dargham, 2004). It is clear that while DA levels explain the distal cause of psychosis, the 

theory does not provide insight into aetiology of the disease, or rather why dopamine 

levels are altered. Nevertheless, at sufficiently high doses, dopamine agonists (e.g. 

amphetamine, cocaine, MDMA) can replicate many of the symptoms of schizophrenia in 

healthy individuals, especially for positive symptoms (Lieberman et al., 1990). Cognitive 

and attention filter deficits may at least in part be explained by the role of dopamine in 

the mesolimbic and mesostriatal systems, which is important in signalling stimulus 

saliency and reward (Schultz, 1997). Furthermore dopamine enhances neuroplasticity in 

areas of the brain such as the auditory regions in the temporal cortex, suggesting that 

dopamine dysregulation may lead to aberrant neuroplasticity in areas associated with 

auditory processing (Bao et al., 2001, Bao et al., 2003). A reasonable criticism of linking 

of dopamine with schizophrenia is that it may be a commentary on the role of dopamine 

in psychosis, and not schizophrenia itself, as discussed in an excellent review of the 

dopamine hypothesis by Howes and Kapur (2009).  

The glutamate hypothesis is a more recent adjunct hypothesis to the dopamine 

hypothesis. The hypothesis states that negative symptoms and specifically the cognitive 

symptoms of schizophrenia may be due to hypo-activation of NMDA receptors 

(NMDAR) (reviewed in Coyle, 2006). Early evidence arose from pharmacological 

studies demonstrating that NMDA antagonists including several drugs of abuse reproduce 

both positive and negative symptoms of schizophrenia as well as neuro-anatomical 

abnormalities (Radant et al., 1998, Becker et al., 2003, Becker and Grecksch, 2004, 

Keilhoff et al., 2004). It appears that dysregulation of dopamine may be due to more 

upstream deficits in NMDA function, such as NMDA receptor hypofunction in the 
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hippocampus (Csernansky and Bardgett, 1998, Lodge and Grace, 2007). Thus the 

findings from NMDA experiments in many ways encompass the findings from the 

dopaminergic hypotheses. As a result NMDA antagonist models for schizophrenia are 

becoming increasingly used. There is much evidence suggesting that alterations to the 

glycine modulatory site (GMS) binding in NMDARs on GABAergic interneurons may 

result in negative symptoms. Furthermore therapies focusing on GMS have had positive 

results on alleviating negative symptoms (Coyle and Tsai, 2004), one aspect of treatment 

where D2 antagonists normally underperform. The glutamate hypothesis also helps to 

explain several well replicated neuroanatomical findings in the schizophrenia literature 

such as reduced levels of parvalbumin positive GABAergic interneurons in the cortex 

(Gonzalez-Burgos et al., 2010). The face validity models based upon this hypothesis are 

strong, NMDA antagonists (e.g. ketamine, PCP, and MK-801) tend to replicate the 

negative symptoms of schizophrenic well (Coyle, 2006). Predictive validity also in 

animal models also appears excellent, as being responsive to GMS and antipsychotic 

drugs (Lipina et al., 2005). 

1.2.2 Neurodevelopmental Aspects of Schizophrenia 

The most obvious evidence for a developmental course of schizophrenia is the age 

of onset: schizophrenia is almost only ever present post-puberty, the same time that a 

peak in cortical pruning is taking effect (Keshavan et al., 1994). One popular notion is 

that the symptomatic development of schizophrenia is due to cortical pruning unmasking 

abnormal connectivity (Keshavan et al., 1994). The invention of advanced MRI 

techniques such as diffusion tensor imaging has demonstrated in vivo that abnormal 

connectivity is present in patients with schizophrenia, though several of these studies 

indicate that the drug therapies themselves may cause these anatomical changes (Kubicki 

et al., 2007). Gene knock-out studies of risk genes for schizophrenia have shown that 

many of the risk genes are associated with neuroanatomical development, in particular in 
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the hippocampus, and frontal cortex (Bellon et al., 2009). Furthermore, when 

epidemiological evidence is also considered, such as prenatal and perinatal stress and 

infection (Hultman et al., 1999, Corcoran et al., 2001, Penner and Brown, 2007), it readily 

becomes clear that schizophrenia is not an acutely acquired disease, but a developmental 

disorder that is only unmasked in adulthood. These stressors which may exceed normal 

physiological and emotional homeostatic mechanisms, have diverse causes, yet may have 

a common pathway by activating the hypothalamic-pituitary-adrenal (HPA) axis 

(Corcoran et al., 2001). 

Several important lines of evidence have emphasized the role of environment in 

the development of schizophrenia. In particular various types of prenatal and perinatal 

stress and trauma appears to be a significant risk factor for adult onset psychosis (Jones 

et al., 1994) especially in males (Hultman et al., 1999). Developmental milestones such 

as walking and speech appear to be delayed in subjects that later develop schizophrenia 

(Jones et al., 1994). Unlike genetic factors in schizophrenia, environmental and 

developmental risk factors can be readily be applied to animals in ways that are often 

analogous to humans, and may prove insightful into the biology of schizophrenia (Boksa 

and El-Khodor, 2003, Boksa, 2004, Brown and Patterson, 2011). In depth discussion and 

study on the neurodevelopmental aspects of schizophrenia are presented in Chapters 6 

and 7. 

1.2.3 The Heritability, Environment and Relative Risks in Schizophrenia 

Acknowledging that there is undoubtedly a highly heritable genetic component to 

schizophrenia (Cardno et al., 1999), the question arises: is there potential for genetic 

screening for populations that appear at high risk for schizophrenia? At least in the short-

term it would seem not, because whilst there are some replicated genetic findings, there 

are many that are not (Wildenauer et al., 2009). Genome wide association studes (GWAS) 
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and other genetic screening methods have only described alleles with weakly elevated 

risk factors and low prevalence, when alleles are considered individually or combined 

they have relatively poor predictive value (Ayalew et al., 2012, Schizophrenia Working 

Group of the Psychiatric Genomics Consortium, 2014), contributing much less risk than 

environmental risk factors (discussed below). Furthermore the polygenic nature of the 

condition means that the precise genetic cause is unlikely to be the same between 

unrelated individuals. The highest risk groups for developing schizophrenia are children 

with two schizophrenic parents (relative risk of 46.9) or one parent with schizophrenia 

(relative risk: father 7.2, mother 9.31). However, when these groups are combined, they 

account for only 3.8% of population attributable risk, and any family history of 

schizophrenia (parent and/or sibling) accounts for only 5.5% (Mortensen et al., 1999). 

Children of parents with schizophrenia have a prevalence of schizophrenia of approx 15% 

(Erlenmeyer-Kimling et al., 1997). However, even in these high risk groups, predictive 

diagnosis would yield a very high and unacceptable false-positive rate of approximately 

80% (Cornblatt et al., 1999) and make such approaches financially and potentially 

ethically untenable, especially considering the potential negative side effects of 

antipsychotic administration in development (Gentile, 2010). The determination and 

assessment of ultra high-risk (UHR) groups as assessed by questionnaires show a 

conversion to psychosis of 30-35% within a 1 or 2 year follow-up (Cannon et al., 2007), 

much higher than the general population. This approach shows a trend towards predicting 

psychotic development with a suitable sensitivity and selectivity for preventative 

treatments. However, at best genetics can only provide rough estimates of who will 

express schizophrenia. The fact that the identical twin concordance for schizophrenia is 

only ~50% (Cardno et al., 1999), suggests that genetic analysis is only part of the solution. 

Considering the potential number of loci involved (at the time of writing 108 loci: 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014), it is 
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likely that even a 50% positive predictive power for genetic screening is an overly 

ambitious goal, though this may be enhanced by epigenetic techniques.  

Genetics undoubtedly plays an important role in the aetiology of schizophrenia, 

yet environmental risk factors appear to account a large proportion of risk. The 

environmental factors of urbanicity (Mortensen et al., 1999, Pedersen and Mortensen, 

2001), season of birth (Hultman et al., 1999, Mortensen et al., 1999), prenatal loss of 

father (Huttunen and Niskanen, 1978), maternal infection (Brown and Patterson, 2011), 

and obstetric complications (Verdoux et al., 1997, Hultman et al., 1999) have all been 

implicated as risk factors for developing schizophrenia. Whilst environmental factors in 

general have a smaller effect on relative risk (RR) of developing schizophrenia than 

family history, they account for more population attributable risk (Mortensen et al., 1999, 

Pedersen and Mortensen, 2001). For example, urbanicity of birth (RR = 2.49, for capital 

city birth) and season of birth (RR = 1.11 peak risk) combined contribute to 41.4% of 

population attributable risk, whilst family history (RR up to 46.9) has only a 5.5% 

population attributable risk (Mortensen et al., 1999). It has been proposed that for 

urbanicity of birth that the increased relative risk may be due to the increase in stressful 

environment and lifestyle associated with city living.Thus, whilst the effects of 

environmental factors on relative risk are not as large as genetic factors, environmental 

factors account for a significant and non-trivial proportion of all cases of schizophrenia. 

The fact that environmental factors appear to account for more population attributable 

risk than family history highlights that considering family history alone provides only a 

partial picture. This indicates that a significant proportion of cases have no obvious family 

history of schizophrenia, and that environment at a population level is a more significant 

factor in developing schizophrenia than genetics.    
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The role of environment on the development of schizophrenia is not limited to 

external milieu, it is often the case that maternal and in utero factors influence the risk of 

developing schizophrenia. The role of maternal environment is emphasized by a 

retrospective study which showed that monozygotic twins only have high concordance 

rates for schizophrenia if they showed signs of having a shared placenta, and not if they 

received different placental supplies in utero (Davis et al., 1995). The authors used 

indirect measure of placental development through fingerprint (dermatoglyphic) analyses 

finding that concordance monozygotic twin pairs had high levels of monochorionic 

markers compared with discordant twin pairs. Thus it appears that interactions of maternal 

environment with genes is very important in determining risk factors for schizophrenia. 

The role of developmental environments and developmental insults in schizophrenia is of 

central importance and forms the focus of an experimental chapter of this thesis (Chapter 

7).  

1.2.4 Genetic Models of Schizophrenia 

As discussed above, there is undoubtedly a very high genetic component in 

schizophrenia. The polygenic nature of schizophrenia means that single gene knock-out 

animal models of schizophrenia have questionable relevance to the broad phenotype 

observed in human patients with schizophrenia (Harrison et al., 2012). Currently there 

are over 1700 gene association studies in schizophrenia, and 287 meta-analyses 

(http://www.szgene.org/, Allen et al., 2008), making succinct discussion of individual 

genes impossible. Most recently the largest genome wide association study, with 36,989 

cases and 113,075 controls revealed 108 defined loci – yet only account for 7% of 

variation in schizophrenia liability (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014). It may be more accurate to classify schizophrenia as a 

syndrome, rather than a disease. It is likely that there are many causes leading to similar 

expression of symptoms (Williamson, 2007, Howes and Kapur, 2009). Gene KO models 
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do have a purpose however, as they may allow determination of which pathways may 

mediate or be necessary for normal development of many traits, some of which may be 

deficient in schizophrenia. Thus they may be useful in dissecting the components of 

normal development, but do not provide holistic models of polygenic disease such as in 

schizophrenia. With the inclusion of biomarkers in genetic research there has been an 

increased sensitivity in the detection and validation of genes associated with 

schizophrenia. Markers such as pre-pulse inhibition (Section 1.4.1 and Chapter 4) have 

increased the power of genetic studies by including unaffected relatives with intermediate 

phenotypes (Siegel et al., 1984, Wynn et al., 2004).  

1.3 Schizophrenia and Biomarkers 

Whilst positive and negative symptoms are some of the most commonly described 

symptoms of schizophrenia, there are other non-diagnostic symptoms that are commonly 

encountered. For the purposes of this thesis we will define biomarkers as biologically 

based measurements indicative of disease state and/or progression. Biomarkers in 

schizophrenia present an interesting area of research as they often measure pre-cognitive 

events, and therefore may be indicative of nuanced underlying neuropathology rather than 

more global clinically diagnostic symptoms (Erlenmeyer-Kimling, 2000, Camchong et 

al., 2011). The nature of biomarkers is that their assessment is more objective and 

quantifiable than common psychiatric measures, allowing for potentially unbiased 

comparisons between individuals and groups. Biomarkers are related to endophenotypes, 

in that endophenotypes are simply biomarkers with a demonstrated heritable component. 

In this thesis we refer to biomarkers rather than endophenotypes, as we are interested in 

both heritable and non-heritable aspects of schizophrenia phenotypes.  
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1.3.1 Current Limitations of Schizophrenia Risk Assessments 

There has been much discussion on the utility of endophenotype research in 

schizophrenia (Braff, 2007). What remains unclear is to what extent many proposed 

endophenotypes are truly genetically heritable, or if they are in fact state dependent (see 

section 1.3.3 – 1.3.5). As such biomarkers that are not heritable and those that are 

heritable provide different, but essential, insights into schizophrenia. The state or disease 

dependence is arguably as important as genetic risk assessments or more important given 

the limitation expressed above. Thus biomarkers present only in the disease state are 

informative for prodromal diagnosis and treatment efficacy, whilst endophenotypes by 

their nature would have high false-positives for prodromal diagnosis due to elevated 

prevalence in non-affected family members. Endophenotypic abnormalities are far more 

common in unaffected relatives of persons with schizophrenia than in the general non-

affected population (Greenwood et al., 2007). Furthermore, as discussed above (Section 

1.2.4), the total population attributable risk of genetics is relatively small. The use of 

animal models of environmental risk factors of schizophrenia allows us to untangle what 

is genetically attributable, and what is a genuine trait of schizophrenia.  

1.3.2 Potential Uses for Biomarker Assessments 

 Biomarkers are related to diagnostic criteria; they can be highly correlated to 

clinical symptoms and quality of life. Furthermore techniques used in biomarker 

assessments such as encephalograms (EEG) in neuropsychiatry are usually cost effective 

and much of the analysis can be automated, providing high-throughput whilst remaining 

cheap as diagnostic tools. This objective and quantifiable characteristic also makes 

biomarkers ideal for animal research facilitating translational research for human disease. 

Some biomarker data, like EEG and hormone levels, may be obtained from pre-existing 

routine screening such as infant hearing assessments and blood samples, and may contain 

useful data about neurological function. A further advantage is that the sub-clinical 
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detection of deficits with biomarkers may allow for early detection of changes in brain 

morphology that may precede symptom onset (Shenton et al., 2001). Early detection may 

be possible in schizophrenia, as first episode patients show many abnormalities seen in 

chronic schizophrenics (Bender et al., 1999, Mackeprang et al., 2002, Ludewig et al., 

2003, Quednow et al., 2008). This being the case, biomarkers may allow identification of 

high-risk individuals before they have a psychotic episode, creating the possibility of 

prophylaxis, an important consideration for what is currently an incurable and 

unpreventable disease. It is also important to consider that duration of untreated psychosis 

predicts patient outcome (Loebel et al., 1992, Marshall et al., 2005, Perkins et al., 2005), 

thus early diagnosis and optimally pre-psychotic diagnosis is essential for future 

improvements in patient outcome (Cornblatt et al., 1999).  

Biomarkers may serve as an increasingly useful tool for diagnosis and 

classification of Schizophrenia. This is in part due to renewed interest in updating 

classifications of psychiatric illness such as with  the National Institute of Mental Health, 

which has set up a new framework for research in psychiatric research, using research 

domain criteria (RDoC) to provide a more quantifiable framework and nosology for 

psychiatric illness (Cuthbert and Insel, 2010). The aim is to encourage research into the 

dimensions of psychiatric diseases such as schizophrenia, widely acknowledged as a 

heterogenous which presents itself as a syndrome rather than a disease with a specific 

aetiology (Insel et al., 2010). Biomarkers play an important role in RDoC (Insel et al., 

2010), which by their very nature are quantifiable and are phenomenologically closer to 

the underlying neurobiological pathology. It is a hope that this new framework will 

reverse the trend for decades of research failing to develop mechanistically novel 

pharmacological treatments and improve patient outcome for schizophrenia and in 

psychiatry as a whole. This may be done by understanding pathophysiology and 

dimensions of symptoms rather than clinical classification alone (Insel et al., 2010, 
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Fibiger, 2012). A similar approach has been taken with neurocognitive tests and 

neurophysiological phenotypes for the Consortium on the Genetics of Schizophrenia, 

helping to identify genetic links in schizophrenia (Braff et al., 2007, Calkins et al., 2007, 

Gur et al., 2007). Thus the use of biomarkers are likely to be essential in driving new 

psychiatric nosology.  

1.3.3 Biomarkers in Schizophrenia and Medication Status 

Medication effects play an important role in treating and understanding the 

pathology of schizophrenia. A concern about much of contemporary literature in 

schizophrenia biomarkers is that many reported abnormalities in patients may simply be 

an effect of antipsychotic treatment (for example: Cohrs, 2008, Ho et al., 2011). This 

being said, many of the reported biomarkers are independent of medication status. Some 

earliest reported abnormalities, such as changes in eye gaze (Diefendorf and Dodge, 

1908), predate antipsychotic medication, and thus cannot be due to medication alone. 

Furthermore, biomarkers in heart rate may be trait dependent in some patients, because 

some antipsychotics such as haloperidol do not alter heart rate variability (Malaspina et 

al., 2002), and unmedicated patients also show simpler heart patterns and elevated heart 

rates compared to healthy controls (Malaspina et al., 2002, Bär et al., 2007, Chang et al., 

2009). Other potential biomarkers, such as gait abnormalities, are unaffected or worsened 

by treatment, depending on type of antipsychotic treatment (Putzhammer et al., 2004). 

Sleep abnormalities are present using polysomnography (EEG) in acute, first-episode, 

drug naïve, or treated patients compared with healthy controls - indicating some 

biomarkers may be present regardless of patient state of psychosis or treatment (Tandon 

et al., 1992, Poulin et al., 2003) (Discussed in detail in Chapter 8). Other 

electrophysiological measures such as auditory brainstem responses (ABRs), and 

mismatch negativity (MMN) (discussed in detail below) also demonstrate abnormalities 

in first episode and/or drug naive patients (Lindström et al., 1987, Lindström et al., 1990, 
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Michie, 2001, Kaur et al., 2011). Thus at least for some biomarker measurements, deficits 

are related to disease status, rather than medication by itself. 

1.3.4 Biomarkers and Measures of Clinical Outcome 

Biomarker measurements often correlate with clinical variables and measures of 

patient functioning. The size of deficits in pre-pulse inhibition (PPI), a measure of 

sensorimotor gating (described in section 1.4.1 Chapter 4), correlates well with patient 

improvement following medication (Minassian et al., 2007). Measures such as ECG, have 

direct clinical utility, as well as describing pathology in schizophrenia. Heart rate 

variability also appears to be associated with patient function, assessment of heart rate in 

patients treated with risperidone shows that their heart rate response to treatment showed 

correlations with scores of symptom severity (Kim et al., 2011). Patients with 

schizophrenia also tend to show visual impairments in the form of decreased motion 

perception (Chen et al., 1999) and changes in contrast sensitivity (Chen et al., 2003, Butler 

et al., 2005). Typical antipsychotics decrease contrast detection in schizophrenics to 

below normal, whilst atypical antipsychotics normalise contrast detection (Chen et al., 

2003). As with a number of biomarkers, contrast sensitivity predicts higher order 

impairment, in this case cognitive dysfunction (Butler et al., 2005). Morrens et al. (2007) 

reviewed evidence indicating that there is predictive utility in measuring psychomotor 

performance. Reaction times and psychomotor performance predict amount of 

improvement in hospital stays and rehospitalisation, and motor speed improves with 

improvement of negative symptoms or neuropsychological deficits. Mismatch negativity 

(MMN), a measure of sensory gating, is dysfunctional in both adolescents with 

schizophrenia and adults, and is correlated with symptoms of schizophrenia such as 

withdrawal, poor verbal learning, lack of cognitive flexibility and cognitive control 

(Oades et al., 2006, Kaur et al., 2011). Abnormalities in a common test of hearing, 

auditory brainstem responses (ABR), also show associations with measures of symptom 



27 

severity (Igata et al., 1994). Furthermore improvements in patient symptoms correlate 

with normalisation of the ABR waveform (Igata et al., 1995). ABRs are thoroughly 

explored in a knock-out model in Chapter 3. Sleep disruption is another common deficit, 

which correlates well with certain symptom clusters (Tandon et al., 1992, Poulin et al., 

2003) (Discussed in depth in Chapter 9). Because biomarker abnormalities are often 

associated with measures of patient function, they also can be useful in demonstrating 

patient sub-types.  

1.3.5 Biomarkers and Patient Sub-types 

Biomarkers have the potential to segregate patient sub-types. For example the P50 

response, a middle latency auditory evoked potential (MAEP) and measure of sensory 

gating, is abnormal in people with schizophrenia and mania, but these abnormalities are 

different between these patient groups (Adler et al., 1990). Improvements in P50 response 

in schizophrenics and people with mania correlated with changes in homovanilic acid 

(HVA, a dopamine metabolite) and 3-Methoxy-4-hydroxyphenylglycol (MHPG, a 

noradrenalin metabolite) respectively. Deficits in P50 amplitude in schizophrenia appear 

to be ameliorated by antipsychotics, which alter dopamine transmission. Importantly, 

using logistic regression on P50 suppression classifies patients with reasonable accuracy 

(Ward et al., 1996). Abnormalities in ABRs have also been associated with schizophrenia 

sub-types. In one study two populations of schizophrenics could be separated based upon 

waveform amplitudes with strong correlation with psychiatric diagnostic categories based 

upon symptom clusters (Hayashida et al., 1986). Distinct populations have also been 

reported in the sleep and circadian profiles in schizophrenia (Sandyk and Kay, 1990, 

Wulff et al., 2011) (Chapter 9). MMN also is capable of distinguishing patients with 

schizophrenia and bipolar from controls and each other (Michie, 2001). Reviews of 

several popular biomarker measures used in schizophrenia reveal that many including 

PPI, P50 and MMN are reliable and show relationships to symptoms (Calkins et al., 2007, 
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Turetsky et al., 2007, Thaker, 2008). Furthermore, different psychological and personality 

traits appear to be predictive of subclinical psychiatric phenotypes, as explored in Chapter 

10. 

1.3.6 Potential Clinical Applications of Biomarkers 

The use of biomarkers has many potential applications in clinical research. The 

biomarkers themselves may have usefulness in predicting patient functioning and 

outcome. For example the quality of sleep (Discussed in detail in Chapter 9), is associated 

with quality of life and coping (Ritsner et al., 2004, Hofstetter et al., 2005, Krystal et al., 

2008). Some biomarkers such as sleep disruption also present straight-forward 

information and targets for treatment. Furthermore biomarker measures such as plasma 

monoamines correlate to clinical responses to pharmacotherapy (Cai et al., 2011). These 

considerations are important, especially considering the highly heterogeneous 

populations and responses to treatment (Jablensky, 2000, Case et al., 2011). Various other 

behavioural and physiological biomarkers such as pulse rate and tardive dyskinesia can 

also predict patient latency to relapse (Lieberman et al., 1987). Electrophysiological 

measures, such as gamma synchrony, also show correlations with treatment resistance 

(Gandal et al., 2012). Other biomarkers such as middle latency auditory evoked potentials 

(MAEPs, explored in Chapter 7) have shown that only particular sub-types of patients, 

such as those with pervasive cognitive deficit, may show differences compared to controls 

(Mazhari et al., 2011a). This cognitive deficit sub-type has previously been demonstrated 

to have a strong genetic component and consistent symptom clusters (Hallmayer et al., 

2005b, Green et al., 2013). Johannesen et al. also demonstrated schizophrenia sub-type 

effects: only patients with perceptual abnormalities showed differences in their middle-

latency auditory evoked potentials (Johannesen et al., 2008). Together these studies 

suggest that biomarkers have applicability in predicting and monitoring patient outcome, 
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and are sensitive to schizophrenia sub-types, making more focused treatment strategies 

possible.  

Biomarkers in schizophrenia research hold promise in differentiating patients 

from controls. Multivariate electrophysiological biomarker assessments can distinguish 

between patients with schizophrenia, family members and controls with 80% accuracy 

(Price et al., 2006). Other research has also shown promise in finding accurate biomarkers 

in the serum of schizophrenic patients (Schwarz et al., 2011). An even higher accuracy of 

91% has been achieved by analysis of entropic, complexity and spectral measures of 2 

minutes of EEG from patients and controls in combination with machine learning 

algorithms (Sabeti et al., 2009). The use of machine learning algorithms to large sets of 

complex data, such as in EEG, allows for automation of detection and optimization and 

is easily adaptable for increasing data set sizes. A further key to the success of the 

approaches used in these papers is the multivariate approach, emphasizing that one 

marker alone is unlikely to be sufficient to predict subject grouping with acceptable 

specificity and sensitivity.  

Effort devoted to researching biomarkers in schizophrenia would be wasted 

however, if the progression of schizophrenia was unalterable. Whilst human preventative 

studies using pharmacological agents are absent, yet animal models such as 

developmental poly I:C exposed mice suggest that antipsychotic treatment in 

preadolescence may prevent schizotypal features including hippocampal atrophy, lateral 

ventrical enlargement, amphetamine hypersensitivity and latent inhibition deficits 

(Piontkewitz et al., 2012). It is however, also important to consider that many traits that 

may once have been considered to be part of the pathophysiology of schizophrenia may 

actually be at least partially the result of pharmacological treatments, including cortical 

atrophy (Dorph-Petersen et al., 2005, Ho et al., 2011) and sleep disruption (Cohrs, 2008).  
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Longitudinal studies have revealed that some biomarkers are persistent, and may 

pre-date first episode. Longitudinal studies assessing verbal memories, gross motor skills 

and attention in children have had high predictive rates, though false positives remain a 

problem (Cornblatt et al., 1999, Erlenmeyer-Kimling, 2000, Erlenmeyer-Kimling et al., 

2000). However, early interventions such as cognitive behavioural therapy (CBT) are 

unlikely to be detrimental to those falsely identified (except perhaps the social stigma), 

yet may be efficacious for those at risk of developing schizophrenia (Morrison et al., 

2007), thus treating false positives is not always an ethical problem, but would still likely 

be a financial one. It is important to note that a variety of treatments have been shown to 

be effective in preventing relapse in first-episode patients (Álvarez-Jiménez et al., 2011).  

1.3.7 Animal models and biomarkers 

A common issue in devising efficacious therapies is creating animal models that 

sufficiently replicate human disease. In schizophrenia this is particularly an issue because 

the main symptoms, especially positive ones such as delusions and hallucinations rely on 

explicit communications by the patient. This is obviously not possible in non-human 

species, and presents a challenge for both validating and assessing treatment efficacy in 

animal models. Importantly many potential biomarkers for human patients have their non-

human analogues, and the use of these biomarkers is essential in creating valid animal 

models (Gould and Gottesman, 2006). These biomarkers themselves may correlate with 

human symptoms and thus provide a useful proxy measure of symptoms of interest. For 

example, in humans gamma-oscillations in the cortex as assessed by EEG may correlate 

well with cognitive processes and symptom severity (Ferrarelli et al., 2012, Gandal et al., 

2012). Such a technique is readily applied to rodents and other mammals, where gamma-

oscillations may be used as a proxy measure of cognitive function. A good animal model 

of schizophrenia would show similar alteration in gamma oscillations to what is found in 

human schizophrenics. Furthermore oscillations in the rodents would likely respond to 
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pharmacotherapy similarly to human patients. Thus biomarker assessment can provide 

both methods to validate a model of human disease, explore the neurobiology of 

schizophrenia, and screen possible therapeutics. Nonetheless, it is not a trivial 

consideration whether results from experiments in animal models can be generalized to 

humans. By using analogous experiments between animal and humans, it is possible to 

maximise the construct validity, leading to increased predictive validity in our animal 

models. The application of specific biomarkers in animal models is discussed in detail in 

later chapters (Chapters 2-7). Briefly this thesis examines the role of neurodevelopmental 

proteins ephrin-A2 and ephrin-A5 on biomarkers for schizophrenia phenotypes (Chapters 

2-5), and a potential environmental risk factor for schizophrenia, developmental stress 

(Chapter 7). Not only does the examination of these models reveal insight into the 

pathophysiology of schizophrenia, but also about the normative role of ephrins and of 

stress in development. 

1.4 Applying Biomarkers in Models of Schizophrenia 

To date, the analysis of biomarkers including schizophrenia has had several major 

successes: 

1) The use of biomarkers has allowed for the detection and validation of genes 

associated with schizophrenia. Markers such as PPI have increased the power of genetic 

studies by including unaffected relatives with intermediate phenotypes (Siegel et al., 

1984, Wynn et al., 2004). Thus biomarkers have revealed potential genetic substrates of 

schizophrenia. An outcome of this was the development of gene knock-out and mutation 

models of schizophrenia in animals with face (a model looks like what it is trying to 

assess), construct (a model is constructed on theoretically sound foundations), and 

predictive utility (a model’s response can predict the response of the system being 

modelled) (Ellenbroek and Cools, 1990, 2000, Marcotte, 2001).  
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2) Biomarkers provide a means of validating animal models for schizophrenia. 

Many behavioural and neurophysiological measures that are abnormal in schizophrenia 

can be assessed in animals and vice-versa. If an animal model for schizophrenia has 

biomarkers similar to those observed in schizophrenics, this adds to the validity of this 

model as an accurate representation of schizophrenia (Ellenbroek and Cools, 1990, 

Ellenbroek et al., 1995, Sams-Dodd, 1998, Becker and Grecksch, 2004). These models 

can then be probed in ways that are not possible in human subjects. 

3) Biomarker analysis can reveal clinical efficacy and mechanisms of 

pharmacological treatments such as first and second generation antipsychotics (Kumari 

and Sharma, 2002). Thus they have relevance in screening of potential therapies for use 

on human patients. An excellent example of predictive validity in animal models has been 

studies using glycine modulatory site pharmacotherapy (Lipina et al., 2005). 

4) Biomarkers have been shown to have utility in predicting the development of 

schizophrenia-like symptoms. For example neuro-motor deficits are present before the 

onset of schizophrenia (Walker and Lewine, 1990, Erlenmeyer-Kimling, 2000). They also 

provide a means for categorisation of groups with or without a priori hypotheses. 

5) Biomarkers may measure traits closer to the aetiology of symptoms than 

clinical examinations, providing improved theoretical underpinnings to our 

understanding of the disease. 

1.4.1 Application of biomarkers in Schizophrenia – Sensorimotor Gating and Pre-
pulse Inhibition of the Acoustic Startle Reflex 

Of the putative biomarkers for schizophrenia few are as thoroughly characterised 

as prepulse inhibition (PPI) of the acoustic startle reflex (ASR). The ASR is a relatively 

neuroanatomically simple short-latency reflex (Davis et al., 1982) in which a strong 

abrupt acoustic stimulus evokes widespread muscle flexor contraction involving the 
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mouth, eyes, neck and body (Fleshler, 1965). This reflex shows a greater startle response 

with increasing stimulus intensity resulting in a sigmoid-shaped response curve (Fleshler, 

1965). The ASR however, can be modified by the presence of other stimuli. PPI is the 

sensorimotor phenomenon in which a non-startling stimulus (called the prepulse), which 

shortly precedes a startling stimulus, inhibits the ASR (Swerdlow et al., 2001). Like the 

ASR, PPI is well anatomically characterised (Fendt et al., 2001, Swerdlow et al., 2001) 

and highly conserved across species including mice (Stoddart et al., 2008), rats (Martin-

Iverson and Else, 2000, Martin-Iverson and Stevenson, 2005) and humans (Scholes and 

Martin-Iverson, 2010). A diagrammatic representation of the ASR and selected PPI 

pathways are shown in Figure 1.1. 

 
Figure 1.1. A schematic representation of the acoustic startle response (ASR) pathway and its relationship 
to one of the descending pathways which regulate pre-pulse inhibition of the startle reflex. Expression of 
the ephrin-A2 and ephrin-A5 are also shown in these pathways. Circuit adapted from (Davis et al., 1982, 
López et al., 1999, Swerdlow et al., 2001). Expression data from: (Bianchi and Gale, 1998, Bianchi and 
Liu, 1999, Eberhart et al., 2000, Küry et al., 2000, Pickles et al., 2002, Pickles, 2003, Lee and Warchol, 
2005, Cooper et al., 2009b, Defourny et al., 2013). 

An important consideration of ASR and PPI is that it is sensitive to changes in 

dopamine system activity. Antipsychotics can partially reverse PPI reductions observed 

in schizophrenia (Kumari and Sharma, 2002), and dopamine antagonists can reverse PPI 
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deficits in animal models for schizophrenia (Hoffman and Donovan, 1994). Furthermore, 

non-selective dopamine agonists such as amphetamine, cocaine, and apomorphine result 

in reduction of PPI, and alter the size of the ASR (Ralph et al., 1999, Ralph-Williams et 

al., 2003). Direct dopamine agonist effects on PPI appear to be dependent on the 

activation of D1 receptors (Ralph-Williams et al., 2002, Ralph-Williams et al., 2003) and 

intact dopamine release in the nucleus accumbens (Swerdlow et al., 1990b). The 

dopaminergic effects on startle amplitude do not appear to be dependent on D1 receptor 

activation and can be mediated by D2 receptor agonists (Martin-Iverson and Else, 2000, 

Ralph-Williams et al., 2002, Ralph-Williams et al., 2003), and is not dependent on 

nucleus accumbens dopamine release (Swerdlow et al., 1990b). 

PPI of the ASR has had many applications, one of which is in the use of biomarker 

and endophenotype research where a reduced PPI has been observed in patients with 

schizophrenia, family members of patients with schizophrenia and the response traits are 

highly heritable in humans and rodents (Swerdlow et al., 2004, Greenwood et al., 2007, 

Hasenkamp et al., 2010). Due to evolutionarily conserved status, well defined 

neuroanatomical substrates and pharmacology, PPI of the ASR and associated 

abnormalities are one of the most commonly used endophenotypes/biomarkers in 

schizophrenia and neuropsychiatric research in general. A key consideration for this 

thesis is that ASR and PPI have very strong genetic components. It is because of the well 

defined and understood nature of this reflex that it was chosen to assess the potential role 

of ephrin-A proteins (Chapter 4) and neonatal stress (Chapter 7) on schizophrenia-like 

traits. 

1.5 Genetic Modelling of Schizophrenia: Ephrin-A2 and Ephrin-A5 
Knock-Out mice  

The application of biomarker research to knock-out (KO) in model organisms has 

provided insight into various aspects of schizophrenia. Many genes associated with 
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schizophrenia have been knocked-out in model organisms, providing insight into how 

these genes may play a role in the pathology of schizophrenia (Harrison et al., 2012). 

Much of the benefit of these models has only been achieved by using biomarkers to 

demonstrate abnormalities in the models analogous to those found in patients with 

schizophrenia. Whilst KO models in schizophrenia often proceed from genetic 

association studies, we chose KO models based upon their expression in regions involved 

in schizophrenia. The two genes chosen, ephrin-A2 and ephrin-A5 are 

neurodevelopmentally important and are expressed in regions that mediate an important 

schizophrenia biomarker – prepulse inhibition of the acoustic startle reflex (Section 1.4.1, 

Figure 1.1). 

1.5.1 The Functions of Ephrin-A2 and Ephrin-A5 in Development 

Eph receptors are a large family of tyrosine kinases which are activated by their 

ligands, the ephrins. Eph receptors and ephrins are grouped into two categories based 

upon sequence homology and binding affinity. Eph receptors are grouped into EphA and 

EphB based upon extracellular sequence homology, which also corresponds to high 

ligand affinity for ephrin-A and ephrin-B proteins respectively (Aoto and Chen, 2007). 

There are 8 types of EphA, and 5 types of ephrin-A mammalian proteins, with both EphA 

and ephrin-A’s acting bidirectionally as receptors and ligands (Klein, 2004). Interactions 

between ephrin-A and EphA proteins are promiscuous, with multiple ephrin-A proteins 

able to interact with each EphA protein and vice-versa (Klein, 2004, Aoto and Chen, 

2007, Pasquale, 2008). This thesis is primarily concerned with two of these genes, ephrin-

A2 and ephrin-A5. 

There is a large body of work that has focused on the roles of ephrin-A2 and 

ephrin-A5 in neurodevelopment. One common characteristic of loss or disruption of 

ephrin/Eph signalling is abnormal connectivity, including in ephrin-A2 and ephrin-A5 
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KO animals (Palmer and Klein, 2003). The proteins have important roles in axonal 

guidance and topographical mapping which can be either attractive or repulsive 

depending on which EphA:ephrin-A interaction is taking place, molecular environment 

and other contextual cues (Palmer and Klein, 2003, Eberhart et al., 2004, Aoto and Chen, 

2007). For example ephrin-A5 can exert positive or inhibitory effects on motor neurons 

positive for EphA4 (Eberhart et al., 2004). The role of these genes in brain development 

is emphasised by studies of ephrin-A2 and ephrin-A5 in axonal guidance and synaptic 

plasticity in the visual system, in which knock-outs show increased disorganisation, 

ectopic projections and abnormal function in a system that is normally highly topographic 

(Pfeiffenberger et al., 2006, Haustead et al., 2008, Rodger et al., 2012). EphA and ephrin-

A proteins are also important in many other aspects of neuronal function including spine 

morphogenesis, synapse formation and plasticity (Aoto and Chen, 2007). There is a 

substantial literature demonstrating a role for ephrin-A2 and ephrin-A5 in neuronal 

proliferation (Depaepe et al., 2005, Holmberg et al., 2005), hippocampal function (Gao 

et al., 1998), auditory system development (Bianchi and Gale, 1998, Bianchi and Liu, 

1999, Pickles et al., 2002, Pickles, 2003, Siddiqui and Cramer, 2005, Saeger et al., 2011, 

Defourny et al., 2013), sensory system development (Prakash et al., 2000), reward circuits 

(Cooper et al., 2009b, Deschamps et al., 2009), motor development (Wang et al., 1999, 

Feng et al., 2000, Küry et al., 2000, Lai et al., 2001, Swartz et al., 2001, Wang et al., 2001, 

Eberhart et al., 2002, Eberhart et al., 2004, Washburn et al., 2007, Stark et al., 2011, 

Winning and Krull, 2011) and a variety of behaviours (Gerlai and McNamara, 2000, 

Arnall et al., 2010). However, despite this broad literature several areas of 

neurodevelopment have been neglected such as sensorimotor gating and auditory system 

development, which will be addressed in Chapters 3 and 4. A property of ephrin-A and 

EphA research is that findings in one system cannot be assumed to be valid in another, 

because of the complexity of the signalling mechanisms alluded to above. Thus the effects 



37 

of ephrin-A2 and ephrin-A5 are well characterised, in both the visual and motor cortex, 

but are very different in these systems. As such, a focused investigation into the auditory 

and sensorimotor systems is necessary if we are to understand the roles of ephrin-A2 and 

ephrin-A5 in the development and expression of PPI. We did this by using knock-out 

mice by first examining auditory sensitivity followed by testing PPI of the ASR. 

 
1.5.2 Expression of Ephrin-A2 and Ephrin-A5 in relation to Schizophrenia 
Neuroanatomy 

There is much evidence suggesting that Eph and ephrin disruption causes much 

disorganisation in many brain regions, including those implicated in schizophrenia, such 

as midbrain dopamine projections (Sieber et al., 2004) and the hippocampus (Gao et al., 

1998, Martínez et al., 2005). A potential role for ephrin-As in dopamine system 

development is demonstrated by broad-spectrum EphA antagonists disrupting both 

ascending dopamine pathway cell numbers, and dopamine behavioural sensitivity (Sieber 

et al., 2004). 

In particular the roles that ephrin-A2 and ephrin-A5 in regulating dopamine 

signalling in the nucleus accumbens and striatum is important to consider because PPI is 

regulated by dopaminergic projections and dopamine receptors (Hoffman and Donovan, 

1994, Martin-Iverson and Else, 2000, Brody et al., 2003), and antipsychotic 

administration can normalise or partially normalise disrupted PPI in schizophrenia 

(Hoffman and Donovan, 1994). Specifically ephrin-A5-/- mice show several delays in 

developmental milestones, changes in DA levels, DA turnover in the striatum (Sheleg et 

al., 2013), and exhibit reduced DA projections from the midbrain (Cooper et al., 2009b). 

This is coupled with evidence showing that ephrin-A5 can promote dopamine neuron 

neurite outgrowth and sorting by interactions with EphA5 (Cooper et al., 2009b, 

Deschamps et al., 2009). Thus it appears that ephrin-A5 is involved in many aspects of 
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DA function that may have relevance to schizophrenia and/or PPI. Also with relevance 

to schizophrenia and PPI, ephrin-A5 is expressed in the nucleus accumbens shell (Cooper 

et al., 2009b) and ephrin-A2 in the core (Allen Mouse Brain Atlas, 2014). The nucleus 

accumbens shows abnormal structure and function in schizophrenia (Pakkenberg, 1990, 

Juckel et al., 2006), receives dopaminergic input from the VTA, sends projections to the 

VTA (Swanson, 1982, Xia et al., 2011), and is intrinsically linked with dopaminergic 

regulation of PPI (Swerdlow et al., 1990a). Overall expression and anatomical data 

suggest that ephrin-A2 and ephrin-A5 may be important in the regulation of ascending 

midbrain connections and in regions involved in PPI and schizophrenia. 

Ephrin-A2 and ephrin-A5 are also expressed in multiple areas of the brain 

involved in the ASR as shown in Figure 1.1. Many of these regions can be probed by the 

ASR itself. However, understanding how ephrin-A2 and ephrin-A5 affect the ASR cannot 

be achieved without first understanding their effects on auditory sensitivity.  

Whilst ephrin-A2 and ephrin-A5 expression has been studied in the auditory 

system (summarised in Table 1.I), until now the functional consequences of KO on 

peripheral auditory sensitivity have not been assessed, except only superficially in ephrin-

A5-/- mice (Defourny et al., 2013). The expression data as shown in Table 1.I , Figure 1.2 

and from the results of Defourney et al. (2013) suggest that ephrin-A2 and ephrin-A5 are 

likely to have roles in cochlear and auditory brainstem development. Therefore, the study 

of ephrin-A2 and ephrin-A5 in simple auditory function is of interest in its own right 

(Chapter 3), as well as providing the foundation for studies of auditory based tests such 

as PPI (Chapter 4).  
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Structure Ephrin-A2 
Expression 

Ephrin-A5 
Expression 

EphA4 and EphA7 
Expression 

Development  Mouse, Otic placode 
absent at E8.5-E10 
(Saeger et al., 2011) 

 Mouse, E21.5 and E15.5 
otocyst, present (Pickles, 
2003) 

 Mouse, E8.5-E10 
, Otic placode, 
present (Saeger et 
al., 2011) 

 

Cochlea  Not differentially 
expressed (compared to 
temporal bone) at P0.5 
(Pickles, 2003) 

 Present mouse P0.5 and 
P5.5, immunostaining 
(Pickles et al., 2002) 

 Mice cochlea connective 
tissue, cochlea neurons, 
and supporting cells  

 (Bianchi and Gale, 1998, 
Bianchi and Liu, 1999) 

 Mouse outer hair 
cells E18-P4 
(Defourny et al., 
2013) 

 EphA7 (Rogers et al., 
1999) 

 EphA4 (Bianchi and 
Gale, 1998, van 
Heumen et al., 2000) 

Auditory Nerve 
 (Peripheral) 

 Chick, uniformly 
expressed (Siddiqui and 
Cramer, 2005) 

  EphA7 (Rogers et al., 
1999) 

 EphA4 (Defourny et 
al., 2013) 

Auditory Nerve  
(Proximal) 

 Chick, uniformly 
expressed (Siddiqui and 
Cramer, 2005) 

  EphA7 (Rogers et al., 
1999) 

Spiral/Statoacoustic 
Ganglia 

 Chick (Lee and 
Warchol, 2005) 

 Rat (Bianchi and Gale, 
1998) 

 Rat (Bianchi and 
Gale, 1998) 

 EphA4 (Brors et al., 
2003, Defourny et al., 
2013) 

Cochlear Nucleus    EphA7 (Rogers et al., 
1999) 

Superior Olivary  
Complex 

   EphA4 (Cramer et al., 
2000) 

Inferior Colliculus   E16 mouse 
(Zhang et al., 
1996) 

 

Higher Structures  Mouse, medial 
geniculate body 
(Lyckman et al., 2001) 

 Mouse, medial 
geniculate body 
(Lyckman et al., 
2001) 

 

Table 1.I. Expression of EphA4, EphA7, ephrin-A2 and ephrin-A5 in the auditory system. 

 
1.5.3 Auditory Brainstem Responses Study Design 

Because the ASR it mediated by auditory stimuli and responses of auditory 

brainstem nuclei (Figure 1.1) we explored the role of ephrin-A2 and/or ephrin-A5 on 

auditory brainstem function. This was achieved using a common methodology for testing 

hearing function called auditory brainstem responses (ABRs). It is an auditory evoked 
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potential, which is generated by averaging evoked response potentials (ERPs) to click or 

tone pip stimuli. It has the benefit of generating multiple peaks which roughly correspond 

to individual nuclei in the auditory brainstem (Achor and Starr, 1980, Wada and Starr, 

1983e, a, Wada and Starr, 1983c), and it is largely unaffected by anaesthesia (Shaw, 

1988). Auditory brainstem responses have been well characterised in multiple strains of 

mice and rats, and are sensitive to changes in sensitivity such as those that occur in 

presbycusis (Shaw, 1988, Zheng et al., 1999). 

There is much to suggest that ephrin-A2 and ephrin-A5 are involved in auditory 

brainstem function, mostly due their pattern of expression, and of the proteins EphA4 and 

EphA7, with which they are capable of interacting. All of these proteins are expressed in 

multiple regions of the auditory system in development (Summarised in Table 1.I, Figure 

1.1 & 1.2). A functional role for Eph and ephrins in auditory system development is not 

unprecedented. Ephrin-B2 and EphA4 KO result in abnormal activation of multiple 

auditory brainstem regions (Miko et al., 2007), which consequently results in disturbed 

ABR function (Miko et al., 2008). Ephrin-A5 KO mice have also demonstrated 

abnormalities in cochlear development and ABR response, which are attributed to loss of 

ephrin-A5-EphA4 interactions (Defourny et al., 2013). Due to a combination of these 

factors we performed ABRs in ephrin-A2-/-, ephrin-A5-/- and ephrin-A2A5-/- and wild-

type mice (Chapter 3). Unlike previous studies looking at ABRs in Eph and ephrin KOs, 

we performed comprehensive analysis on sound frequency-specific responses. This is 

because gradients of ephrin-A2 and ephrin-A5 have a role in mapping visuotopy in the 

visual system (Brown et al., 2000b) and we hypothesised they may play an analogous role 

in mapping tonotopy in the auditory system. Additionally we performed thorough 

analysis of individual peaks in the evoked response, to determine the role of these proteins 

on individual brain structures. 
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Figure 1.2. Schematic diagram of expression of ephrin-A2, ephrin-A5, EphA4 and EphA7 in the normal 
cochlea. Expression data from: (Bianchi and Gale, 1998, Bianchi and Liu, 1999, Rogers et al., 1999, van 
Heumen et al., 2000, Pickles et al., 2002, Brors et al., 2003, Lee and Warchol, 2005, Siddiqui and Cramer, 
2005, Defourny et al., 2013). Abbreviations: SGN, spiral ganglion neuron; IHC, inner hair cell; OHC, outer 
hair cell. Figure produced by Marissa Penrose-Menz. 

1.5.4 Prepulse Inhibition of the Acoustic Startle Reflex: Study Design 

Both ephrin-A2 and ephrin-A5 are expressed in regions involved in the ASR and 

PPI (Figure 1.1). To measure these responses, we used a unique methodology that 

generates more information than standard ASR and PPI designs. In particular our study 

uses many startle pulse intensities to generate an input-output response curve, called a 

stimulus intensity-response magnitude (SIRM) function (Scholes and Martin-Iverson, 

2010). The benefit of this is that a sigmoidal curve fit can be applied allowing for the 

generation of more informative parameters about both ASR and PPI than is normally 

available, such as changes in thresholds, half-maximal responses and theoretical 

maximum startle responses. This study design was applied to ephrin-A2-/-, ephrin-A5-/-, 

ephrin-A2A5-/- and wild-type mice to determine the role that ephrin-A2 and ephrin-A5 

have on the brain pathways and regions that regulate ASR and PPI. Because of substantial 

evidence indicating that these proteins have a role in the dopamine system which can alter 

ASR and PPI, we also stained the brains of the mice and analysed the number of 

dopaminergic neurons in the origin of the ascending dopamine system, the substantia 

nigra pars compacta (SNpc) and VTA.  
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1.6 Environmental Model of Schizophrenia: Developmental Stress 

As reviewed in Section 1.2, alternatively or in addition to genetic factors, various 

kinds of perinatal stressors result in long-term changes in brain function and behaviour 

relevant to schizophrenia. Early life exposure to stress has detrimental effects on 

neurodevelopment which may be related to the pathophysiology of schizophrenia. 

1.6.1 Early life stress, HPA axis function and Risk of Schizophrenia 

 During foetal development glucocorticoid receptors are expressed in the brain 

starting mid-gestation in rats (Kalinyak et al., 1989) – a period characterised by rapid 

neuronal growth and differentiation. Perturbing HPA axis function in utero and 

perinatally has ongoing effects on brain functioning. Many risk factors for schizophrenia 

are associated with developmental stress (Figure 6.1), such as obstetric complications 

(Hultman et al., 1999), multi-parity (Hultman et al., 1999), maternal infections (Sham et 

al., 1992, Brown and Patterson, 2011), maternal diabetes (Hultman et al., 1999), minor 

physical abnormalities (Compton et al., 2011), and season of birth (Mortensen et al., 

1999). Furthermore obstetric complications are associated with earlier schizophrenia 

onset (Verdoux et al., 1997). These developmental stressors are varied, but may share a 

common pathway: Koenig et al. (Koenig et al., 2001, Koenig, 2006) have noted that many 

risk factors may converge with the increased activation of the hypothalamic-pituitary-

adrenal (HPA) axis, the major stress response system in the body. The major outcome of 

stress activation of the HPA axis is the release of glucocorticoid hormones cortisol and 

corticosterone, which have diverse effects on gene regulation by activating the 

ubiquitously expressed glucocorticoid receptor (GR) (Beato, 1993, Morimoto et al., 

1996). Hyperactivity of the HPA axis has been demonstrated in many animal models to 

be detrimental to neurodevelopment and adult function. This being the case, 

developmental HPA axis activation and glucocorticoid exposure may modulate risk for 

schizophrenia and be responsible for phenotypical abnormalities in schizophrenia.  
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1.6.2 Early Life Stress, Neurodevelopment and Schizophrenia 

There appears to be substantial overlap with the effects of early life stress and 

schizophrenia - neonatal exposure to the specific glucocorticoid agonist dexamethasone 

results in reduced brain weight in multiple regions associated with schizophrenia such as 

the frontal cortex, hippocampus and striatum (Gould et al., 1991, Ferguson and Holson, 

1999, Flagel et al., 2002) (Nelson et al., 1998, Gaser et al., 2004, Ballmaier et al., 2008). 

Both animals with perinatal GR activation and patients with schizophrenia show delays 

in many developmental milestones (Jones et al., 1994, Flagel et al., 2002). If patients with 

schizophrenia do have elevated developmental exposure to stress, this may explain the 

blunted HPA negative feedback on corticosterone release to stress in patients with 

schizophrenia (Yeragani, 1990, Flagel et al., 2002, Nagano et al., 2008). This blunted 

HPA regulation is also associated with increased levels of negative symptoms (Tandon et 

al., 1991). This may be due to changes in GR receptor expression induced by 

developmental stress (Brabham et al., 2000) and GR availability in the hippocampus 

(Koehl et al., 1999), as well as reduced GR expression in the amygdala (Nagano et al., 

2008), reduced corticotropin releasing hormone in the hypothalamus (Nagano et al., 

2008) and increased adrenal gland size (Lemaire et al., 2000) – all changes integral to 

HPA regulation.  

Rats born from stressed mothers show poorer spatial memory and decreased cell 

proliferation in the hippocampus (Lemaire et al., 2000), traits both shown in patients with 

schizophrenia (Park and Holzman, 1992, Park et al., 1995, Reif et al., 2006). Changes in 

HPA function results in various kinds of neurodegeneration related to schizophrenia. 

Dexamethasone (a synthetic stress hormone) exposure in adult rats increases apoptotic 

markers, activates microglia and alters dendritic morphology in the striatum and 

hippocampus (Haynes et al., 2001). If indeed some patients with schizophrenia 

chronically show elevated cortisol levels as some (Van Cauter et al., 1991, Monteleone 
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et al., 1992) but not all (Rao et al., 1995) studies suggest, this may account for reduced 

hippocampal volumes and altered striatum function found in schizophrenia. 

1.6.3 Stress, Dopamine and Schizophrenia 

There appears to be an intrinsic link between dopamine and HPA axis function. 

Acute dexamethasone or exercise-induced stress increases circulating dopamine and 

dopamine metabolite levels in healthy controls (Van Loon et al., 1979, Rothschild et al., 

1984, Wolkowitz et al., 1985), indicating a close link between GR activity and dopamine 

release. Patients with schizophrenia also tend to show altered dopamine-glucocorticoid 

interactions - patients with schizophrenia show reduced adreno-corticotropic hormone 

(ACTH) release to apomorphine (a dopamine agonist) compared to healthy controls and 

in patients with psychotic depression (Duval et al., 2000).  

Developmental stress may explain some adult changes in dopamine function in 

schizophrenia. Dexamethasone exposure in utero results in reduced volume, cell number 

and number of dopaminergic fibres in the NAcc, with reduced neurogenesis in the NAcc 

and ventral tegmental area (VTA, the main source of dopaminergic innervation associated 

with schizophrenia) (Leao et al., 2007). Other studies have demonstrated similar changes; 

prenatal and neonatal dexamethasone exposure increases the number of tyrosine 

hydroxylase positive (dopaminergic) cells in the VTA and for males in the SNpc, coupled 

with reduced dopamine innervation in the striatum of prenatally stressed males 

(McArthur et al., 2005). Functionally this would alter dopamine sensitivity - stressed 

dams produce adult offspring which have increased D2 receptor expression in the NAcc, 

and decreased D3 receptors in both the core and shell of the NAcc (Henry et al., 1995). 

Overall perinatal stress appears to alter many systems implicated in the pathogenesis of 

schizophrenia such as the mesolimbic system (Abi-Dargham, 2004, Howes and Kapur, 

2009, Perez-Costas et al., 2010). However, to our knowledge no study to date has 
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attempted to determine if perinatal stress results in schizophrenia phenotypes. We test the 

hypothesis that perinatal stress causes schizophrenia-like phenotypes in Chapter 7. 

1.7 Human Schizophrenia Biomarkers: Circadian Rhythms and Sleep 

Of the many biomarkers in schizophrenia few are as easily, naturalistically and 

cheaply assessed in humans as sleep and circadian rhythms. Circadian rhythms are natural 

biological cycles that occur periodically over approximately 24 hrs. Furthermore their 

importance in healthy individuals is established, and circadian rhythms and sleep are 

common across species. Schizophrenia is associated with a wide variety of sleep 

disturbances – a topic of which is a comprehensively reviewed inChapter 9. Briefly, sleep 

disruption appears to be associated with increased levels of dopamine activity and 

sensitivity, likely increasing risk of psychotic episodes. 

 Sleep and circadian disturbance is also broadly associated with many different 

psychiatric diseases (Wulff et al., 2010). These associations may in fact be causative or 

predictive – serving as useful biomarkers to predict patient outcome. I explore this idea 

in Chapter 10, examining the association of sleep and personality variables on a 

subclinical psychiatric phenotype.  

1.8 Summary 

Schizophrenia is a diverse disease characterised by relatively unknown aetiology 

and highly abnormal symptoms. Methods for probing this disease are limited due to 

limited understanding of biochemical pathways leading to pathology. However, the use 

of biomarkers presents an opportunity not only to model aspects of schizophrenia, but to 

provide essential insight into aetiology and pathological mechanisms of disease. 
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Chapter 2: Bridging Chapter 
The application of biomarker research to knock-out (KO) animal models has 

provided insight into many aspects of normal and abnormal function in various diseases 

including schizophrenia. In particular, these models have often been assessed using 

biomarkers that have analogous counterparts in human research and demonstrated utility 

in assessing patient pathophysiology. Knock-out models allow for the determination of 

the role of various genes in normal development, and how their disruption may relate to 

disease status. The utility of biomarkers in KO animals is not simply limited to 

demonstrating analogous abnormalities with human disease, but allow us to probe the 

mechanisms behind biomarkers themselves and how they are amenable to genetic 

influences. Furthermore, the use of KO models allows for the characterisation of the 

biomarkers and their generators, much the same as lesion studies have allowed 

characterisation of many neuronal circuits. It is for these reasons that we assessed the role 

of two developmentally important genes, ephrin-A2 and ephrin-A5 in knockout mice.  

We assessed a common biomarker used in schizophrenia research, a type of 

sensorimotor gating, prepulse inhibition (PPI) of the acoustic startle reflex (ASR) 

(discussed in section 1.4.1) in KO mouse lines. We did this in order to assess the presence 

or absence of features analogous to those observed in schizophrenia, and to assess the 

role of ephrin proteins in the development of the biomarker itself. As part of the process 

of exploring ASR and PPI, we first determined auditory sensitivity in our animals using 

auditory brainstem responses (ABRs) because ephrin-A2 and ephrin-A5 are expressed in 

multiple regions of the auditory brainstem which are fundamentally involved in hearing, 

and in nuclei that mediate ASR and PPI Table 1.I. This allowed us to disentangle the 

effects of ephrin-A2 and ephrin-A5 on hearing from effects on sensorimotor gating and 

neuromotor function. 
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Ephrin/Eph Gene Behavioural Change 
EphA5 Decrease in expression 
 Slight deficit in water maze acquisition (Halladay et al., 2004) 
 Deficit in active avoidance (Halladay et al., 2004) 
 Decreased novelty seeking (Gerlai et al., 1999) 
 Decreased freeze response to fear conditioning (Gerlai et al., 1999) 
 Increased defensive aggression (Mamiya et al., 2008) 
 General reduced activity (Mamiya et al., 2008) 
 Decreased aggression to intruders (Mamiya et al., 2008) 
 Increase in expression 

 
EphA5 agonists improve T-maze tasks and fear conditioning 
(Gerlai et al., 1999, Gerlai and McNamara, 2000) 

EphA6 Decrease in expression 
 Decreased fear conditioning (Savelieva et al., 2008) 
 Deficit in reversal learning in water maze (Savelieva et al., 2008) 
Ephrin-A2 Decrease in expression 
 Y-maze reversal learning deficit (Arnall et al., 2010) 

Table 2.I. Brief summary of behavioural alterations associated with changes in ephrinA or EphA 
expression. 

Whilst to our knowledge no genome wide association study has found a link with 

EphA or ephrin-A with schizophrenia, the possibility of ephrin-A2 and ephrin-A5 being 

involved in systems implicated in schizophrenia is not unwarranted. A schizophrenia-like 

trait has been previously found in ephrin-A2-/- mice. Ephrin-A2-/- mice show reversal 

learning deficits (Arnall et al., 2010) a trait found in schizophrenia (Nieuwenstein et al., 

2001, Waltz and Gold, 2007). Furthermore, changes in dopamine connections and levels 

in ephrin-A5-/- mice (Cooper et al., 2009b, Deschamps et al., 2009) suggested that ephrin-

A5 has a role in the dopamine system, dysfunction of which has been proposed to be a 

major cause of schizophrenia symptoms and often correlated to schizophrenia 

biomarkers. Furthermore, the expression pattern of ephrin-A2 and ephrin-A5 in the 

auditory system is interesting in itself, and other studies have demonstrated at the very 

least that ephrin-A5 is important in hearing development (Defourny et al., 2013). Other 

studies have also demonstrated wide-ranging behavioural abnormalities in mice with 

changes in ephrin-A and EphA levels (Table 2.I) indicating that ephrin-A2 and ephrin-

A5 may have additional functional roles which may be revealed through biomarker 
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assessments. There has also been an association of de novo deletions in the domains of 

the EphB1 receptor with schizophrenia (Xu et al., 2008), also a visual system axonal 

guidance molecule (Williams et al., 2003). Whilst a repeat of this association failed 

(Kushima et al., 2010), the results highlight the possibility that disruption of axonal 

guidance proteins including in the eph-ephrin systems may be associated with 

schizophrenia. Associations have also been found in the ephrin-A system and 

schizophrenia (Arion et al., 2007). Ephrin-A3 precursor, and ephrin-A4 receptor 

precursor are differentially expressed in prefrontal cortex post-mortem tissue in patients 

with schizophrenia compared with controls (Arion et al., 2007). Thus there is a wide 

variety of evidence suggesting that Ephs and ephrins may be involved in systems 

implicated in schizophrenia.  

The following studies assessed ephrin-A2-/-, ephrin-A5-/-, ephrin-A2A5-/- and 

wild-type mice to determine the role that ephrin-A2 and ephrin-A5 have on the 

connections and nuclei that regulate hearing, ASR and PPI. Additionally, because of 

substantial evidence indicating that these proteins have a role in the dopamine system 

which can alter ASR and PPI, we performed quantitative analysis on dopamine cells in 

regions of origin of the ascending dopamine system, the substantia nigra pars compacta 

(SNpc) and VTA.  

Schizophrenia is characterised by marked circadian disturbances (the topic of 

Chapter 9), which may involve abnormalities in visual entrainment of sleep-wake cycles. 

The site of visual entrainment of circadian rhythms is the retinohypothalamic projection 

to the suprachiasmatic nucleus (SCN). Ephrin-As are integral to the guidance of visual 

system axons in development (Wilks et al., 2010), and may play a yet to be defined role 

in this projection. We assessed this possibility that ephrin-A2 and ephrin-A5 may be 

involved in circadian rhythms and SCN function by examining the circadian rhythms of 
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various behaviours in knock-out mice. Abnormalities in these rhythms could also 

potentially indicate schizophrenia phenotypes. 

Despite the general lack of schizophrenia-phenotypes revealed in these chapters, 

we discovered several important functions of ephrin-A2 and ephrin-A5 in the 

development of hearing, dopaminergic nuclei and neuromotor function. 
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Chapter 3: Auditory Brainstem 

Responses of ephrin-A2-/-, ephrin-A5-/-, 
and ephrin-A2A5-/- mice 

 

Publication Details: Yates N, Robertson D, Martin-Iverson M, Rodger J.  

Auditory Brainstem Responses of Ephrin-A2-/-, Ephrin-A5-/- and Ephrin-A2A5-/- Mice. 

Audiology and Neurotology. 2014;19:115-26. 
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3.1 Abstract 

Eph receptors and ephrin ligands are large families of cell-surface proteins which 

have established roles in axonal growth and guidance. These are well characterised in the 

visual and somatosensory systems but are less well documented in the auditory pathway. 

We examined the possible functional role of two ephrin genes (ephrin-A2 and ephrin-A5) 

in the auditory system by measuring auditory brainstem responses (ABRs) to tone bursts 

from 6-30 kHz in ephrin-A2-/-, ephrin-A5-/- and ephrin-A2A5-/- (knockout) mice. At high 

frequencies, ephrin-A2A5-/- mice exhibited thresholds that were significantly lower than 

wild-type by approximately 20 dB, suggesting ephrin-A2 and ephrin-A5 may have 

frequency-specific effects in the auditory system. There were also alterations in ABR 

wave peak amplitudes that were specific to each mouse strain that suggested both 

peripheral and central involvement of EphA-ephrin-A signalling in auditory function.  
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3.2 Introduction 

The Eph tyrosine kinase receptor family of proteins and their ligands, the ephrins 

(Klein, 2004, Uziel et al., 2006) have been implicated in the development of connectivity 

within the somatosensory system (Prakash et al., 2000, Uziel et al., 2002, Uziel et al., 

2006), visual system (Triplett and Feldheim, 2012), hippocampus (Gao et al., 1998, Gao 

et al., 1999, Martínez et al., 2005, Otal et al., 2006) and in the auditory system (Miko et 

al., 2007). These proteins generate and maintain connections by acting as attractive and/or 

repulsive guidance cues for axonal growth cones (Mellitzer et al., 2000). Furthermore, 

the receptors and ligands are commonly expressed as complementary gradients across the 

connected regions, underpinning highly organised topographic representations of sensory 

input (Goodhill and Richards, 1999).  

Among the many ephrin ligand family members, ephrin-A2 and ephrin-A5 have 

particularly well documented roles in visual system function and development (Feldheim 

et al., 2000, McLaughlin et al., 2003, Haustead et al., 2008, Wilks et al., 2010). They are 

essential in guiding the formation of topographically accurate connections between visual 

nuclei (Brown et al., 2000b); removal of ephrin-A2 and ephrin-A5 results in increased 

numbers of projections and synapses in visual regions of the brain such as the superior 

colliculus (Feldheim et al., 2000, Haustead et al., 2008, Triplett et al., 2009, Wilks et al., 

2010) and visual cortex (Cang et al., 2005), resulting in visual behavioural deficits 

(Haustead et al., 2008). Similarly, removal of ephrin-A5 results in abnormal topography 

in somatosensory regions of the brain (Prakash et al., 2000, Vanderhaeghen et al., 2000, 

Uziel et al., 2002, Uziel et al., 2006). However, few studies have investigated the 

functional role of these proteins in the auditory system. 

During various times in development and adulthood, ephrin-A2 and ephrin-A5 

are expressed in several parts of the cochlea and auditory nerve (AN) including the 
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cochlea connective tissue, cochlear neurons, supporting cells and outer hair cells (Bianchi 

and Gale, 1998, Bianchi and Liu, 1999, Pickles et al., 2002, Pickles, 2003, Lee and 

Warchol, 2005, Siddiqui and Cramer, 2005, Saeger et al., 2011, Defourny et al., 2013). 

Ephrin-A2 and ephrin-A5 are also expressed in more central auditory structures such as 

the inferior colliculus and medial geniculate body (Zhang et al., 1996, Lyckman et al., 

2001). However, the functional and guidance roles of these proteins remain largely 

unexplored in the auditory pathway. Recently, ephrin-A5-/- mice have been shown to 

have ectopic projections in the cochlea, with type 1 afferent fibres projecting to outer hair 

cells instead of inner hair cells (Defourny et al., 2013). The same study used auditory 

brainstem responses (ABRs) and showed normal thresholds and reduced suprathreshold 

amplitudes to click stimuli in ephrin-A5-/- mice but the sensitivity to individual 

frequencies was not assessed.  

The present study assessed the functional effects of ephrin-A2 and ephrin-A5 

single and double knock-out on the auditory thresholds of mice by recording auditory 

brainstem responses. We analysed thresholds and amplitudes of individual ABR 

components across a wide range of audible sound frequencies to gain insight into the 

potential roles of these proteins in regulating connections between auditory brainstem 

regions and generating tonotopic maps. Overall our data suggest that ephrin-A2 and 

ephrin-A5 play a role in the development of the auditory system in the cochlea, auditory 

nerve and/or brainstem auditory nuclei. 

3.3 Methods 

3.3.1 Animals 

Four strains of mice were used in the experiment; WT C57Bl/6J (N=18, age = 

14.2 ± 4.8 weeks), ephrin-A2-/- (N=17, age = 19.9 ± 11.6 weeks), ephrin-A5-/- (N=9, age 

= 22.9 ± 6.0 weeks) and ephrin-A2A5-/- (N=16, age = 22.6 ± 11.0 weeks). The knockout 
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mice of the same background strain as wild-type (C57Bl/6J) and have been backcrossed 

onto this strain for over 15 generations. It was not feasible to use WT littermates because 

of the low probability of generating useful single and double knockout homozygote mice 

from double heterozygote parents. Mice were bred at the University of Western Australia 

and genotyped at weaning as previously described (Haustead et al., 2008) (ephrin-A2: 

5′_CCG CTT CCT CGT GCT TTA CGG TAT C3′_; 5′_ATA CCG TGG AGG TGA 

GCA TC3_; 5′_AAA AGG GGG TGA AGA GTT GG3′_; ephrin-A5: 5′_TCC AGC TGT 

GCA GTT CTC CAA AAC A3′_; 5′_ATT CCAGAGGGGTGA CTA CCA CAT T3′_; 

5′_AGC CCA GAA AGC GAA GGA GCA AAG C3’). Animals were anaesthetized with 

10 mg/kg xylazine and 70 mg/kg ketamine (i.p.) and were placed on a heating pad at 39°C 

and wrapped in bubble wrap for insulation for the duration of the auditory brainstem 

recordings. After recordings were complete, animals were euthanized with intraperitoneal 

injection of 0.1 ml Lethabarb (325 mg/ml sodium pentobarbitone, Virbac animal health). 

All procedures were approved by the University of Western Australia Animal Ethics 

Committee (approval number: 03/100/1020). 

3.3.2 Auditory Brainstem Recordings 

Recordings took place in a sound-attenuated room. Auditory brainstem responses 

were evoked using tone bursts of 5 ms duration with a 1 ms rise-fall-time presented at 10 

bursts/sec. The sound was generated by custom made software (Neurosound, MI Lloyd). 

The output had a 96 kHz sampling rate with optical output from a RME DIGI 9636 sound 

card connected to an RME AD-8 DS AD/DA converter (RME Intelligent Audio 

Solutions, Germany). The output of this was connected to a high voltage power supply 

connected to a reverse-driven ½ inch condenser microphone (Bruel and Kjaer type 4134). 

A cone was attached to the microphone, and the tip of the cone was placed under visual 

guidance using a surgical microscope so as to just touch the inner edge of the tragus of 

the left ear pointing towards the ear canal. The sound pressure level (SPL) was calibrated 
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using a Bruel and Kjaer ¼ inch condenser microphone placed at the approximate location 

of the eardrum. Absolute calibration was provided by a Bruel and Kjaer pistonphone (94 

dB SPL at 1000 Hz). 

Recording electrodes were insulated silver wires inserted subdermally via a 233/4 

gauge needle with the negative wire next to the pinna above the left mastoid, the positive 

wire on the vertex and the ground at the base of the tail. The electrodes were connected 

to a DAM 50 differential amplifier (World Precision Instruments) with x1000 gain and 

with a 300-3000 Hz band pass filter. The responses were acquired by a Powerlab/4ST 

(AD Instruments) which was then linked via USB to a computer running Scope software 

(AD Instruments). The response was digitised with a sampling rate of 40 kHz, with 2 ms 

of sampling before tone onset and 10 ms after and was averaged over 400 stimulus 

presentations. 

Thresholds were assessed at 6, 12, 18, 24 and 30 kHz, with 12 kHz presented first 

followed by the other frequencies in pseudorandom order. Stimuli were first presented at 

10 dB attenuation (73 dB SPL) followed by increasing attenuation in 10 dB steps until 

the peaks were no longer visible. The SPL was then increased by 5 dB to obtain an 

estimated threshold to within 5 dB. The threshold was taken to be the average dB level 

between these descending and ascending estimates. 

3.3.3 Statistics and Analysis 

Statistical analysis was performed by GraphPad Prism (version 5.04, GraphPad 

Software Inc.) or R Studio (version 0.97.316) with R (version 2.15.2) and packages stats 

(version 2.13.1) and ez (version 3.0-0). Repeated measures analysis was used when 

applicable, and post-hoc tests compared the knock-out groups to wild-type, using exact 

Holm-Bonferroni correction. If one factor was determined not to have a main effect from 

a 2-way ANOVA the data were pooled, and analysed with a 1-way ANOVA and post-
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hoc pair-wise comparisons. Averaged data are presented as Means ± SEMs. We 

confirmed that age had no effect on threshold using linear regression for hearing threshold 

for each genotype and frequency assessed (all p > .05). Furthermore, the background 

strain shows only late onset hearing loss at an age older than our animals (Hunter and 

Willott, 1987b, Zheng et al., 1999, Keithley et al., 2004). 

3.4 Results 

In order to investigate a possible frequency-specific effect of ephrin-A2 and/or 

ephrin-A5 knockout on hearing, ABRs were recorded from each group at a range of 

frequencies. Example traces are shown in Figure 3.1. The waveforms produced were 

characterised by 5 distinct waves which, using common convention, were designated 

Wave I to V (Figure 3.1). A value for threshold was determined offline at each frequency. 

Following threshold determination, latencies and amplitudes of positive peaks 

corresponding to Wave I to V were designated as P1 to P5. For each peak, amplitudes 

were calculated as the maximum peak value – lowest trough value of each wave, and 

latencies as the time of the maximum amplitude of the corresponding peak. We analysed 

each wave separately because the different waves reflect evoked signals from different 

parts of the auditory pathway (Achor and Starr, 1980, Møller and Jannetta, 1983, Wada 

and Starr, 1983a, Wada and Starr, 1983c, Wada and Starr, 1983e). 
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Figure 3.1. Example traces of auditory brainstem responses from each genotype from 12kHz tone 
presentations. The sound pressure level is illustrated on the left hand side of each graphs, and the genotype 
of the animal is listed below the graph. The wave peaks are illustrated by roman numerals above the first 
waveform. 

3.4.1 ABR thresholds 

Figure 3.2 shows thresholds for all genotypes and all frequencies. An omnibus 

ANOVA (Genotype x Frequency) was performed which showed there was a highly 

significant main effect of genotype (F(3,204) = 23.98, p <0.0001) and interaction of 

genotype and frequency (F(3,204) = 4.98, p<0.01). There was no main effect of frequency 

(F(1,204) = 2.00, p = 0.16). Planned one-way ANOVAs were performed within each 

frequency. There were no significant differences between genotypes at the two lowest 

frequencies, 6 kHz (F(3,38) = 0.75, p = 0.53) and 12 kHz (F(3,41) = 2.07, p = 0.12). However, 

separate ANOVAs at individual frequencies indicated significant main effects of 

genotype at the higher frequencies, 18 kHz (F(3,40) = 6.90, p < 0.001), 24 kHz (F(3,38) = 

3.38, p < 0.0001) and 30 kHz (F(3,35) = 7.51, p < 0.001). As shown in Figure 3.2, post-hoc 

comparisons revealed that ephrin-A2A5-/- mice had lower (more sensitive) thresholds 
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than the WT controls (18kHz, p < 0.001; 24kHz, p < 0.0001; 30kHz, p < 0.001). There 

was a similar trend in the single knockout ephrin-A2-/- mice, but unlike ephrin-A2A5-/- 

the decrease in threshold reached significance only at 24 kHz (p < 0.01) and 30 kHz (p < 

0.05), but not 18kHz (p > 0.05). Thus, ephrin-A2A5-/-, and to a lesser extent ephrin-A2-/- 

mice, had a lower threshold to high frequency stimuli compared to WT. Ephrin-A5-/- mice 

showed no significant alterations in threshold compared to WT (p values all > 0.05). 

 
Figure 3.2. Estimated thresholds as determined by ABR at each frequency. ANOVA results are shown 
above the bars for each frequency. Post-hoc analyses are show in the line breaks and compare the KO 
groups to wild-type. Significance values: * p<.05, ** p<.01, *** p<.001, **** p <.0001. Error bars 
represent SEM. 

3.4.2 ABR Latencies  

Following threshold determination the ABR waveforms were analysed to 

determine the latencies of each peak at 40 dB above threshold for each frequency (Figure 

3.3). A 2-way ANOVA (Genotype x Frequency) showed that there was a significant effect 

of frequency for peak 1 latency (F(4,166) = 8.08, p< 0.0001), with latency decreasing with 

increasing frequency, consistent with the known mechanical and morphological 
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properties of the cochlea (Neely et al., 1988). There was also a significant effect of 

genotype (F(3,166) = 5.39, p < 0.01), though pair-wise post-hoc tests did not reveal source 

of these differences. For all other peaks, P1 latency was subtracted from the peak latency 

in order to provide an estimate of neural conduction time. Peaks 2, 3 and 5 showed a 

significant effect of genotype (P2, F(3,162) = 4.75, p < 0.01; P3, F(3,162) = 3.83, p < 0.05; 

P5, F(3,162) = 4.96, p < 0.01). Peak 4 was not significant for genotype (F(3,162) = 2.57, p = 

0.06). None of the peaks 2 to 5 had significant effects of frequency (P2, F(3,162) = 0.12, p 

= 0.98; P3, F(4,162) = 1.19, p = 0.32; P4, F(4,162) = 0.88, p = 0.48; P5, F(4,162) = 0.30, p = 

0.87).  

Because there were no main effects of frequency on P2 to P5 latency, data was 

pooled across frequencies for each genotype (Figure 3.3, bars) and peak. ANOVAs were 

performed on the pooled data which showed that there was a significant effect of genotype 

at each peak (P2, F(3,178) = 4.95, p < 0.01; P3, F(3,172) = 2.80, p < 0.05; P4, F(3,178) = 3.14, 

p < 0.05; P5 F(3,178) = 5.76, p < 0.001). As shown in Figure 3.3, there were post-hoc 

differences ephrin-A5-/- mice which had prolonged latencies from P2 to P5 (all p < 0.05). 

All knock-out groups showed prolonged latencies for P5 (all p < 0.05).  
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Figure 3.3. Wave peak latencies in response to sound 40dB above threshold at each frequency. The raw 
latency of peak 1 is shown in A). Graphs B) to E) show latencies of peaks 2 to 5 respectively corrected for 
peak 1 latency. To the right of the line graphs in B) to E) are bar graphs showing the results of pooling data 
across frequencies. Data was analysed using a 2-way (Genotype X Frequency), regular ANOVAs, and post-hoc 
analysis used Holm-Bonferroni corrected t-tests comparing Wild-Type to each Knock-Out. Significance: * p<.05, ** 
p<.01, *** p<.001, **** p<.0001. Error bars represent SEM. 

To provide more information about latency, each animal’s responses were 

determined from 33-73 dB SPL in response to 18 kHz tone bursts. The selected SPL range 

allowed suprathreshold analysis for all genotypes. We chose 18kHz because this was the 

most sensitive part of the audiogram at which genotype effects were evident (Figure 3.4). 

As shown in Figure 3.4, P1 latency had a significant effect of genotype (F(3,191) = 6.34, p 

< 0.001) and sound intensity (F(4,191) = 5.10, p < 0.001).  
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Figure 3.4. Input-output functions of latency of ABR peaks evoked by 18 kHz tone pips. The raw latency 
of peak 1 is shown in A). Graphs B) to E) show latencies of peaks 2 to 5 respectively corrected for peak 1 
latency. To the right of the line graphs in B) to E) are bar graphs showing the results of pooling data across 
sound intensities. Data was analysed using a 2-way (Genotype X Sound Intensity), regular ANOVAs, and 
post-hoc analysis used Holm-Bonferroni corrected t-tests comparing Wild-Type to each Knock-Out. 
Significance: * p<.05, ** p<.01, *** p<.001, **** p<.0001. Error bars represent SEM. 

For all other peaks, P1 latency was subtracted from the peak latency (Figure 3.4B 

– 4E). The P2-P1 latency was characterised by flat input-output curves and no significant 

differences, suggesting that auditory nerve conduction velocity (Wave I to wave II) was 

normal in all genotypes (Genotype, F(3,193) = 0.34, p = 0.80; Sound Intensity, F(4,193) = 

1.04, p = 0.39; Interaction, F(12,193) = 0.68, p = 0.77). There was a significant effect of 

genotype for P3, P4 and P5 latency relative to P1, but no effect of sound intensity or 

interaction effects (P3-P1: genotype, F(3,193) = 4.46, p < 0.01; sound intensity, F(4,193) = 

0.35, p = 0.85; interaction, F(12,193) = 0.50, p = 0.91; P4-P1: genotype, F(3,203) = 3.4, p < 

0.05, sound intensity, F(4,203) = 0.038, p = 0.997; interaction , F(12,203) = 0.13, p = 0.9998; 

P5-P1: genotype, F(3,183) = 7.02, p < 0.001 sound intensity, F(4,183) = 0.37, p = 0.83; 
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interaction , F(12,183) = 1.16, p = 0.31). This allowed us to pool the data across sound 

intensities. For P3-P1 and P5-P1, one-way ANOVA showed significant differences 

between genotypes (P3-P1, F(3,209) = 4.67, p < 0.01; P5-P1, F(3,209) = 4.38, p < 0.01), and 

pair-wise comparisons showed that this difference was due to an elevation in ephrin-A5-

/- latency (p < 0.05) for both peaks. Despite a significant effect of genotype in pooled P4-

P1 latencies (F(3,219) = 3.68, p < 0.05), pair-wise comparisons showed only a trend for 

reduced latency in ephrin-A2A5-/- mice. 

3.4.3 ABR Amplitudes  

The amplitudes of each wave were determined at 40dB above threshold at each 

frequency (Figure 3.5). There was a significant main effect of genotype for all peak 

amplitudes (P1, F(3,140) = 17.33, p < 0.0001; P2, F(3,140) = 8.52, p < 0.0001; P3, F(3,140) = 

6.58, p < 0.001; P4, F(3,140) = 9.63, p < 0.0001; P5, F(3,140) = 8.52, p < 0.0001). There was 

a significant effect of frequency for P2 amplitude (P2, F(4,140) = 2.53, p < 0.05), but this 

was not found with other peaks (P1, F(4,140) = 1.98, p = 0.10; P3, F(4,140) = 0.79, p= 0.54; 

P4, F(4,140) = 1.29, p = 0.28; P5, F(4,140) = 2.14, p = 0.08). There were no significant 

interactions between genotype and frequency (P1, F(12,140) = 0.51, p = 0.91; P2, F(12,140) = 

0.21, p = 0.998; P3, F(12,140) = 0.77, p = 0.68; P4, F(12,140) = 0.37, p = 0.97; P5, F(12,140) = 

1.09, p = 0.37). Because there was no main effect of frequency for P1, P3, P4, and P5 

data for these peaks was pooled and analysed by 1-way ANOVAs. There was significant 

difference between genotypes for each of these peaks (P1, F(3,156) = 18.90, p < 0.0001; P3, 

F(3,156) = 7.56, p < 0.0001; P4, F(3,156) = 11.14, p < 0.0001; P5, F(3,156) = 9.86, p < 0.0001). 

The analysis showed that there was a significant increase in ephrin-A2-/- (p < 0.001) and 

decrease in ephrin-A5-/- (p < 0.01) P1 amplitude. Ephrin-A2A5-/- showed increased 

amplitudes for P4 and P5 (p < 0.01). Ephrin-A5-/- also showed increased amplitude for 

P4 (p < 0.01). 
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In order to investigate whether changes in amplitude of later peaks were related 

to changes in earlier peaks, we analysed the amplitude of each peak relative to P1 for 

responses to 18kHz tone pips 40dB above threshold. The amplitude ratios of P2, P3 and 

P4 relative to P1 were not significant (data not shown, P2,F(3,33) = 1.23, p = 0.31; P3,F(3,34) 

= 0.70, p = 0.56; P4,F(3,34) = 1.97, p = 0.14). The only significant difference occured in 

the P5/P1 ratio (Figure 3.5F; ANOVA F(3,34) = 4.14, p < 0.05) which was due to 

significantly elevated ratio in ephrin-A2A5-/- mice (p < 0.05). 

Changes in peak amplitudes were further investigated at a range of sound 

pressures between 33 to 73dB SPL in response to 18kHz tone bursts (Figure 3.6). There 

was a main effect of genotype for each wave peaks (P1, F(3,211) = 17.20, p < 0.0001; P2, 

F(3,211) = 16.42, p < 0.0001; P3, F(3,211) = 6.034, p < 0.001; P4, F(3,211) = 16.98, p < 0.0001; 

P5, F(3,211) = 33.03, p < 0.0001) and for sound intensity peaks (P1, F(4,211) = 21.52, p < 

0.0001; P2, F(4,211) = 16.05, p < 0.0001; P3, F(4,211) = 12.46, p < 0.0001; P4, F(4,211) = 10.73, 

p < 0.0001; P5, F(4,211) = 14.56, p < 0.0001), but never an interaction effect (P1, F(12,211) = 

1.37, p= 0.18; P2, F(12,211) = 1.56, p = 0.11; P3, F(12,211) = 1.07, p= 0.39; P4, F(12,211) = 0.37, 

p = 0.97; P5, F(12,211) = 0.78, p = 0.67), indicating that changes in sound pressure affected 

all genotypes equally (Figure 3.6). The differences in amplitude were primarily due to 

elevation of amplitude in ephrin-A2A5-/- mice, which was consistently found in peaks P2-

P5 and was most evident in peak 5. However, peak 1 showed a different pattern: ephrin-

A2A5-/- mice had normal amplitudes while ephrin-A2-/- and ephrin-A5-/- mice had 

elevated and reduced amplitudes respectively. When amplitudes were expressed relative 

to peak 1, there was a main effect of genotype for each ratio (P2, F(3,211) =6.84, p < 0.001; 

P3, F(3,211) = 3.88, p < 0.01; P4, F(3,211) = 8.95, p < 0.0001; P5, F(3,211) = 24.88, p < 0.0001), 

but post-hoc tests showed significance only in the P5/P1 ratio which showed that ephrin-

A2A5-/- mice had elevated ratios (Figure 3.6F). The source of genotype efect for the P2, 

P3 and P4 ratios was unclear. There were no main effects of sound intensity (P2, F(4,211) 
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= 0.65, p = 0.62; P3, F(4,211) = 0.71, p = 0.59; P4, F(4,211) = 0.37, p = 0.83; P5, F(4,211) = 

0.47, p = 0.996) or any interactions in this data (P2,F(12,211) = 0.85, p = 0.60; P3, F(12,211) 

= 0.32, p = 0.99; P4, F(12,211) = 0.54, p = 0.88; P5, F(12,211) = 0.24, p = 0.75). 

 
Figure 3.5. Wave peak amplitudes in response to sound 40dB above threshold at each frequency for each 
genotype. Wave peak 1 to 5 amplitudes are shown in A) to E) respectively. The amplitude ratio of P5 to P1 
is shown in panel F). Graphs A), and C) to E) show bar graphs of the data pooled across frequencies. Data 
was analysed using a 2-way (Genotype X Sound Intensity), regular ANOVAs, and post-hoc analysis used 
Holm-Bonferroni corrected t-tests comparing Wild-Type to each Knock-Out. Significance: * p<.05, ** 
p<.01, *** p<.001, **** p<.0001. Error bars represent SEM. 
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Figure 3.6. Input-output functions of amplitude of ABR peaks evoked by 18kHz tone pips. Data from peaks 
1 to 5 are shown in figures A) to E) respectively. The amplitude ratio of P5 to P1 is shown in panel F). Data 
was analysed using a 2-way ANOVA (Genotype X Frequency) for A) to E) and 1-way ANOVA for F). Post-hoc 
analysis used Bonferroni-corrected t-tests comparing Wild-Type to each Knock-Out. Significance: * p<.05, ** p<.01, 
*** p<.001, **** p<.0001. Error bars represent SEM. 

3.5 Discussion 

In summary, our data suggest that ephrin-A2 and ephrin-A5 play a role in auditory 

system development and have effects on mature auditory system function. Furthermore, 

our data indicate that these effects are exerted in both peripheral and central components 

of the system. 
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3.5.1 Ephrin-A2-/- and Ephrin-A2A5-/- Mice show lowered thresholds compared to 
wild-type mice 

Perhaps the most striking finding of this study is that there was a significant 

increase in sensitivity in hearing thresholds at high frequencies for ephrin-A2-/- and 

ephrin-A2A5-/- mice. This finding is robust, suggestive of an important role for ephrin-

A2 and ephrin-A5 in the auditory brainstem. The difference in threshold is additionally 

supported by the separation of sound intensity/frequency input-output curves between 

genotypes. The curves show increased peak amplitudes for ephrin-A2 and more strikingly 

for ephrin-A2A5-/- mice. Thus for a given sound intensity or frequency the auditory 

brainstem of these mice generates a larger response, consistent with a lower threshold. 

The potential sources of these differences is discussed below by looking at  individual 

genotypes and effects on individual peaks. 

3.5.2 Ephrin-A5-/- Mice Show Wave Amplitudes and Latencies which reflect 
alterations in auditory nerve function 

Despite the fact that ephrin-A5-/- mice had normal thresholds, the amplitude of 

wave I was reduced at all intensities, suggesting reduced suprathreshold function of the 

peripheral auditory nerve (Stockhard and Rossiter, 1977, Achor and Starr, 1980, Møller 

and Jannetta, 1983, Starr et al., 1996). This result has interesting comparisons to human 

tinnitus sufferers who also show normal thresholds but reduced wave I amplitudes, 

consistent with reduced primary afferent activity or synchronization (Schaette and 

McAlpine, 2011). A reduction in auditory nerve suprathreshold function is supported by 

the prolonged P2-P1 latencies at 40dB above threshold, which suggests that conduction 

velocity in the auditory nerve is reduced in ephrin-A5-/- mice. Our results using tone 

evoked ABRs responses in ephrin-A5-/- mice are consistent with the ABR findings of 

Defourney et al. (2013), who also demonstrated normal thresholds but reduced 

suprathreshold amplitudes using click stimuli in the same mouse strain. In development, 

in situ hybridization in the mouse shows that ephrin-A5 is expressed in the developing 
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auditory system during E8.5-E10 (Saeger et al., 2011) and is also expressed in the 

embryonic statoacoustic ganglion of rat (Bianchi and Gale, 1998). Most recently ephrin-

A5 has been examined in the cochlea, and has been shown to be expressed in outer hair 

cells (Defourny et al., 2013). In normal animals, projections of EphA4 positive auditory 

nerve fibres are restricted to inner hair cells in the cochlea by ephrin-A5 expression in 

OHCs (Defourny et al., 2013). When ephrin-A5 is removed, EphA4 positive AN fibres 

project to OHCs instead of IHCs, resulting in reduced functional synapses at IHCs 

(Defourny et al., 2013). Loss of IHC innervation is consistent with wave I reduced 

amplitudes. The maintained threshold, despite reduction of suprathreshold amplitude, 

could be explained by the previously described sparing of a small percentage of AN fibres 

projecting to IHCs (Defourny et al., 2013). If these spared fibres correspond to the subset 

of neurons that normally exhibit the lowest thresholds, the ABR threshold may remain 

the same. It has been previously demonstrated that thresholds are relatively insensitive to 

loss of neuronal function until relatively large levels of damage (El-Badry and McFadden, 

2007, Gu et al., 2012). . Thus ephrin-A5-/- mice may exhibit abnormal hearing but normal 

thresholds in a similar way to tinnitus sufferers (Schaette and McAlpine, 2011). 

It is an unusual finding that there is decreased peripheral AN function (wave I 

amplitude) but not decreased proximal AN function (wave II input-output amplitude). 

This suggests that while there is a reduction in input from IHCs to the AN, the inputs to 

cochlear nucleus (CN) from the AN are near normal levels. It is possible that there may 

also be down-stream effects in addition to those intracochlear changes described by 

Defourny (2013). One possible source of changes could be explained by loss of 

interaction between ephrin-A5 positive AN fibres with EphA7 in the CN (Rogers et al., 

1999). There are many examples that show that ephrin-A5-EphA7 interactions are 

inhibitory to neurite outgrowth (hippocampus (Gao et al., 1999), somatosensory cortex 

(Miller et al., 2006)). Assuming that EphA7 and ephrin-A5 interact in a similar way in 
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the CN, removal of ephrin-A5 may result in sprouting of central processes of AN fibres 

and increased projections to the CN due to loss of inhibitory interactions with EphA7. 

This could result in wave II showing normal amplitude despite reduced peripheral 

activity. The prolonged P2-P1 latency supports the notion of alterations in CN innervation 

and changes conduction velocity between the proximal auditory nerve and CN.  

3.5.3 Ephrin-A2-/- Mice Show Reduced Auditory Thresholds and Alterations in Wave 
Amplitudes Indicating Possible changes in Auditory nerve function 

Ephrin-A2-/- mice showed frequency-specific increased sensitivity (reduced 

thresholds) and increased wave I amplitude. These results suggest that ephrin-A2 may 

play an important role in peripheral auditory nerve function in the cochlea. Expression 

studies show that ephrin-A2 is expressed in the AN and acoustic ganglia (Bianchi and 

Gale, 1998, Pickles et al., 2002, Lee and Warchol, 2005, Siddiqui and Cramer, 2005) as 

well as in supporting cells and connective tissue of the cochlea (Pickles et al., 2002). The 

most likely binding partner for ephrin-A2 in this system is the EphA4 receptor which is 

expressed by IHC (Bianchi and Gale, 1998). To date, the functional consequences of 

ephrin-A2-EphA4 binding have not been examined in the auditory system, although they 

are known to bind with high affinity (Flanagan and Vanderhaegen 1998) Furthermore, 

studies in the visual system suggest ephrin-A2-EphA4 binding leads to neurite repulsion 

(Yin et al., 2004), consistent with the largely complementary expression patterns of these 

proteins in the cochlea (Bianchi and Gale, 1998). The increased wave I amplitude may 

therefore be due to a loss of inhibitory interactions between ephrin-A2 and EphA4 

receptors, resulting in increased AN innervation of IHCs. In support of the possibility 

EphA4 repulsed developing cochlear ganglion neurites, although the role of ephrin-A2 

was not assessed (Brors et al., 2003). The increase in the amplitudes of later peaks is 

expected to be due to increases in peripheral sensitivity, because amplitude ratios for all 

other peaks to peak 1 were normal (data not shown). Furthermore, latencies of early these 
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peaks corrected for peak 1 appear normal, suggesting once cochlear effects are considered 

all other nuclei responded reasonably normally. 

3.5.4 Ephrin-A2A5-/- Mice Show Reduced Auditory Thresholds and Increased 
Amplitudes of Wave II to V 

Ephrin-A2A5-/- mice demonstrate reduced thresholds at 18 – 30 kHz, which again 

suggests a frequency-specific increased neuronal sensitivity to sound. This implies that 

ephrin-A2 and/or ephrin-A5 may play a role in generating topographic maps in the 

auditory brainstem. However, in contrast to the single knockouts (ephrin-A5-/- and ephrin-

A2-/-), ephrin-A2A5-/- mice have normal wave I amplitudes, suggesting overall normal 

distal AN sensitivity. Strikingly however, ephrin-A2A5-/- mice had elevated amplitudes 

for peaks 2 (proximal AN) to 5 (inferior colliculus/lateral lemniscus).  

The normal wave I amplitude in ephrin-A2A5-/- mice may reflect opposing effects 

of ephrin-A5-/- (reduced amplitude, reduced IHC synapses) and ephrin-A2-/- (increased 

amplitude, predicted increased IHC synapses). The increased amplitude of peaks later 

than wave I may be due to an increase in neuronal responsiveness or recruitment of more 

postsynaptic neurons downstream of the peripheral AN. Lack of ephrin-A2 and ephrin-

A5 could promote exuberant AN projections to the CN due to loss of inhibition with 

EphA receptors, as described above. The increased amplitudes in waves III and IV 

(superior olivary complex and lateral lemniscus) could be a consequence of increased 

wave II (proximal AN and CN).  

While all wave amplitudes in ephrin-A2A5-/- were increased, when differences in 

threshold and peripheral AN activity were taken into account, only wave V (inferior 

colliculus) showed significantly increased amplitude, implying that the inferior colliculus 

shows increased responsiveness relative to other auditory structures. In normal 

development ephrin-A5 is expressed in the inferior colliculus (Zhang et al., 1996) so it 
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would be expected that ephrin-A5-/- mice would have a phenotype involving this 

structure. The increased ratio of P5 to P1 amplitude suggests that there is an increase in 

recruitment of neurons between the peripheral AN and inferior colliculus. This was not 

found in ephrin-A5-/- mice, which may be due to confounding effects of P1 amplitudes 

and thus peripheral AN activity. It is possible that ephrin-A5 knock-out increases the 

number or strength of connection between other auditory brainstem nuclei such as the 

inferior colliculus, whilst decreasing AN function. However, the increased connectivity 

may only be revealed in ephrin-A2A5-/- mice where AN activity is normal. 

3.5.5 Latency Effects are Complex but may be explained by Disordered Connections 

The latency input-output curves show that there are significant differences 

between the genotypes. Overall our latency data suggests that ephrin-A5 and potentially 

ephrin-A2 have roles in latency, though the precise roles are not clear. Latency effects 

have previously been observed in the superior colliculus of ephrin-A2A5-/- mice (Rodger 

et al., 2012) although the mechanism was not explored.  

3.5.6 Conclusions 

In conclusion, our data demonstrate that ephrin-A2 and ephrin-A5 differentially 

affect auditory brainstem responses in mice. In particular ephrin-A2-/- and ephrin-A2A5-

/- mice show reduced thresholds. This does not necessarily mean that ephrin-A2A5-/- mice 

have superior hearing behaviourally, but only that their threshold estimated 

electrophysiologically, is better. In addition, auditory changes are frequency-specific, 

which suggests that ephrin-A2 and ephrin-A5 may have a role in establishing and/or 

maintaining tonotopic maps in the auditory system as they do in the visual system 

(Triplett et al., 2009, Wilks et al., 2010) although direct mapping experiments would be 

needed to confirm this. 
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 Analysis of wave peak amplitudes of the ABR suggests that ephrin-A5 and 

ephrin-A2 affect cochlear function, in particular, the relative innervation densities of 

inner and outer hair cells. While the cochlea-dependent effects of ephrin-A5-/- have been 

studied in detail previously, and provide much insight into ABR abnormalities, the 

anatomical role of ephrin-A2 in the mature auditory system and the reasons for reduced 

thresholds of ephrin-A2-/- and ephrin-A2A5-/- remains relatively unknown. The most 

prominent central effects were observed in the double ephrin-A2A5-/- mice, presumably 

because of redundancy within the ephrin-A family. For example EphA2 - EphA8 

receptors are capable of binding to all ephrin-A proteins (Aoto and Chen, 2007).  

The improvement in estimated thresholds nonetheless is a robust finding that is 

both highly unusual and exciting. If ephrin-A2 and/or ephrin-A5 do restrict connectivity 

in the auditory system, they may be potential therapeutic targets for promoting repair 

and/or regeneration. This is an interesting possibility as ephrin-A2 is upregulated during 

hair cell regeneration, and may play an important role in axon guidance (Lee and 

Warchol, 2005). If these proteins could be targeted by antagonistic therapeutics as has 

been explored elsewhere in the nervous system (Goldshmit et al., 2004, Rodger et al., 

2004), there is the possibility of enhancing the regenerative capacity of the cochlea. It 

would also be interesting to assess ephrin-A-/- mice for any possible alterations in 

presbycusis, especially considering the high-frequency enhancement found in our 

animals. 
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4.1Abstract 

Many factors influence neurodevelopment. However, their contribution to adult 

neural function is often unclear. This is often due to complex expression profiles, cell 

signalling, neuroanatomy, and a lack of effective tests to assess the function of neural 

circuits in vivo. Ephrin-A2 and ephrin-A5 are cell surface proteins implicated in multiple 

aspects of neurodevelopment. While the role of ephrin-As in visual, auditory and learning 

behaviours has been explored, little is known about their role in dopaminergic and 

neuromotor pathways, despite expression in associated brain regions. Here we probe the 

function of ephrin-A2 and ephrin-A5 in the development of the dopaminergic and 

neuromotor pathways using counts of tyrosine hydroxylase (TH) positive cells in the 

substantia nigra pars compacta (SNpc) and the ventral tegmental area (VTA), the acoustic 

startle reflex (ASR), and a measure of sensorimotor gating, prepulse inhibition (PPI). 

Analysis of the ASR and PPI in ephrin-A2 and/or ephrin-A5 knock-out mice revealed 

that both genes play distinct roles in mediating ASR circuits, but are unlikely to play a 

role in PPI. Knock-out of either gene resulted in robust changes in startle response 

magnitude and measures of startle onset and peak latencies. However, ephrin-A2 and 

ephrin-A5 regulate aspects of the ASR differently: ephrin-A2 KO mice have increased 

startle amplitude, increased sensitivity and reduced latency to startle, whilst ephrin-A5 

KO mice show opposite effects. Neither of the gene knock outs affected PPI, despite 

ephrin-A5 KO mice showing changes in dopamine cell numbers in nuclei thought to 

regulate PPI. We propose that majority of the changes observed ephrin-A2 and ephrin-

A5 KO mice appear to be mediated by the effects on motor neurons and their muscle 

targets, rather than changes in auditory sensitivity. 
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4.2 Introduction 

Many factors influence neurodevelopment; however, their contribution to adult 

neural function is often unclear. This is often due to complex expression profiles, cell 

signalling, neuroanatomy, and a lack of effective tests to assess the function of neural 

circuits in vivo. The use of knock-out models, however, has been advantageous in this 

regard. Ephrin-A2 and ephrin-A5 are cell surface proteins, which are implicated in 

multiple aspects of neurodevelopment including axonal guidance (Haustead et al., 2008, 

Wilks et al., 2010) and neurogenesis (Klein, 2004, Depaepe et al., 2005) in many brain 

regions. While the roles of ephrin-As in visual, auditory and learning behaviours have 

been explored, little is known about their role in dopaminergic and neuromotor pathways 

despite expression in associated brain regions (dopamine: (Lein et al., 2007, Cooper et 

al., 2009b, Deschamps et al., 2009); neuromotor: (Eberhart et al., 2000, Swartz et al., 

2001, Wang et al., 2001, Eberhart et al., 2004)). Furthermore, these pathways are highly 

suited for functional assessments because of the well-defined combination of reflexes, 

sensorimotor processes such as the acoustic startle reflex (ASR), and modulation of the 

ASR by prepulse inhibition (PPI). ASR and PPI together have been probed in many 

animal studies which primarily examine the role of the dopamine system, due to elevated 

dopamine levels in these pathways being associated with disrupted PPI and symptoms of 

schizophrenia (Ralph et al., 1999, Martin-Iverson and Else, 2000, Ralph-Williams et al., 

2002, Ralph-Williams et al., 2003, Martin-Iverson and Stevenson, 2005). 

The acoustic startle response (ASR) is a reflex with well-characterised 

neuroanatomy that is observed in many species. The reflex occurs when a loud and sudden 

sound stimulus (Fleshler, 1965) produces a widespread musculoskeletal response 

comprising of a variety of protective behaviours (Cook et al., 1991). The primary ASR 

pathway is a relatively simple short-latency circuit originating in the cochlea, proceeding 

through the lower brainstem, to cranial and spinal motor nuclei (Davis et al., 1982). The 
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size of the primary ASR is dependent on several factors such as auditory sensitivity 

(Jaspers et al., 1993, Willott et al., 1994, Carlson and Willott, 1996), age (Parham and 

Willott, 1988), species and strain (Parham and Willott, 1988, Paylor and Crawley, 1997, 

Hince and Martin-Iverson, 2005), weight, habituation (Groves and Thompson, 1970), 

attention (Scholes and Martin-Iverson, 2010) and emotion (Vrana et al., 1988, Martin-

Iverson and Stevenson, 2005). The ASR circuit encompasses many regions that express 

ephrin-A2 and ephrin-A5, including the afferent sensory portions, the cochlea (Bianchi 

and Gale, 1998, Bianchi and Liu, 1999, Pickles et al., 2002, Defourny et al., 2013) and 

auditory nerve (Lee and Warchol, 2005, Siddiqui and Cramer, 2005), where they appear 

to have an important role in hearing development(Yates et al., 2014a). Ephrin-A2 and 

ephrin-A5 are also expressed in the efferent neuromotor portion of the ASR circuit. They 

are expressed in dorsal root ganglion cells and in motor neurons that project to the 

hindlimb (Eberhart et al., 2000). The ASR appears to be excellent method to assess the 

role of ephrin-A2 and ephrin-A5 proteins in these regions due to its simple and well-

defined neuroanatomical substrates. 

The ASR response itself can be modulated or ‘gated’ by other stimuli, providing 

information on sensory, motor, and dopamine-mediated processing. This form of 

sensorimotor gating can be observed in the PPI paradigm. This occurs when the ASR 

response is inhibited by smaller non-startling stimulus, called the prepulse, that shortly 

precedes the startling stimulus. PPI of the ASR reflects subcortical attentive processing 

(Swerdlow et al., 1992a) and is modulated by several ascending and descending 

pathways. These pathways include the dopaminergic mesolimbic pathway (Swerdlow et 

al., 2001), which originates in the ventral tegmental area (VTA) and terminates in the 

nucleus accumbens (Beckstead et al., 1979). Expression and neuroanatomical data 

supports a potential role for ephrin-A2 and ephrin-A5 in the dopamine pathways, and 

potentially PPI. Ephrin-A2 and ephrin-A5 are expressed in the nucleus accumbens a 
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major terminal area of dopamine neurons, and regulator of PPI (Lein et al., 2007, Cooper 

et al., 2009b, Deschamps et al., 2009, online Allen Mouse Brain Atlas, 2014). 

Furthermore ephrin-A2 and ephrin-A5 expressing neurons are capable of interacting with 

dopaminergic EphA5-expressing neurons from the VTA (Cooper et al., 2009b, 

Deschamps et al., 2009, Wang and Marquardt, 2013).  

There is evidence for the involvement of ephrin-A5 in the dopaminergic system. 

Ephrin-A5 regulates the formation of ascending dopaminergic midbrain projections 

(Cooper et al., 2009b) and acts as a repulsive cue to dopaminergic neurons in culture 

stripe-assays (Deschamps et al., 2009). Furthermore, the knock-out of ephrin-A5 results 

in reductions in dopamine levels and increases in DOPAC levels (a dopamine metabolite) 

in the striatum, suggesting an increase in dopamine turnover (Sheleg et al., 2013).  

Our study utilized an ASR paradigm to assess the potential role of ephrin-A2 and 

ephrin-A5 in regulating sensorimotor control and gating in knock-out mouse models. We 

used the properties of the ASR and PPI to probe the unique contribution of ephrin genes 

to the functional neurodevelopment of auditory, dopamine, and motor pathways. Our 

results suggest that ephrin-A2 and ephrin-A5 affect the motor response component of the 

ASR, and that ephrin-A5 may play a role in regulating the development of dopamine 

midbrain nuclei. In particular there is evidence suggesting that ephrin-A2 and ephrin-A5 

have an important role in neuromotor development, but with each gene exerting opposite 

effects. However, neither ephrin-A2 nor ephrin-A5 have a major role in regulating 

sensorimotor gating. 

4.3 Methods: 

4.3.1 Animals  

Four genotypes were used in this study, Ephrin-A2-/- (N=11), Ephrin-A5-/- 

(N=11), Ephrin-A2A5-/- (N=10) and wild-type (WT, N=13). All animals were male adults 
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with a background strain of C57BL/6J and were younger than onset age of presbycusis 

for this strain (all animals <35 weeks old, (Hunter and Willott, 1987a, Zheng et al., 1999). 

Animals were housed in standard cages (45cm x 29 cm x 12 cm), 12 hour light/dark cycle, 

and standard enrichment conditions. They were housed in groups until 1 week before 

testing, when they were housed individually. Habituation and testing occurred at the same 

time of day for each animal, which occurred between 12pm and 5pm. 

4.3.2 Equipment and Startle Paradigm 

All animals were habituated to the holding chambers, handling, and the 

experimental room for a week prior to the experiment. The mice were habituated to the 

experiment by going through one startle testing run before the experimental day shown 

in this study. For the PPI experiments all mice were placed in transparent Perspex holding 

cages and placed in sound-attenuated chambers equipped with speakers, ventilation fans 

and startle platforms (MEDAssociates, Software :SOF-815 Version 5.0; Hardware: ANL-

925D, ANL-925E and ANL-729, cages: ENV-263A).  

The PPI conditions were as follows: Background uniform white noise level 70 dB 

SPL, 8 ms broadband noise prepulse (75 dB SPL, 1 ms rise/fall time), beginning 50 ms 

prior to the onset of a startle pulse (40 ms duration broad-band noise startle stimuli with 

0 ms rise/fall time and between 70 and 120 dB SPL in 5 dB increments, but presented 

randomly within the set of 11 intensities). The inter-trial interval was randomly chosen 

for each trial between 10 and 15 s. At the beginning of each day the sound stimuli were 

calibrated using the MEDAssociates ANL-929A-PC USB SPL measurement package. 

There were 4 blocks of trials and each block consisted of 11 prepulse + pulse trial with 

one each of the pulse intensities and another 11 pulse trials with one each of the pulse 

intensities but no prepulses. Each stimulus combination, with and without prepulse, was 

presented in pseudorandom order in each block, but this order was kept the same for each 
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animal. The response to each combination of stimuli was averaged across the 4 blocks. 

The individual trial startle magnitude was taken to be the area under the curve of the 

largest peak amplitude of the startle response. The study design allowed for assessment 

of stimulus intensity-response magnitude (SIRM) relationships. 

4.3.3 Analysis of ASR and PPI 

The presentation of a variety of startle pulse intensities allows for unique 

component measures of the startle response and sensorimotor gating to be assessed (Hince 

and Martin-Iverson, 2005, Stoddart et al., 2008, Scholes and Martin-Iverson, 2010). A 

curve of best fit was calculated using nonlinear regression in R statistics (version 3.0.1) 

with the "nls" function of the Package stats (version 3.0.1) and the port algorithm for 

iterative estimation for each animal and prepulse condition. The startle response curve 

was modelled as below as described by Scholes and Martin-Iverson (2010): 

Eq. (1) 𝑦 = 𝑅𝑚𝑎𝑥 +  
(𝑦0−𝑅𝑚𝑎𝑥)

1+(
𝑥

𝐸𝑆50
)𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒

; 

Where y = startle response magnitude, x = startle pulse intensity in dB. RMAX = 

startle maximum asymptote predicted by the curve, y0 = y-axis intercept. ES50 is the fitted 

value SPL (dB) where the response is predicted to be half of maximum. Hillslope = 

maximum velocity where acceleration is 0 (i.e., the rate of change at the ES50).  

The following constraints were placed on the equation fit: 0.5 x Maximum Startle 

≤ RMAX ≤ 1.25 x Maximum Startle, 0 ≤ y0 ≤ Maximum Startle, 71 ≤ ES50 ≤ 121, and 

Hillslope ≥ 0. 

The equation for calculation of startle threshold is shown below in Eq. (2). Unlike 

other parameters, threshold estimates were derived from curve-fits using all response 

magnitudes expressed as a percent of maximum wild-type response. This is because 

estimates of threshold are inaccurate with large Rmax and y0 values (>>100 units). 
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Eq. (2) 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝐸𝑆50 −  
𝑅𝑚𝑎𝑥− 𝑦0 

𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒
 

The calculation of percent prepulse inhibition of Rmax was performed using Eq. (3). 

Eq. (3)  %𝑃𝑃𝐼 =
𝑅𝑚𝑎𝑥𝑆𝑡𝑎𝑟𝑡𝑙𝑒− 𝑅𝑚𝑎𝑥𝑝𝑟𝑒𝑝𝑢𝑙𝑠𝑒

𝑅𝑚𝑎𝑥𝑆𝑡𝑎𝑟𝑡𝑙𝑒
 × 100 

Statistical analysis was performed in R studio (version 0.97.551) and R (version 

3.0.1), with packages ez (version 4.1-1) and plyr (version 1.8). Data were analysed with 

a 2-factor ANCOVA design, with ephrin-A2 genotype and ephrin-A5 genotype as 

independent factors, each with two levels (KO and wild-type) and between-subjects 

covariates of age and body mass. An α = 0.05 was used for the study as the level of 

significance. Because each factor only had 2 levels in the design of the analysis, post-hoc 

comparisons were only used when a significant interaction term was found. When this 

was the case Holm-Bonferroni exact corrected t-tests were used. Analyses within figures 

are presented as differences due to genotypes. They are labelled labelled with A2KO and 

A5KO to represent differences due to ephrin-A2 and ephrin-A5 genotypes respectively, 

followed by information in brackets the columns of the figure panel that are being 

compared. When interactions are present, they are labelled as A2KO vs. A5KO. 

 For most analyses, the parameters from the curve fitting were the dependent 

variables as described above (RMAX, ES50, Hillslope and threshold), with the startle pulse 

alone trials analysed separately from the trial that had a prepulse present. All results were 

tested for assumptions of homogeneity of variance using Levene’s test or assumptions of 

sphericity using Mauchly’s test of Sphericity, where relevant.  

4.3.4 Immunohistochemistry 

Three wild type mice and five of each of the other genotypes were randomly 

selected for immunohistochemistry and after anaesthesia were perfused with saline 

followed by 4% paraformaldehyde. They were all harvested at approximately the same 
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time of day. Brains were removed and left in 30% sucrose in PBS overnight. The brains 

were then cut on a cryostat at 40 µm with alternate sections placed on slides or in 24 well 

plates. The staining for tyrosine hydroxylase (TH), a marker of catecholaminergic cells, 

was done as follows. 2x PBS wash, 20 min incubation in 0.3% H2O2 in methanol, wash 

in 0.2% Triton X-100 in PBS, 2x PBS wash and 72 hours incubation in 1:20 000 mouse 

monoclonal anti-tyrosine hydroxylase (Sigma-Aldrich, T2928), 10% horse serum, 0.2% 

BSA, 0.3% Triton X-100 agitating at 4° C. This was followed by 3x PBS washes, 30 min 

wash in 0.2% BSA, 10% Horse Serum, 90 min in 1:1000 biotinylated horse anti-mouse 

(Vectastain ABC Kit, BA-2000, Vector Laboratories) 0.2% BSA, 10% Horse Serum, 3x 

PBS Wash, 120 min 1:400 ABC solution (1:400 A and 1:400 B (Vectastain ABC Kit, 

PK-4002, Vector Laboratories), made in PBS at least 30 min before use), 3x PBS Wash, 

DAB solution for 4 min, 3x PBS wash, mount and allow to dry, dehydrated and cleared, 

and then coverslipped with Entellan. The slides that were not used for TH staining were 

stained using cresyl violet and were used as reference material for anatomical verification. 

All slides were scanned at 20x magnification (ScanScope XT, Aperio), and every second 

section of the TH (every fourth section in total) was examined for numbers of TH+ cells 

in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNpc), and the 

areas of these nuclei based upon Fu et al. (2012). Cells were counted only if the nucleus 

was visible in the focal plane, and VTA and SNpc areas were based upon the area within 

the boundaries of TH+ cells. 

4.4 Results 

Following each experiment, the average responses at each stimulus intensity for 

the pulse alone trials and separately for the prepulse + pulse trials were fitted as described 

to Eq. 1, generating stimulus intensity-response magnitude (SIRM) functions and derived 

parameters as described above. The latency of the startle responses from the onset of the 

startle pulses was also recorded.  
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4.4.1 Acoustic Startle Reflex: Startle response magnitudes 

The major outcome measure of startle reactivity in our mice was their startle 

response magnitudes, an indirect measure of involuntary muscle contraction to the startle 

pulse. The mean observed and predicted SIRM data for each genotype for both the 

prepulse and no prepulse trials are shown in Figure 4.1. In depth analysis was performed 

only on the startle-only condition for sensorimotor responses, due to the most important 

aspects of the prepulse responses being included in measures of sensorimotor gating.  

The characterisation of SIRM curve parameters are shown in Figure 4.2 and 

detailed statistics in appendix Table A.I. Rmax, which is the theoretical maximum startle 

response (the upper asymptote) of each individual animal was calculated as shown in 

Figure 4.2A. ANCOVAs revealed that both ephrin-A2 genotype (p<0.01) and ephrin-A5 

(p<0.05) genotypes exhibited significant differences between the wild-type and knock-

out but the interaction between genotypes wasn’t significant (p>0.05). Knocking out the 

ephrin-A2 gene increased maximum startle magnitude, but knocking out the ephrin-A5 

gene decreased maximum startle magnitude, indicating opposite changes in the motor 

capacity of the ASR pathway.  

There were no significant effects of genotype in the y-intercept of the predicted 

response (i.e. baseline activity levels) (Figure 4.2B). ES50, the theoretical startle stimulus 

intensity to produce half-maximum response and a measure of stimulus potency at 

eliciting a response (Figure 4.2C), was lowered in ephrin-A2 KO (p<0.05), indicating a 

shift to the left of the SIRM curve. Ephrin-A5 KO showed no change in ES50 (p > 0.05). 

There were no significant effects for ephrin-A2 genotype, or interactions between the 

genotypes (p > 0.05). The Hillslope is a measure of maximum velocity of the SIRM 

function (Figure 4.2D). A log transform was applied to Hillslope, due to non-Gaussian 

distribution of log scales such as decibels, as is also standard in dose-response curve fits, 
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where dose is also expressed as logs. There were no significant effects nor interactions of 

the genotypes on the log-transformed Hillslope (p > 0.05), indicating that all genotypes 

had similar rates of startle increase over their dynamic response range. Startle threshold 

(Figure 4.2E) was increased by ephrin-A5 KO (p < 0.05), but no other significant 

differences due to genotype or interactions were observed (p > 0.05). 

 
Figure 4.1. Stimulus intensity-response magnitude (SIRM) curves. The symbols shown illustrate the mean 
response at each stimulus intensity ± SEM. The curves are the predicted group SIRM means based upon 
the fitting to Eq. (1) and correcting for age and mass effects. 

4.4.2 Startle Magnitude Sensorimotor Gating 

Measures of sensorimotor gating were determined by comparing the percent 

difference (RMAX) or simple differences in SIRM parameters between the startling 

stimulus alone and prepulse condition. PPI of RMAX, as calculated from Eq. (3) showed 

no significant differences due to genotype (Figure 4.3A, all p>0.50), indicating that 

although there were differences in absolute magnitudes of startle responses (Figure 4.2A), 

the inhibition of these responses was proportional and intact in all animals compared to 

wild-type. The measure of PPI of sensorimotor gating (the slope of the SIRM function, 

Δlog10Hillslope) showed no significant differences due to genotype (Figure 4.3C, all 

p>0.05). There were no significant differences in ΔES50 (Figure 4.3B, p>0.05) the 

stimulus needed for half-maximal response, or with the gating of threshold, ΔThreshold 

(Figure 4.3D, p>0.05).  
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Figure 4.2. Parameters derived from fitting startle pulse only responses to sigmoid curves as in Eq. 1. A), 
the maximum predicted response, RMAX. B), y-intercept of the predicted response, y0. C), theoretical 
stimulus intensity to reach half-maximum response, ES50. D) The log10 of the Hillslope, a measure of 
maximum curve velocity at zero acceleration. E), estimated threshold for startle. Bars represent means 
adjusted for age and weight effects ± SEM, using ANCOVA models with ephrin-A2 and ephrin-A5 
genotypes as main factors. Significant differences: * p<0.05, ** p<0.01. 

4.4.3 Latency of the Acoustic Startle Reflex 

Another major component of the ASR assessed was the latency of startle 

responses. This measure provides information about different components of the startle 

circuitry. All latency results (Figure 4.4) were analysed using ANCOVAs from 100-120 

dB responses, an area within the upper asymptote of the stimulus intensity-latency curve, 

to avoid including trials with no startle responses. Stimulus intensity was included as a 

within-subjects covariate for analysis, yielding single latency mean estimates from this 

portion of the curve. Detailed statistics on latency results are shown in appendix Table 

A.II. 

 Initial analysis was conducted on the latency to startle peak (latency to peak) as 

a measure of maximal startle response output (data not shown). Statistical analysis 
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revealed that the lack of ephrin-A2 resulted in reduced latency to peak (p<0.01) whilst 

for ephrin-A5 it increased latency to peak (p<0.05). In order to clarify the source of these 

latency shifts we separated the responses into different latency components: an estimate 

of the latency to initiate startle response and estimate of central conduction delay (latency 

to startle, Figure 4.4A, C & E), and an estimate of the pure motor component of response 

latency (motor response latency, Figure 4.4B, D, & F). Motor response latency was a 

derived parameter, calculated by taking the latency to startle from latency to startle peak. 

 
Figure 4.3. Prepulse inhibition of curve parameters derived from fitting startle response to Eq. 1. A), prepulse 
inhibition of RMAX. B), the shift in theoretical stimulus intensity to reach half-maximum response ES50. C), the 
difference in log10(Hillslope), a measure of maximum curve gradient. D), estimated change in threshold for startle. 
Bars represent means adjusted for age and weight effects ± SEM using ANCOVA models with ephrin-A2 and ephrin-
A5 genotypes as main factors.  

The latency to startle response showed differences between groups for the 

startling stimulus alone condition (Figure 4.4B). There were significant effects of ephrin-

A2 genotype (p<0.0001), ephrin-A5 genotype (p<0.05), and a significant interaction 

between ephrin genotypes (p<0.05). The effect of ephrin-A2 knock-out was to reduce 

latency of responses, where ephrin-A5 knock-out showed an increased latency of startle 

response. Post-hoc analysis using Holm-Bonferroni corrected t-tests revealed that 
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knocking out the Ephrin-A5 gene only increased latencies in the presence of the wild-

type Ephrin-A2 gene (see Figure 4.4B). Ephrin-A5 knock-out mice also showed reduced 

gating of latency to startle (Figure 4.4C, p<0.01), though no other effects or interactions 

were found (p>0.10).  

The motor response latency analysis for the startling stimulus alone condition 

(Figure 4.4E, supplementary Table A.II) revealed that knocking out the ephrin-A2 gene 

caused a significant reduction in motor response latencies (p<0.01) and conversely, 

ephrin-A5 knock-out mice had increased motor response latencies (p<0.05). Ephrin-A5 

also resulted in reduced gating of motor response latencies (Figure 4.4F, p<0.01), but 

there was no significant difference due to ephrin-A2 genotype (p>0.10). There were no 

interactions for either startling stimulus alone or gating of motor response latency 

(p>0.10). 

Figure 4.4. Measures of startle response latency. A) to C) show latency to startle analyses, whilst D) to F) motor 
response latencies. Raw stimulus - intensity response latency curves are shown in A) and D). ANCOVA adjusted mean 
latencies over 100-120 dB in the startling stimulus alone condition are shown in B) and E). Mean gating of startle 
latency for stimulus intensities of 100-120 dB shown in C) and F). Statistics are calculated from mixed-model 
ANCOVAs, ephrin-A2 and ephrin-A5 genotypes as main factors, within-subject covariate of stimulus intensity, 
between-subject covariates of age and mass. Brackets in B) indicate significant differences derived from Holm-
Bonferroni corrected t-tests between individual genotypes. Analysis was chosen over 100-120 dB due to decreased 
probabilities of response with lower stimulus intensities. Significant differences: * p<0.05, ** p<0.01, *** p<0.001, 
****p<0.0001. 
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The above latency results do not take into account potential differences in startle 

response probabilities across genotypes (i.e., trials in which no startle response occurred), 

which may have lead to different latency estimates. We repeated the analyses rejecting 

all startle response trials that failed to exhibit a startle response at least 3 standard 

deviations above baseline. This did not change the results (data not shown).  

4.4.4 Dopaminergic Cells in the VTA and SNpc 

The nucleus area and counts of TH+ cells in the ventral tegmental area (VTA) and 

substantia nigra pars compacta (SNpc) of each genotype were performed as shown in 

Figure 5, and analysed using 2-way ANOVAs as shown in supplementary Table A.III. In 

the VTA (Figure 4.5A - C) ephrin-A5 KO increased dopamine cell count (p<0.001) and 

the density of dopamine neurons (p<0.001) and increased VTA area (p<0.01). There were 

no main effects of ephrin-A2 genotype, or any interactions in the VTA (p>0.05). In the 

SNpc (Figure 4.5D - F) ephrin-A5 had similar effects as those in the VTA. Ephrin-A5 

KO resulted in increased TH+ cell counts (p<0.001), increased area (p<0.01), and a trend 

for increased density (p=0.051). There were no differences due to ephrin-A2 genotype 

(all p>0.05). There were no interactions between genotypes for any condition. 
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Figure 4.5. TH+ cells in the VTA (A to C) and SNpc (D to E). Total TH+ cell counts in (A & D), size of 
TH+ nucleus area (B & E), and density of TH+ cells (C & F) in the VTA and SNpc. Effects reported are 
results from a 2-way ANOVAs for ephrin-A2 and ephrin-A5 genotypes. Bars represent mean ± SEM, 
significant differences: * p<0.05, ** p<0.01, *** p<0.001. Example tissue staining is shown for wild-type 
(H) and ephrin-A2A5-/- (I) at a similar level of the midbrain containing parts of the VTA and SNpc. Scale 
bars = 1 mm. 

4.5 Discussion 

Analysis of the ASR and PPI in ephrin-A2 and/or ephrin-A5 knock-out mice 

revealed that both genes play distinct roles in mediating ASR circuits, but are unlikely to 

play a role in PPI. Knock-out of either gene resulted in robust changes in startle response 

magnitude and two different measures of startle latency. However, ephrin-A2 and ephrin-

A5 regulate aspects of the ASR differently: ephrin-A2 KO mice have increased startle 

amplitudes and reduced startle latencies, whilst ephrin-A5 KO mice show opposite 

effects. In general, the effects of the knock-outs appear to be summative rather than 

interacting, with ephrin-A2A5-/- mice having phenotypes intermediate between ephrin-

A2-/- and ephrin-A5-/-, with startle latency being one exception, where the effect of 

knocking out the ephrin-A5 gene is only observed if the ephrin-A2 gene is intact. By 

contrast, changes in dopaminergic cells in the VTA and SNpc were observed only in 
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ephrin-A5 KO mice suggesting that the effects of knocking out the ephrin-A2 gene on 

startle are not mediated by changes in numbers of dopaminergic neurons in these regions. 

4.5.1 The Role of Ephrin-A2 and Ephrin-A5 in the Afferent Startle Pathway 

Previous research indicates that ephrin-A2 and ephrin-A5 have anatomical and 

physiological influences on neurons that underlie afferent portions of the ASR(Bianchi 

and Gale, 1998, Bianchi and Liu, 1999, Pickles et al., 2002, Lee and Warchol, 2005, 

Siddiqui and Cramer, 2005, Defourny et al., 2013, Yates et al., 2014a). This is 

behaviourally supported by our data: the reduction in stimulus potentcy (ES50) for ephrin-

A2 KO mice and increased startle thresholds in ephrin-A5 KO mice supports previous 

evidence that these proteins regulate auditory brainstem response (ABR) activity 

(Defourny et al., 2013, Yates et al., 2014a). Changes in ephrin-A2 KO ES50 may be due 

to changes in auditory nerve or cochlear activity; ephrin-A2 is expressed in the cochlea 

and auditory nerve in adulthood and development (Bianchi and Gale, 1998, Bianchi and 

Liu, 1999, Pickles et al., 2002, Lee and Warchol, 2005, Siddiqui and Cramer, 2005), and 

KO increases auditory nerve activity(Yates et al., 2014a). The threshold data in ephrin-

A5 KO mice can likely be explained anatomically by the loss of EphA4:Ephrin-A5 

interactions in the cochlea resulting in decreased afferent projections to inner hair cells, 

increased ectopic projections of afferent neurons in the cochlea (Defourny et al., 2013), 

eventuating in reduced auditory nerve activity(Yates et al., 2014a). Our study confirms 

previous evidence of auditory abnormalities in ephrin-A2 and ephrin-A5 KO mice.  

4.5.2 Ephrin-A2 and Ephrin-A5 in the Neuromotor Startle Pathway  

Changes in other aspects of SIRM curves are less likely to be attributed to changes 

in the afferent portion of the ASR and suggest changes in neuromotor functioning. Unlike 

ES50 and startle threshold, RMAX represents a measure of startle reactivity that is relatively 

independent of auditory sensitivity. RMAX as the asymptote of the SIRM curve represents 
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a prediction of maximum motor output under specific experimental conditions. This 

independence from auditory sensitivity can be seen by comparing auditory brainstem 

threshold with RMAX values. For example ephrin-A2A5-/- mice show lower auditory 

brainstem response (ABR) thresholds compared to ephrin-A2-/- (Yates et al., 2014a), yet 

exhibit smaller RMAX values than ephrin-A2-/- mice. Furthermore our choice of stimuli 

also minimises the potential contribution of effects of threshold: we used broadband noise 

stimuli, whilst changes in ephrin-A2 and ephrin-A5 KO hearing thresholds appear to be 

frequency-specific (Yates et al., 2014a). Thus, whilst we cannot completely exclude a 

contribution of auditory sensitivity to changes in RMAX, it is unlikely that it is a major 

factor in the effects we have observed on RMAX. Furthermore, whilst circadian rhythms 

affect startle (Chabot and Taylor, 1992, Frankland and Ralph, 1995, Kjær et al., 2011) the 

contribution of circadian rhythms to differences observed in our study is unlikely; a mix 

of genotypes were tested at the same time, a narrow testing time window was used, and 

each animal was tested at the same time between days. 

Our observations of altered startle response latencies also supports a role of 

ephrin-A2 and ephrin-A5 in neuromotor development. For both strains, startle latency 

results contrast with ABR latency data showing no difference or an increase in auditory 

peripheral latency in ephrin-A2-/- mice (Yates et al., 2014a), and only slightly prolonged 

(~0.2 – 0.3 ms) latencies in ephrin-A5-/- mice. Therefore, changes in auditory processing 

alone cannot account for increased startle latency observed in this study (in some cases 

>15 ms), especially in ephrin-A5 KO mice. Rather, differences in startle latencies and 

startle reactivity in our mice suggest that both ephrin-A2 and ephrin-A5 play important 

roles in regulating neuromotor development in the ASR. Although indirect, the present 

study is to our knowledge the first in vivo evidence of ephrin-A2 KO enhancing muscle 

responses. Ephrin-A2 KO mice have an increased RMAX, earlier startle response, earlier 

muscle contraction peak, and more rapid muscle response. These results all suggest that 
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ephrin-A2 KO increased activity or efficiency in the neuromotor portion of the ASR. 

Ephrin-A5 KO mice showed increased latency of startle response for all measures of 

startle, and a reduction in RMAX, suggesting decreased neuromotor performance.  

 Previous anatomical and physiological data also supports our findings that 

ephrin-A2 and ephrin-A5 have important roles in neuromotor development. Ephrin-A2 

and ephrin-A5 are expressed in the motor neurons and muscle cells from embryonic 

stages through to adulthood (Eberhart et al., 2000, Feng et al., 2000, Lai et al., 2001, Stark 

et al., 2011). In addition, ephrin-A2 appears to have an important role in guiding motor 

axons to their correct target in development. Ephrin-A2 is normally expressed in all 

neurons and axons in the lateral motor column, which under normal conditions project to 

the dorsal and ventral limb muscles (Eberhart et al., 2002, Eberhart et al., 2004), the main 

muscles that mediate the motor component of the ASR. Ephrin-A2 may also promote 

neuromotor synaptic stability, it is almost exclusively localised to the neuromuscular 

junction (NMJ) of myotubes in adulthood (Lai et al., 2001). Ephrin-A2 may also affect 

neuromotor development by exerting an inhibitory effect on muscle precursor cell 

migration (Stark et al., 2011). Thus, it would appear that ephrin-A2 is well-placed to play 

an important role in the regulation of multiple parts of the efferent portion of the ASR. In 

depth in vivo physiological characterisation of ephrin-A2-/- neuromuscular development 

has not been performed. However there is physiological characterization of the role of 

ephrin-A5 in the literature (Feng et al., 2000, Yumoto et al., 2008).  

The removal of ephrin-A5 may reduce neuromotor performance by changes in 

NMJ function and abnormalities in axonal projections. Ephrin-A5 is normally expressed 

in the NMJ (Yumoto et al., 2008)and loss or overexpression of the protein leads to 

abnormal neuromuscular innervation and function (Gluteus and acromiotrapezius 

muscles (Feng et al., 2000); diaphragm (Yumoto et al., 2008)). Functionally this likely 
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results in reduced grip strength in ephrin-A5-/- mice (Sheleg et al., 2013), and matches our 

observations of reduced RMAX and increased startle latency. Importantly, there appears 

to be no extra detriment in neuromuscular mapping in ephrin-A2A5-/- compared to 

ephrin-A5-/- (Feng et al., 2000), suggesting at the very least KO of ephrin-A2 does not 

exert detrimental effects beyond the effects of ephrin-A5 KO, if at all. Other findings 

support the enhancing effects of ephrin-A2 KO; some features such as the size of the 

motor pool that are abnormal in ephrin-A5-/-, are normal in ephrin-A2A5-/- (Feng et al., 

2000), suggesting opposing effects of ephrin-A2 and ephrin-A5. Thus, although it 

remains unclear how ephrin-A2 KO affects neuromuscular responses, it seems likely that 

ephrin-A5 KO decreased motor responsiveness in our study by a combination of altered 

NMJ and abnormal muscle development. 

4.5.3 Startle Response Latencies 

Prepulse effects on startle latencies are generally complex. Prepulses have been 

found to produce no effects (in humans,(Blumenthal, 1996)), increase (in rats (Seaman et 

al., 1994, Fitting et al., 2006b), in humans (Abel et al., 1998)) and decrease (in rats (Kodsi 

and Swerdlow, 1995, Fitting et al., 2006a, Fitting et al., 2006c, 2007), in humans (Kedzior 

et al., 2006)) startle latencies. Thus, it is not clear what latency effects of prepulses may 

relate to. We have found no papers that report on the effects of prepulses on startle 

latencies on mice. In our hands, wildtype mice and ephrin-A2 KO mice, but not ephrin-

A5 KO mice, showed increased startle latencies after presentation of prepulses. However, 

no effects of knocking out the ephrin-A5 gene were observed on PPI of the startle 

magnitude, either on RMAX or ES50. Thus, it appears that the effect of prepulses on 

increasing startle latency in these mice depends on having an intact ephrin-A5 gene.  

Our data suggest that there is a central conduction delay, as measured by latency 

to startle, of ~5 ms, and the delay due to motor components of ~15 ms in ephrin-A5-/- 
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mice. The locus of sensorimotor integration in PPI or ASR is generally considered to be 

the nucleus reticular pontis caudalis (Swerdlow et al., 2001). However, in our ephrin-A5 

KO mice the locus of the latency gating deficit appears to be both central and neuromotor. 

However, the bulk of the delay in startle response and apparent sensorimotor gating 

deficit appears to be attributable to deficits in muscle response rather than a central deficit 

contributing to onset latency. 

4.5.4 Ephrin-A2 and Ephrin-A5 influence on PPI and dopamine 

Our study demonstrates that ephrin-A2 does not mediate changes in dopamine 

nuclei area, cell number or density, whilst ephrin-A5 does. From our data it is clear that 

absence of ephrin-A5 increases TH+ cell population number and density. These findings 

are perhaps not surprising. Previous studies have shown that EphA/Ephrin-A interactions 

play a role in the development of SNpc projections to the striatum, SNpc volume, and the 

locomotor stimulant effects of cocaine and amphetamine that increase extracellular 

dopamine levels (Sieber et al., 2004). Furthermore, ephrin-A5 is expressed in the nucleus 

accumbens (ventral striatum), a target of midbrain dopamine axons in the VTA and SNpc 

and regulator of PPI (Swanson, 1982, Swerdlow et al., 2001).However our 

immunohistochemical data appears to be inconsistent with other findings, which found 

the total number of midbrain dopaminergic neurons was not changed in ephrin-A5-/- mice 

(Cooper et al., 2009b). In support of our results, our TH+ cell counts in WT and ephrin-

A2-/- mice are similar to previous reports in C57BL/6 mice (Nelson et al., 1996).  

From our results alone it is difficult to postulate the precise role that changes in 

the VTA and SNpc may play in the observed changes in the ASR. Two of the key findings 

in our study were that ephrin-A5 KO results in reduced startle magnitude, and longer 

startle latencies. On the surface it would be easy to postulate that an increase in TH+ cell 

number or density in ephrin-A5-/-
 mice may result in increased ascending dopamine 
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projections and dopamine activity, resulting in prolonged latencies (Naudin et al., 1990), 

and reduced startle amplitudes (Ralph et al., 1999, Ralph-Williams et al., 2002). 

However, ephrin-A5-/- mice show reduced ascending dopamine connections (Cooper et 

al., 2009b, Deschamps et al., 2009), reduced dopamine-related protein expression, 

increased dopamine turnover, and reduced dopamine content in the striatum (Sheleg et 

al., 2013). Furthermore, we did not demonstrate any deficits in sensorimotor gating that 

are normally associated with hyperdopaminergia (Ralph et al., 1999, Ralph-Williams et 

al., 2002, Ralph-Williams et al., 2003). In addition the possibility of low dopamine levels 

would also not explain the startle magnitude or latency effects of ephrin-A2 KO since 

dopamine antagonists do not invoke changes in startle magnitude (Ralph-Williams et al., 

2003), and high dopamine levels would likely result in decreases in startle amplitude in 

mice rather than the increases observed (Ralph et al., 1999, Ralph-Williams et al., 2002). 

The data is also limited by measuring only one circadian phase for the TH 

immunostaining, which exhibits circadian variation (Webb et al., 2009). Without further 

anatomical or pharmacological data, such as administration of dopamine receptor agonist 

and antagonists, a role of dopamine cannot be ruled out in ephrin-A5 KO mice, but as 

with ephrin-A2 KO, our data suggest that it is not likely to be the main mediator of 

changes observed in startle size or latency. 

4.5.5 Conclusion 

Our data suggest that both ephrin-A2 and ephrin-A5 play roles in the ASR, but do 

not alter measures of sensorimotor gating such as PPI. Ephrin-A5 also appears to be 

involved in the development of dopaminergic cells in the VTA and SNpc. Previous 

literature hints at possible ways that ephrin-A2 and ephrin-A5 may mediate their effects 

on ASR. Some effects may be due to previously demonstrated changes in auditory 

sensitivity or dopamine turnover. The majority of the changes however, appear to be 
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mediated by the effects of ephrin-A2 and ephrin-A5 KO on the interaction of motor 

neurons and their muscle targets.  
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5.1 Introduction 

Circadian rhythms provide insight into multiple facets of neural development and 

there is increasing evidence that circadian rhythms are disrupted in psychiatric disorders 

such as depression and schizophrenia (discussed thoroughly in Chapters 9 and 10). 

Circadian rhythms are predominantly entrained by light acting on photosensitive retinal 

ganglion cells (pRGCs) which project to the circadian control centre, the suprachiasmatic 

nucleus (SCN) (Hattar et al., 2002). An intact SCN is essential in maintaining rhythmicity 

of sleep-wake behaviour (Mistlberger, 2005). However other factors such as 

neurotransmitter levels, including dopamine (discussed in Chapter 9), may alter the 

magnitude, phase, and period of circadian rhythms. In particular a variety of aspects of 

the dopamine system show circadian variation (i.e. dopamine metabolite levels in the 

striatum, VTA and NAcc Naber et al., 1980, Smith et al., 1992, Webb et al., 2009) , and 

the dopamine system shows SCN-dependent circadian changes in dopamine sensitivity 

(McClung, 2007c).  

The ephrin-A2-/- and ephrin-A5-/- mice that have been used in other chapters of 

this thesis present an interesting model in which to investigate circadian rhythms. Ephrin-

A2 and ephrin-A5 regulate visual system development and connectivity (Feldheim et al., 

2000, Haustead et al., 2008) although their role in SCN connectivity has yet to be defined. 

In addition, the proteins play a role in the development and function of the dopamine 

system (Chapter 4,(Cooper et al., 2009b, Yates et al., 2014k)). We therefore hypothesised 

that mice lacking one or more of the proteins ephrin-A2 and ephrin-A5 would display 

abnormal circadian rhythm observed in daily profiles. 

5.2 Methods 

Our study used knock-out mice to assess a potential role for ephrin-A2 and ephrin-

A5 on circadian behaviour. The genotypes examined were wild type (WT, N=12, M/F = 
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6/6), ephrin-A2-/- (N=12, M/F = 5/7), and ephrin-A2A5-/- (N = 11, M/F = 7/5) on a 

C57/BL6J background. Mice were individually housed and video monitored for 3 days 

using infrared light security cameras, food and water ad libitum, and a 12:12 light-dark 

cycle (light 7am – 7pm). Cages were undisturbed for the duration of the recording. The 

first 5 minutes (300 seconds) of each hour of the second 24 hr period of recording was 

manually scored for the time spent active, inactive, feeding, and grooming. All observers 

were blind to genotype. Cosinor analysis revealed poor regressions (average R2 < 0.40 

for each behaviour, data not shown) therefore after scoring the circadian behaviour was 

divided into different time blocks: morning (5am – 7am), day (8am – 4pm), evening 

(4pm- 7pm), night (8pm – 4am). Analyses were performed on the means of each block 

using two-way ANOVAs with genotype and sex as between subject’s factors.  

5.3 Results 

Analysis of the circadian profiles (Figure 5.1) demonstrated no main effects of 

genotype for any of the behaviours observed (all p>0.10). However there was an 

interaction of sex with genotype in night time feeding (p<0.05). Post-hoc t-tests within 

each genotype and between sex (Figure 5.2) showed that the interaction was likely due to 

female wild-type mice showing reduced feeding behaviour compared to the males. 

However, this was not significant after Bonferroni correction (without correction p<0.05, 

with correction p>0.10) and separate 1-way ANOVAs of night feeding for each sex failed 

to reach significance (p>0.10). The ephrin-A2-/- and ephrin-A2A5-/- genotypes did not 

show this sex difference in feeding behaviour. Main effects of sex for day time activity 

were due to females being more active, and main effect of sex for evening feeding was 

due to males spending more time feeding in this period. Full statistics are shown in 

appendix Table A.IV and A.V. 
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Figure 5.1. Circadian rhythms of time spent active (A), inactive (B), feeding (C) and grooming (D) in 5 
minute blocks. Graphs show group means of time spent performing behaviours, with labels indicating the 
time blocks analysed. Analysis was performed using 2-way ANOVAs for each time block with sex and 
genotype as factors. Significant differences: # p < 0.10, * p < 0.05. Time of day labels refers to times 
discussed in the methods. 
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Figure 5.2. Comparisons between genders at night for feeding behaviour. Bars show mean + SEM. 
Statistical comparisons were post-hoc t-tests with Bonferroni correction. Significant differences: a, p<0.05 
without Bonferroni correction, NS = non-significant. 

5.4 Discussion 

Overall, there was no convincing evidence of ephrin-A2 and/or ephrin-A5 

regulating circadian behaviour. This negative result is discussed below in the context of 

axonal guidance within the SCN and dopamine signalling. 

5.4.1 Axonal guidance within the SCN 

Our results suggest that ephrin-A2 and ephrin-A5 are not essential in establishing 

pRGC connections to the SCN or in pRGC functioning. In support of this possibility, two 

of the main receptors for ephrin-A2 and ephrin-A5, EphA4 and EphA5, are not expressed 

in the SCN (Liebl et al., 2003, Cooper et al., 2009a). Although we cannot rule out the 

presence of other EphA receptors, it appears more likely that ephrin-B and EphB proteins 

play a role in the retina-SCN projection, as they are both expressed in the mouse SCN 

and ephrin-Bs are expressed in RGCs (Liebl et al., 2003). Like ephrin-As, ephrin-Bs have 

established in axonal guidance in the visual system, particularly at the optic chiasm 

(Nakagawa et al., 2000, Williams et al., 2003).  

A further consideration is that a key role of ephrins is to generate and maintain 
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function (Haustead et al., 2008). However, the SCN acts as an illuminance detector and 

serves to detect changes in light levels, not spatial information. Furthermore, to my 

knowledge, it is unknown whether retinal projections to the SCN are topographically 

ordered. Thus, accurate retinotopic topography may not be necessary for normal SCN 

function, consistent with normal circadian rhythm in ephrin-A-/- mice.  

5.4.2 Dopamine signaling  

The lack of change in circadian behaviour is also consistent with our normal PPI 

results (Chapter 4, (Yates et al., 2014k)), suggesting basal dopamine activity may be 

normal in ephrin-A2-/- and ephrin-A2A5-/- mice despite some changes in the number of 

dopaminergic cells in dopamine nuclei. Although there is evidence from our work and 

from other studies that ephrin-A signalling is important to dopamine system function 

(dopamine nuclei size and cell number (Yates et al., 2014k), ascending dopamine 

projections (Sieber et al., 2004, Cooper et al., 2009b), dopaminergic sensitivity (Sieber et 

al., 2004)), there is little evidence to suggest major changes in dopamine system activity 

in our ephrin knock-out mice. Significant increases in systemic or mesolimbic dopamine 

levels would be expected to change circadian profiles such as activity levels (Costall and 

Naylor, 1975, Pijnenburg et al., 1976, Costall et al., 1981, Joyce and Koob, 1981), yet 

this was clearly not found in our study where there were no main effects of genotype on 

any behaviour. Furthermore, reduced dopamine levels also have an effect; bilateral 

striatum 6-OHDA lesions cause phase advances, and a decrease in midline estimating 

statistic of rhythm (MESOR, average response over 24hrs) for temperature, activity and 

heart rate (Ben and Bruguerolle, 2000). Lesions in the VTA, the source of major 

dopaminergic projections, also results in hypoactivity and loss of synchrony in wheel 

running behaviour (Isobe and Nishino, 2001). In order to probe these animals more 

adequately circadian rhythms could be probed in many other ways such as housing in 

constant lighting conditions and observing running wheel behaviour over multiple days. 
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Furthermore the selective time sampling may obscure effects, such as feeding, may not 

assess periods in which differences exist. At current our data only presents a snapshot of 

daily behaviour, rather than a comprehensive assessment of circadian rhythms. 

5.4.3 Conclusion 

Overall our results suggest that knock-out of ephrin-A2 and/or ephrin-A5 does not 

have significant effects on circadian behaviour either by regulating connectivity within 

the visual circadian system, or by altering dopamine signalling.  
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Chapter 6: Bridging Chapter 
Previous chapters (Chapters 2-5) looked at the potential role of ephrin-A2 and 

ephrin-A5 KO animals as models for schizophrenia. Finding little evidence of 

schizophrenia biomarkers in these animals, we decided to investigate another potential 

model of schizophrenia – neonatal stress. This model was based upon epidemiological 

findings in schizophrenia showing that many early life insults increase the risk for 

developing schizophrenia, and that hypothalamic-pituitary-adrenal (HPA) stress axis 

activation may be the convergent pathway (Figure 6.1). 

Many neuropsychiatric disorders are characterised by much more than their 

symptom clusters used for diagnosis and schizophrenia is a prime example. Besides the 

symptomatic classification systems of the ICD-10 (World Health Organization, 1992b) 

and DSM-V (American Psychiatric Association, 2013), a plethora of conditions have 

been associated with schizophrenia, including various cognitive, psychomotor, 

pharmacological response, and physiological abnormalities which may serve as 

biomarkers. Whilst many of these abnormalities are not specific to schizophrenia, 

combined assessments provide essential insights into brain development and multiple 

domains of potential pathology. One possible reason for a diverse range of potentially 

non-specific abnormalities is that they are not core to the disease itself; rather they may 

be secondary to a common risk factor for developing schizophrenia such as 

developmental stressors leading to HPA axis activation.  

The following study was performed in order to specifically assess if neonatal 

stress, modelled by developmental exposure to glucocorticoids, could account for 

schizophrenia phenotypes. This was achieved by assessing several well-established 

biomarkers in the human literature which are readily applied to animal models, as well 

some tests that were exploratory in nature. We injected neonatal rat pups with either saline 
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or a dexamethasone solution at postnatal day 6 to 10, approximately corresponding to 

weeks 36 to full term gestation in humans (Romijn et al., 1991, Semple et al., 2013) a 

period in development in which maternal and obstetric complications can increase risk of 

developing schizophrenia (Sham et al., 1992, Hultman et al., 1999). We used a wide 

battery of tests to assess potential schizophrenia-like phenotypes in a variety of functional 

domains. 

 

Figure 6.1. Maternal and perinatal risk factors for schizophrenia – do they converge on the HPA stress axis? 
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7.1 Introduction 

Early life environment influences the developmental trajectories of infants in 

many ways, having lasting effects on physiology and behaviour. In particular, disruption 

of the body’s main stress axis, the hypothalamic-adrenal-pituitary (HPA) axis, has long 

term negative consequences which extend into adulthood and may underpin some aspects 

of mental illness (Entringer et al., 2009, Struber et al., 2014). 

The HPA axis prepares the body to respond to acute anticipatory and reactive 

stressors including pain, injury, social challenges, and unfamiliar contexts. Activation of 

distinct neuroanatomical pathways in the HPA axis (Dedovic et al., 2009, Del Giudice et 

al., 2011) ultimately results in the release of a variety of hormones including 

glucocorticoids from the adrenal glands into the bloodstream (predominantly cortisol in 

humans and corticosterone in rodents), where they bind to mineralocorticoid receptors 

(MR) and glucocorticoid receptors (GR) (Herbert et al., 2006). Stressors can alter GR and 

MR cellular distribution within 1 hour (Caudal et al., 2014). Of these two receptor types, 

activation of nuclear GRs, which are expressed ubiquitously from mid-gestation 

(Mesquita et al., 2009), are most sensitive to acute HPA axis function due their lower 

affinity and basal occupancy, whilst MRs usually have high levels of occupancy (Struber 

et al., 2014). Glucocorticoids released during acute stress traverse the blood brain barrier 

and bind to GRs expressed throughout the brain, where they modulate neuronal activity 

and synaptic plasticity (Joëls and de Kloet, 1992, de Kloet et al., 1996). This includes the 

hippocampus, expressing high levels of GR receptors, and has a role in negative feedback 

in the HPA axis (Jacobson and Sapolsky, 1991). 

 In both humans and rodents, in utero and neonatally there exists a period of stress 

hyporesponsiveness, where HPA axis activity in response to stress, and thus 

glucocorticoid exposure, is reduced compared with adults (Levine, 1994). The HPA axis 
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is usually under tight negative feedback control. However during this hyporesponsive 

period acute stressors activating the HPA axis due to repeated, chronic, or 

developmentally inappropriate levels of stress may overcome in utero and neonatal 

protective factors such as placental inactivation of glucocorticoids (Welberg and Seckl, 

2001), and mother-neonate interactions (Levine, 1994, de Kloet et al., 1996).  

Consequently prolonged extraneous HPA activation during the hyporesponsive 

period/early development can lead to generally maladaptive long term changes in HPA 

axis and brain function that persist into adulthood (Brake et al., 2004, Herbert et al., 2006, 

Heim et al., 2008, Weinstock, 2008, Räikkönen et al., 2011).  

Epidemiological studies have established associations between early life stress 

and changes in adult HPA axis regulation (Entringer et al., 2009, Struber et al., 2014). 

Furthermore postnatal mother-infant interactions and life history also have outcomes on 

child development and HPA axis function (Del Giudice et al., 2011). For example, infants 

with poor quality caregivers show reduced HPA axis recovery following a mild stressor 

(Albers et al., 2008), and maternal depressiveness is associated with elevated child saliva 

cortisol levels (Lupien et al., 2000). The effects of disturbed mother-infant interactions 

are long term; adolescent children of mothers who experienced postnatal depression show 

elevated cortisol levels and depressive symptoms themselves (Halligan et al., 2004, 

Halligan et al., 2007). Taken together, these findings suggest that early life stress has long 

term effects on HPA axis regulation, psychosocial development, and may partly explain 

the epidemiological links between excessive prenatal stress, perinatal stress and 

neuropsychiatric diseases (reviewed in: Weinstock et al., 1988, Räikkönen et al., 2011, 

Struber et al., 2014). 

Schizophrenia may be one potential outcome of early life HPA axis disruption by 

severe stressors (Koenig, 2006). Schizophrenia is a severe psychiatric disease 
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characterised by hallucinations, delusions and markedly inappropriate or blunted affect 

(World Health Organization, 1992a). In addition to poorly defined genetic factors, there 

are diverse and severe stressors which may act to increase risk of schizophrenia such as: 

maternal infections (Watson et al., 1999, Brown and Derkits, 2009, Brown, 2012), 

urbanicity of birth (Pedersen and Mortensen, 2001), maternal psychological stress 

(Koenig et al., 2001), various obstetric complications (Hultman et al., 1999) and maternal 

famine (Susser and Lin, 1992, Susser et al., 1996, Hoek et al., 1998, St Clair et al., 2005). 

These early life stressors in the hyporesponsive period may explain elevated rates of HPA 

axis abnormalities (Yeragani, 1990, Tandon et al., 1991) and reduced GR expression in 

the brains of patients with schizophrenia (Webster et al., 2002). Hence it seems plausible 

that many early stressors that increase the risk of developing schizophrenia may do so via 

HPA axis activation (Koenig et al., 2001, Koenig, 2006). This is supported by findings in 

Cushing’s disease, a disorder of excessive glucocorticoid production, with high levels of 

comorbidity for depression and psychotic episodes, which may remit after treating for 

elevated glucocorticoids (van der Lely et al., 1991, Chu et al., 2001, Herbert et al., 2006).  

The effects of prenatal stress have been modelled in animals through stressors 

such as restraint and bright light, and have long lasting effects on HPA axis function, 

glucocorticoid receptor expression and neurodevelopment (Alonso et al., 1994, Henry et 

al., 1995, Koehl et al., 1999, Lemaire et al., 2000). There is evidence that these effects 

are primarily mediated by GR activation and are related to schizophrenia phenotypes. 

Maternal exposure to the GR agonist dexamethasone leads to changes in offspring 

including learning deficits (Brabham et al., 2000), changes in GR receptor expression in 

the hippocampus (Levitt et al., 1996, Brabham et al., 2000), reduced brain weight 

(Ferguson and Holson, 1999, Flagel et al., 2002), blunted HPA axis responses (Flagel et 

al., 2002, Nagano et al., 2008), alterations in neurogenesis (Gould et al., 1991, McArthur 

et al., 2005, Leao et al., 2007), changes in dopaminergic anatomy (McArthur et al., 2005, 
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Leao et al., 2007), dopamine D2 receptor levels and amphetamine sensitivity (Henry et 

al., 1995). Many of these traits, especially changes in dopaminergic function, appear to 

be related to schizophrenia pathology (Abi-Dargham, 2004). 

Despite the gains in knowledge provided by the animal models, the effects of 

postnatal stress remain poorly characterised. Maternal separation models in neonatal pups 

have been successfully used to model disturbed mother-infant interactions and result in 

elevated corticosterone levels in pups (Levine et al., 1991, Levine, 1994, Kaffman and 

Meaney, 2007). As adults these pups express several psychiatric phenotypes similar to 

schizophrenia (Ellenbroek and Riva, 2003, Herbert et al., 2006). However this model is 

confounded by additional physiological stressors beyond social interaction, such as 

disrupted feeding, thermoregulation, and waste elimination (Levine, 1994). Thus there is 

a relatively large gap in the literature, whereas the effects of prenatal glucocorticoid 

exposure are fairly well characterised, the effects of neonatal exposure have not been 

adequately investigated. Thus, potential interplay between neonatal stress, HPA axis 

dysregulation, the pathogenesis of schizophrenia and psychiatric phenotypes remains to 

be fully characterised. We addressed the possibility of a role for neonatal GR involvement 

in adult psychopathology in the mature rat using a neonatal rat dexamethasone 

administration model. A comprehensive battery of assessments, ranging from behaviour 

to electrophysiology and gene expression, assessing multiple functional domains often 

deficient in schizophrenia were applied to neonatal rats treated with dexamethasone or 

vehicle.  

7.2 Methods 

7.2.1 Animals: 

Six pregnant Sprague-Dawley dams arrived in animal housing approximately 

mid-gestation. Parturition day was considered as postnatal day 0 (PND0). Female pups 
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were culled prior to PND3. On PND5 the remaining male pups were assigned to the 

vehicle control group (VEH) or to the dexamethasone treatment group (DEX) keeping 

equal numbers for each group within each litter when possible.  

7.2.2 Treatment:  

The groups were weighed and injected with either vehicle or dexamethasone 

solution (1 ml/kg i.p.) from PND5 to PND10, inclusive. The blood brain barrier is 

incomplete at this age (Jancsik and Hajós, 1999), making it possible for DEX to act in the 

brain. This age corresponds approximately to the third trimester in humans (Bayer et al., 

1993), and encapsulates the rat hyporesponsive period of PND4 – 14, when the HPA axis 

feedback (Levine, 1994, de Kloet et al., 1996). The dexamethasone solution was 1.5 

mg/ml dexamethasone 21-phosphate disodium salt (Sigma-Aldrich, concentration 

expressed as that of base) dissolved in 0.9% saline. The amphetamine solution (AMPH) 

was +amphetamine dissolved 2 mg/ml in 0.9% saline. Vehicle was 0.9% saline for all 

injections. 

 Injections were performed between 14:00 and 16:00 each day. The pups were 

monitored and weighed daily until PND14 and then weekly thereafter. On PND24 the 

pups were weaned and housed in pairs, with one DEX and one vehicle treated CONTROL 

treated animal when possible.  

Age Task 
PND5-10 Injections of VEH or DEX 
Postnatal Week 13-14 Prepulse inhibition of the startle reflex 
Postnatal Week 16 Exploratory behaviour and novel object recognition 
Postnatal Weeks 17-18 Electrophysiology, tissue harvesting 

Table 7.I. Ages and timing of experiments. 

 
7.2.3 Behavioural Testing 

7.2.3.1 Prepulse inhibition of the startle reflex:We assessed prepulse inhibition of 

the startle reflex (PPI) during postnatal weeks 13 or 14 using a full stimulus intensity 
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reflex magnitude (SIRM) protocol (Scholes and Martin-Iverson, 2010, Yates et al., 

2014k). Throughout each session background white noise was presented at 65 dB SPL. 

Stimuli were white-noise pulses with 0 ms RFT, and 50 ms in duration. The prepulse was 

presented at 75 dB, and a stimulus onset asynchrony (SOA) of 50 ms. The startle stimuli 

ranged between 60 – 115 dB with 5 dB increments, in random order.  

For the 7 days prior to the first testing session each animal was briefly handled, 

weighed and habituated to the holding cage used during experiments. All testing sessions 

took place between 10:00-15:30, and each animal was tested at the same time of day and 

equal numbers of CONTROL and DEX rats were tested at each time of day to minimise 

circadian effects. At the beginning of each day the startle apparatus was calibrated. The 

startle platforms were calibrated so that a 350 g weight was equal to 50 startle units on 

the platform. The speakers were also calibrated such that background noise was 65 ± 1 

dB SPL, and the prepulse 75 ± 1 dB SPL. Input-output functions of the speakers were 

also determined across the range of startling stimulus intensities used, to allow for non-

linear increases in sound at high stimulus intensities. 

Prior to the experiment all animals were habituated to the background noise for 

10 min. Each stimulus combination with and without prepulse, including a null trial was 

in a pseudorandom order once in each of 4 stimulus blocks. The inter-trial interval was 

random between 10-20 s. In addition to these stimulus trials assessing SIRM curves there 

were sets of habituation blocks at the beginning and end of the experiment. To assess 

startle habituation five trials at maximum stimulus intensity were presented, followed by 

PPI habituation with pseudorandomly ordered 5 trials with and without prepulse at 

maximum stimulus intensity.  

In total each rat was tested 3 times, with a one-day break in between each session. 

The first day was a habituation day where each animal was tested but not given any 
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injections. In the second and third sessions each rat was given dexamphetamine (AMPH 

2 mg/ml i.p., in a volume of 1 ml/kg) or equivalent volume of vehicle (saline) injection 

(VEH) immediately prior to testing. The VEH and AMPH injections were 

counterbalanced such that each animal received each injection once and equal numbers 

of DEX and CONTROL received each injection type on the testing days. Data were 

analysed offline as described in (Yates et al., 2014k). Briefly, curve fits were applied to 

the average startle magnitudes to estimate several parameters describing the stimulus 

intensity – response magnitude (SIRM) characteristics using Eq. (1) for SIRM and Eq. 

(2). Where y = startle response magnitude, x = startle pulse intensity in dB. RMAX = startle 

maximum asymptote predicted by the curve, y0 = y-axis intercept. ES50 is the fitted value 

SPL (dB) where the response is predicted to be half of maximum. Hillslope = maximum 

velocity where acceleration is 0 (i.e., the rate of change at the ES50). 

 Eq. (1) 𝑦 = 𝑅𝑚𝑎𝑥 +  
(𝑦0−𝑅𝑚𝑎𝑥)

1+(
𝑥

𝐸𝑆50
)𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒

; 

 Eq. (2) 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝐸𝑆50 −  
𝑅𝑚𝑎𝑥− 𝑦0 

𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒
 

 

The calculation of percent prepulse inhibition of Rmax was performed using Eq. (3). 

 Eq. (3)  %𝑃𝑃𝐼 =
𝑅𝑚𝑎𝑥𝑆𝑡𝑎𝑟𝑡𝑙𝑒− 𝑅𝑚𝑎𝑥𝑝𝑟𝑒𝑝𝑢𝑙𝑠𝑒

𝑅𝑚𝑎𝑥𝑆𝑡𝑎𝑟𝑡𝑙𝑒
 × 100 

7.2.3.2 Exploratory Behaviour: 

Rats were transferred to a new facility at the end of the prepulse inhibition of the 

startle reflex experiment and allowed to habituate for 3 to 4 days. At least 15 min prior to 

the experiment, rats were habituated to the test room, illuminated at relatively low light 

level. The apparatus was a 2m long enclosed Perspex tunnel (approx 15cm x 15cm square) 

divided into a light (transparent perspex) half and a dark (black perspex) half. Each rat 

was placed at the farthest end of the dark half of the tunnel shut at both ends with sliding 

Perspex doors. Over the course of 10 min we recorded the number of times the rat crossed 
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between the light and dark zones, latency to first cross, and the total amount of time the 

rat spent in the dark. A cross was considered to have occurred when all four paws moved 

into a different zone. The data were divided into two 5 min blocks (first 5 min, last 5 min). 

7.2.3.3 Open-field exploration: 

Each animal was placed in an open-field chamber ( l x w x h, 19.5 x 31.5 x 12 cm) 

marked with a 6 x 6 grid, for 5 min and recorded with a video camera with the 

experimenter outside the room.  

7.2.3.4 Novel Object Recognition: 

The novel object recognition task is based upon published protocols and 

recommendations (Bevins and Besheer, 2006). Rats were individually habituated to an 

open field box for 3 days (l x w x h, 18.5 x 18.5 x18 cm). During the training session, two 

different identical objects were placed in the top right and left corners of the open field 

and the rat was allowed to explore for 5 min. After being returned to their home cage for 

1 h, rats were again placed in the open field containing one duplicate of the original 

objects and one novel object, and were allowed to explore for 5 min. Each training and 

testing session was recorded with a video camera. The time spent interacting with the 

novel object compared with the time spent with the familiar object during the retention 

test was used as a measure of recognition memory. The testing box was cleaned between 

trials to eliminate odour cues. The types and locations of the objects were 

counterbalanced. 

7.2.4 Electrophysiology: 

Between 17 and 19 weeks postnatal, rats were anaesthetised with 60 mg/kg 

pentobarbital sodium with additional doses as needed of 30 mg/kg i.p. The rat’s head was 

secured in a stereotaxic frame (Stoelting Co.), with care to avoid damage to the auditory 

meatus and tympanic membrane. The scalp was cut and the skin everted laterally, and the 
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dorsal-ventral coordinates of lambda and bregma were levelled as per normal procedures. 

Small burr holes (in reference to bregma) were made in the frontal sinus, above the left 

and right auditory cortex (4.5 mm posterior, 3.5 mm lateral) and above the cerebellum. 

Small silver ball electrodes (0.75 mm) were placed on the dura. The active electrodes 

were placed on the dura above both the left and right auditory cortex, with a common 

reference in the frontal sinus and a common ground in the cerebellum. ECG was also 

monitored using needle electrodes placed on each forepaw. Each electrode pair was 

passed through a DAM-50 differential amplifier and acquired using a 4-channel 

PowerLab system (AD Instruments). The rats were placed in a heated sound attenuated 

room and placed upon a heating pad to maintain a steady core temperature. Following 

electrode placement ear bars were removed and with the head resting on the tooth bar. 

The stimuli were presented binaurally through open field speakers. Auditory 

stimuli and digital triggers were generated by custom written software (AEP Generator 

version 1.0, NJ Yates) using LabView 2011 (National Instruments) and presented by an 

external USB soundcard sampled at 96 kHz (Creative USB X-Fi). Data were presented 

and acquired online using LabChart 7 (AD Instruments). Offline analysis was performed 

using MATLAB 2012a (MathWorks Inc.) and LabChart 7.  

7.2.5 Auditory Evoked Potentials (AEPs) 

The electrophysiology protocol used an AEP procedure that allows for assessment 

of function of multiple auditory sensory nuclei from the cochlear to the auditory cortex. 

The protocol also allowed for determination of sensory gating and brain synchronisation, 

core deficits in schizophrenia. 

7.2.5.1 Auditory brainstem response (ABR) 

Auditory brainstem responses were determined using 0.1 ms click stimulus trains 

presented at 10/s, in ten descending 5 dB steps, to determine auditory threshold. The 
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recordings were band-pass filtered from 300 to 3000 Hz with a sampling rate of 40 kHz. 

Threshold was determined as the SPL where a peak IV/V could no longer be seen within 

5dB accuracy. This threshold was then used to scale the sound intensity for other AEP 

experiments. Animals were excluded from further analysis if threshold was greater than 

43 dB SPL due to limitations in sound card output. 

7.2.5.2 Middle-latency auditory evoked potentials (MAEP) and Long-latency auditory 
evoked potentials (LAEP) 

The MAEP is a potential that appears shortly after the ABR response in terms of 

latency. Click stimuli of 0.1 ms duration were presented, at 1.5, 0.5 and 0.25 s inter-

stimulus intervals (ISI), for a total of 100 trials at each ISI, 60 dB above threshold. A 50 

ms pre-stimulus and 200 ms post-stimulus recording were made for each stimulus 

presentation. Multiple ISI times were chosen to assess the documented 

habituation/fatigue effects of the MAEP and LAEP potentials in rats (Knight et al., 1985). 

7.2.5.3 P50 Response 

The P50 potential in humans is a measure of sensory gating in which paired clicks 

are presented. The first click is called the conditioning stimulus (C), and the second click 

the test (T) stimulus. The difference between the T and C evoked waveforms is a measure 

of sensory gating as the response to T often decreases in size compared to C. The stimuli 

were presented as 0.1 ms long paired clicks separated by 500 ms (C500, T500) or 250 ms 

(C250, T250) with an inter-trial interval of 10s. The band-pass filter of 1-300Hz was used. 

A total of 60 sets of stimuli at 50 dB above threshold were averaged.  

7.2.5.4 Auditory Steady-State (ASSR) 

ASSR is a method in which the brains ability to synchronise to stimulus 

presentation can be assessed. The protocol was based upon methods described by Vohs 

and colleagues (Vohs et al., 2010). Monophasic click square waveforms of 0.1 ms 

duration were presented at 40/s or 20/s for 500 ms long trains with a 1 s ISI, trial N= 400. 
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Single trial EEG data were recorded with a stimulus epoch length of 899 ms, with 160 ms 

pre-stimulus recording for baseline. The data were then transformed into the frequency 

and phase domain by discrete fast Fourier transforms (DFFT) using a Hanning-tapered 

128 ms sliding window, with 10 ms steps. The frequencies analysed were 10-80 Hz, with 

a 1 Hz resolution. All spectrograms were corrected by dividing the values by the pre-

stimulus baseline, applying a 20*log10 transform. Mean trial power (MTP), evoked trial 

power (ETP) and phase-locking factor (PLF) were assessed for each condition (Roach 

and Mathalon, 2008) for both left and right sides. The data were quantified by averaging 

the response from 0-100, 100-200, 200-300, 300-400 and 400-500 ms at the frequency of 

stimulation. 

7.2.5.5 EEG and ECG  

Following completion of AEP protocols, 10 min of raw EEG and ECG data were 

obtained, sampled at 10000 samples/s, with 0.1-1000Hz band pass filtering, and down-

sampled to 500 samples/s offline, and filtered with a 4th order Butterworth band pass filter 

1-50Hz. EEG data were analysed using methods based upon Sabeti and colleagues (Sabeti 

et al., 2009). Briefly, each trace was visually inspected for a 2 min interval without 

artefacts, and normalised by dividing the signal by the standard deviation. Due to the non-

stationary nature of EEG signals the trace was divided into 5 s blocks and several 

measures of entropy was determined including: Shannon Entropy, Spectral Entropy, 

Approximate Entropy (code by Kijoon Lee, © 2012, from Mathworks online), Lempel-

Ziv complexity (code by Quang Thai, © 2012, from Mathworks online), Higuichi Fractal 

Dimension (code by Salai Selvam, © 2011, from Mathworks online). The average of the 

5 s blocks was used in further analysis. Briefly, the parameters used for analysis were: 

Shannon entropy, 50 bins, upper and min amplitudes 2.5 SD of signal; spectral entropy, 

1-50 Hz range with 1 Hz frequency bins; Lempel-Ziv complexity, 0’s and 1’s classified 

based upon above or below mean; Higuichi Fractal-Dimension, maximum dimension 



126 

length for comparision was 50; and for sample entropy dimension was 4, tolerance of 

similarity was 0.2 SD. 

The use of ECG in the protocol allowed monitoring of anaesthesia depth. Ten min 

of ECG from each animal was analysed offline for waveform intervals, heart rate, and 

heart rate variability (HRV) (LabChart 7.3.7, Modules: ECG Analysis 2.3.2, HRV 1.4.2). 

HRV frequencies were based upon methodology of Kuwahara and colleagues (Kuwahara 

et al., 1994) using R-R intervals as the measures of heart rate.  

At the end of the electrophysiology protocol, the burr holes over the auditory 

cortices were extended laterally, anteriorly and posteriorly to expose the temporal lobes. 

Core biopsies of the temporal lobes in the auditory cortex region were taken. These were 

immediately placed in ice-cold RNAse-free 0.3 ml eppendorf tubes and into a -80°C 

freezer for later analysis. 

7.2.6 Real-time PCR: 

Auditory cortex samples were thawed on ice and total RNA extracted using 0.5 

ml QIAzol Lysis Reagent per sample following manufacturer’s instructions (Qiagen). 

The RNA pellet was resuspended in 20 µl of RNase-free water and RNA concentration 

was determined using a NanoDrop. Total RNA (2 µg) was DNAse treated (RQ1 RNase-

Free DNase; Promega) followed by denaturation at 65 °C for 10 min. Samples were 

reverse transcribed using 0.5 µl of Random Primers (500 ng/l) and MMLV reverse 

transcriptase (Promega). cDNA was purified using spin column clean up kits (Mo Bio) 

prior to amplification. Quantitative PCR was performed on a Rotorgene 6000 using 

standard curve method. All samples were processed in triplicate. Cycle parameters were: 

hold time 5 min at 95°C, with 45 cycles 10 s at 95°C and 30 s at 60°C. Melt curves were 

obtained from 61 to 95°C to confirm specificity of amplification. Primers were purchased 

from Quantitect primers (Qiagen) qPCR was performed using 3 reference genes (TBP 

file:///C:/Users/20242116/AppData/Local/Local%20Settings/AppData/Local/Temp/l%20%22_ENREF_7%22%20/o%20%22Kuwahara,%201994
file:///C:/Users/20242116/AppData/Local/Local%20Settings/AppData/Local/Temp/l%20%22_ENREF_7%22%20/o%20%22Kuwahara,%201994
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(QT00198443), HPRT (QT00166768) and GAPDH (QT01658692), and 5 genes of 

interest (DRD1 (QT00386631), DRD2 (QT01081990), GAD1 (QT00194600) & 

GRIN2B (QT00184793), and TSC22 (QT01689632). Relative expression was calculated 

by using geometric mean of the reference genes. 

7.2.7 Analysis: 

Data were originally stored in LabChart (AD Instruments, version 7.3.7) then 

exported to MATLAB (Mathworks, version 2012a) for processing. Data and statistical 

analysis were performed using R studio (version 0.97.551) and R (version 3.0.1), with 

packages ez (version 4.1-1) and plyr (version 1.8), GraphPad Prism (version 5.04, 

GraphPad Software Inc.) and Microsoft Excel 2007. Non-parametric tests were Wilcoxon 

ranked sum. Parametric tests were mixed model 2-way ANOVAs and ANCOVAs using 

ezANOVA function in R. Statistical post-hoc tests were Holm-Bonferroni corrected t-

tests with a significance levels at α = 0.05, unless otherwise stated. Because we were only 

interested in effects or interactions related to dexamethasone treatment, differences 

observed due to recording side in electrophysiology experiments are only reported if other 

main effects or interactions are present, otherwise only results from the left ACx are 

shown. Selected full statistical results from are found in the Appendix A.3. 

7.3 Results  

7.3.1 General Observations 

There were differences between the groups soon after the beginning of 

dexamethasone injections. Within each litter, the dexamethasone pups showed eye 

opening at least 1 day earlier than the vehicle control group (DEX = 11.67 ± 0.33, 

CONTROL= 13.5 ± 0.34, t = 5.966, df = 5, p<0.01). Differences in fur growth were also 

apparent within the pre-weaning stage, DEX showed patchy and course hair growth. 

There was also a highly persistent group difference in body mass as shown in Figure 7.1. 
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Figure 7.1. The pup weights for the DEX and CONTROL measured weekly. Analysis was performed using 
2-way ANOVA, followed by Holm-Bonferroni corrected t-tests. Markers show mean ± SEM. Significance 
differences: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

7.3.2 Sensorimotor response and gating 

The acoustic startle response was assessed in each animal with amphetamine or 

vehicle in a counterbalanced design. All startle response values are expressed as a 

percentage of maximum observed response in the control group. Within each treatment 

group and drug condition, linear regression was performed to assess if mass was a 

significant covariate for responses in the startle condition. There were no significant 

correlations between mass and any startle parameter. Therefore, mass was not included 

as a factor in further analysis.  

7.3.2.1 Habituation of Startle Responses and PPI 

During the course of an experiment it is normal for ASR and PPI values to change 

due a process of habituation. A part of our ASR and PPI experiment was designed to 

assess if DEX and CONTROL animals exhibited differences in habituation of startle 

response. This was tested by comparing the ASR and PPI values from the beginning and 

the end of the experiment in response to maximum startle stimulus intensity. Results are 

shown in Figure 7.2. For this experiment we used 2-way mixed design ANOVA, with 

habituation block (BLOCK) and drug treatment (AMPH) as within-subjects factors, and 
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dexamethasone (DEX) group as the between-subjects factor. There was a significant main 

effect of habituation on startle response magnitude (p < 0.0001), but no significant 

interactions between habituation and any other variable (p > 0.10). The main effect was 

due to a decrease in startle response magnitude from the first to the second block (Figure 

7.2A). There was a significant main effect of AMPH (p < 0.0001), but no significant 

interaction between AMPH and DEX (p>0.05). The DEX group had a greater startle 

response than CONTROL, and AMPH increased startle amplitudes similarly in both 

groups (Figure 7.2A).  

PPI of the startle reflex magnitude was not affected by habituation (p > 0.10), and 

there were no interactions between habituation and any other main effects (p > 0.10). A 

lack of habituation effects on PPI allowed the use ANOVAs on averaged PPI across 

habituation blocks. Using pooled PPI there was a significant main effect of 

Dexamethasone Group (p < 0.05), and an interaction between Dexamethasone Group and 

Drug treatment p < 0.05). Holm-Bonferroni corrected t-tests of selected comparisons 

revealed that AMPH injections decreased PPI in the CONTROL group, relative to both 

the CON+VEH and the DEX+AMPH groups (Figure 7.2B). This indicates that DEX and 

CONTROL despite having different ASR starting values they habituate to a similar 

extent. PPI did not change with time, and only different with AMPH administration in 

CONTROL animals, suggesting that DEX animals are AMPH insensitive. Full statistics 

are shown in appendix Table A.VI. 

7.3.2.2 Startle Intensity Response Magnitudes 

Analysis for the SIRM characterisation phase of the experiment used averaging 

of the startle responses followed by a curve fitting procedure. All startle responses were 

expressed as a percent of the maximum observed Control animal response before the 
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fitting procedure. The averages and curve fits, and of the parameters are shown in Figure 

7.3. Full statistical reporting found in appendix Table A.VII. 

 
Figure 7.2. Startle responses and PPI from the habituation block of trials at the beginning and end of the 
experiment. Left panel shows startle response magnitude to habituation trials and the effects of 
amphetamine. Right panels show the PPI response pooled across habituation blocks, due to no habituation 
effects on PPI. Comparison bars show post-hoc analysis Holm-Bonferroni t-tests. Significance values: 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
 
 
 

 
Figure 7.3. Average of startle intensity response magnitude (SIRM) curve fits (A), curve fit parameters for 
the startle only condition (B to G). Symbols represent mean ± SEM. Panel A) solid lines are responses to 
startle pulse only trials, dotted lines are responses to trials with prepulses. Data were analysed using mixed 
model 2-way ANOVAs. Bars show means and SEM. Significant differences: * p<0.05, *** p <0.001, **** 
p<0.0001. 
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7.3.2.3 SIRM Responses to Startle Pulse 

Changes in SIRM characteristics due to developmental exposure to 

dexamethasone are shown in Figure 7.3. There were no differences in baseline activity 

between the dexamethasone treatment groups (Figure 7.3B p>0.10), although there was 

a significant effect of drug treatment (p<0.001). The DEX group demonstrated elevated 

maximal startle magnitudes (RMAX in Figure 7.3C, p<0.01) and a main effect of AMPH 

treatment (Figure 7.3C, p<0.0001) with AMPH increasing the maximal startle response. 

For RMAX there were no interactions between drug and dexamethasone group (p>0.10), 

indicating that AMPH treatment affected startle responses equally in both groups. There 

was also a main effect of dexamethasone on the log Hillslope (Figure 7.3F, p<0.05); the 

DEX pretreated group had reduced maximum velocity in the dynamic phase of the SIRM 

curve indicating reduced sensorimotor coupling. There were no main effects or 

interactions for y0, Threshold, or ES50 (Figure 7.3D, E & G, all p>0.05). 

7.3.2.4 SIRM Measures of Sensorimotor Gating 

Sensorimotor gating was assessed using the percent inhibition of RMAX by 

prepulses, or the difference scores between SIRM parameter fits to startle alone and to 

prepulse trials (Figure 7.4). There were no differences in any measures of sensorimotor 

gating (all p>0.05). Similar to results in the habituation blocks, there was a trend for RMAX 

PPI (Figure 7.4A), where AMPH appears to selectively disrupt PPI in controls (DEX 

group and AMPH interaction, p=0.0947). There was also a non-significant trend for DEX 

group to affect gating of Threshold (Figure 7.4B, p = 0.0506). 

In summary the DEX group had elevated startle responses, despite having lower 

weight. When treated with VEH there was no evidence of disrupted sensorimotor gating 

in the DEX group compared to controls. However, we found evidence for insensitivity to 
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the disruptive effects of AMPH on PPI, despite normal increases in startle size and basal 

motor activity. 

 
Figure 7.4. Stimulus intensity – response magnitude (SIRM) sensorimotor gating parameters. Panels show 
A) percent inhibition of RMAX, B) gating of shift in threshold, C) change in SIRM slope, and D) stimulus 
sensitivity due to prepulse. Data were analysed using mixed model 2-way ANOVAs. Bars show means and 
SEM. There were no significant differences.  
 

7.3.3 Additional Behavioural Tests 

7.3.3.1 Exploratory Behaviour 

Exploratory behaviour results are shown in Figure 7.5. The DEX group showed a 

significantly shorter latency to first cross (Wilcoxon ranked sum test, W=139.5, p <0.05). 

However all other measures from the light-dark tunnel were not significantly different 

(Crosses at 5 min, Crosses at 10 min, Time in dark at 5 min, Time in dark at 10 min, 

Wilcoxon rank sum test, all p >0.10). Full statistics reported in appendix Table A.VIII 

and A.IX. 
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Figure 7.5. Light-dark tunnel exploration. A) Latency to first cross from dark to light side, B) total number 
of crosses between light and dark, C) total time spent in dark in 5 and 10 min. Bars represent median ± 
inter-quartile range. Wilcoxon rank sum test p-values: * p < 0.05. 

7.3.3.2 Open Field Exploration 

Selected open field data are shown in Figure 7.6. There were no differences 

between the groups for total sectors travelled, rears, defecation, or time immobile (all p > 

0.10). However, the number of sectors traversed in the centre was greater in the DEX 

group than in the CONTROL group (Figure 7.6B, p <0.05) as was the time spent in the 

Centre (p <0.01). The number of sectors traversed in the periphery was not different 

(Figure 7.6C, p >0.10). The number of transitions from periphery to centre was not 

significant (p = 0.055). Full statistics reported in appendix Table A.VIII. 

7.3.3.3 Novel Object Recognition Memory 

Selected results from the novel object recognition test are shown in Figure 7.7. 

There was no innate object preference bias between the two stimuli in the habituation 

phase (p>0.10), or object place preference for exploration (p>0.10). Furthermore, there 

was no difference in the total time spent exploring in either the habituation or test phase 

of the experiment (p>0.10). We measured novel object recognition by examining 

differences in time looking at novel and habituated objects, discrimination ratio, and 

percentage of time interacting with either object. None of these analyses revealed 

differences in object preference between CONTROL and DEX animals (p>0.10). 
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Figure 7.6. Selected open field exploration data. A) Group average contour plots of the number of times a 
sector was traversed in the open field. Panels B) & C) show the Median number of centre and peripheral 
sectors travelled respectively. Bars represent Median ± inter-quartile range. Wilcoxon Ranked-Sum test, 
significant differences: * p<0.05. 

 
Figure 7.7. Selected results from the novel object recognition test. A) Total time spent interacting with 
objects. B) Time spent interacting with the habituated vs. novel object. C) The discrimination ratio between 
habituated object and novel object. Statistics were Wilcoxon ranked sum. There were no significant 
differences. Bars represent median ± inter-quartile range. 

7.3.4 Electrophysiology 

7.3.4.1 Auditory Brainstem Responses 

  Auditory brainstem responses were acquired from each rat. We excluded 

any rat which showed thresholds above 43 dB SPL (CONTROL N = 1, DEX N = 4) due 

to potential confounds of surgical trauma and limitations in speaker output levels. After 
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determining thresholds, we assessed the amplitudes and latency of individual peaks in the 

ABR waveform offline. There were no differences in peak amplitudes, latencies, ratios 

of amplitudes, or inter-peak latency for left or right auditory cortex (ACx) recordings at 

30 dB above threshold (all p>0.05, data not shown). Example ABR traces from a 

CONTROL and DEX animal are shown in Figure 7.8. 

 
Figure 7.8. Example ABR traces CONTROL (Left panel) and DEX (Right panel) from 500 click 
presentations at 80dB SPL. 

7.3.4.2 Middle and late latency responses 

Middle latency auditory evoked potentials showed responses with three main 

components (shown in Figure 7.9). There was a positive peak consistently occurring 

approximately 10 ms post-stimulus (P1), followed by a large negative peak (N1) at 

approximately 20 ms. There was an additional broad peak occurring approximately 

between 40-60 ms (P2) and another broad peak ~70-90 ms (P2/2). The negative 

component between P2 and P2/2 was often ill defined, and thus was not included in 

analysis. All measurements measures peak-peak values, with the exception of P2/2, which 

is measured from the N1 peak value. The reliability of the evoked components was 

determined by graphing the averages of the odd and even numbered traces separately for 

each animal. This demonstrated that reliable peaks were detected prior to approximately 

100 ms (See appendix Figure A.1). 
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Middle latency responses were used to assess possible differences in habituation 

to auditory stimuli with different interstimulus intervals (ISIs). We analysed the average 

traces of each animal in which there were high quality traces at each ISI (250, 500 and 

1500 ms). Interstimulus interval had a main effect for each peak (p<0.05), indicating that 

habituation effects were taking place with decreasing ISI. There were no main effects of 

dexamethasone group in our animals. Summary amplitude data are shown in Figure 7.10. 

7.3.4.3 P50 Auditory Gating 

The use of a paired click paradigm showed a relatively stable waveform. Peaks 

were identified using the same method as used for MAEPs, and showed no baseline 

differences in amplitudes (data not shown). An example trace is shown in Figure 7.11 

with inset identifying a noticeable ABR trace. Measures of sensory gating are measured 

as a ratio of the test/conditioned response. The group average traces are shown in Figure 

7.12. When calculating ratio, if extreme outliers were present (> 2.5 x SD from within the 

group side mean, criteria selected based upon inspection of raw data) the ratio was 

replaced by the contralateral value. If both side ratios were extreme outliers then neither 

were included in analysis. For reasons of brevity, side differences in P50 responses are 

only discussed when other differences are also present. There were no differences in peak 

amplitudes for the conditioning response (Data not shown, all p>0.10). There were 

significant differences in C and T amplitudes for N1, P2, and P2/2, indicating that gating 

was taking place for these peaks (all p<0.05), but not for P1 (p>0.05). For C-T gating 

ratios (Figure 7.13), with the exception of N1 for the gating ratios, there were no main 

effects or interactions with DEX (all p>0.05). For N1 there was a significant ISI x DEX 

x Side interaction (Figure 7.13B, p<0.05), though post-hoc hoc tests did not reach 

significance. Full statistics reported in appendix Table A.X. 
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Figure 7.9. Group grand mean averages for MAEP responses (Left Column) at different inter-stimulus 
intervals (interval indicated in bold text) assessing the fatigue effects of evoked the peaks. (Right Column) 
peak latency and peak-to-peak amplitudes at different interstimulus intervals. 

 
Figure 7.10. Middle latency evoked potential amplitudes at different interstimulus intervals (ISIs) from the 
left ACx. Panels A) to D) show evoked peak amplitudes of P1, N1, P2, P2/2 respectively. Comparisons 

ISI (ms)

P1
 A

m
pl

itu
de

 (


V)

050010001500
0

5

10

15

20

Control
Dexamethasone

ISI (ms)

N
1 

Am
pl

itu
de

 (


V)

050010001500
-50

-40

-30

-20

-10

0

ISI (ms)

P2
 A

m
pl

itu
de

 (


V)

050010001500
0

10

20

30

40

ISI (ms)

P2
/2

 A
m

pl
itu

de
 (


V)

050010001500
0

10

20

30

40

50

**** ISI **** ISI

**** ISI **** ISI

A) B)

C) D)



138 

show results from 3-way ANOVA comparing dexamethasone treatment group (Group), recording side 
(Side, not shown), and ISI. There were no significant treatment main effects, interactions or post-hoc 
pairwise comparisons using Holm-Bonferroni t-tests between groups. There were significant main effects 
of ISI for all measures, ****p<0.0001. 
 
 
 

 
Figure 7.11. Example P50 response trace for the 500 ms ISI interval. Left panel shows the response with 
peak locations indicated. The right panel shows that shows an expanded view of the ABR waveform from 
the left panel. The conditioning response is shown with black lines, the test response gray lines. 
 
 

 
Figure 7.12. Group averages of the P50 response (averaged over the left and right ACx). Left panels show 
the response to C-T 500 ms interval, right panels C-T 250 ms interval. 
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Figure 7.13. The test-conditioning peak gating ratios from the P50 experiment. Panels A), C) and D) show 
the response from the left ACx. Panel B) show both recordings from the left and right ACx, due to 
interactions with side. Plots show mean ± SEM. Analysis used 3-way mixed model ANOVA, significant 
differences: * p<0.05. 

7.3.4.4 Auditory Steady-State Response 

Click trains of stimuli were presented at 20 or 40 Hz, with a train duration of 0.5 

s. Three measures can be derived from the resulted waveforms. (1) Evoked trial power 

(ETP) which is the fast Fourier transform (FFT) power of the averaged traces. (2) Mean 

trial power (MTP) is the averaged FFT for each trace, resulting in a measurement of 

frequency power that is independent of the phase of the signal. (3) Phase locking factor 

(PLF), which is a measure of phase alignment of the signals between trials, independent 

of power. Each of these results use a moving Hanning tapered FFT window, divided by 

the average value in the pre-stimulus period, and 20*log10 constant applied. This is the 

most sensitive method for normalising signals within each animal group (Roach and 

Mathalon, 2008). 
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The grand means for each of these measurements are represented as heat-maps 

(Figure 7.14). In order to quantify the differences, averages of the responses are made 

over several time frames. In this case, averages of the response in 100 ms intervals at the 

frequency of the ASSR stimulus are shown. Because there was an approximately linear 

decay in PLF and ETP with time, linear regression was applied to these measures to 

determine if there was a difference in the rate of habituation or desynchrony (slope of the 

fit), or overall magnitude of the response (intercept) (Figure 7.15).  

There were no differences in ETP or PLF for 40 Hz ASSR (Figure 7.15C & D). 

There were increases in the DEX group for PLF and ETP (intercept) for 20 Hz ASSR 

(p<0.05), from the left side recording only (Figure 7.15A & B). The slopes were not 

significantly different for any ETP or PLF condition (p>0.05). 

Unlike PLF and ETP, mean trial power was analysed using 2-way ANOVAs due 

the large peak occurring ~250ms (Figure 7.14C) causing a highly non-linear shape of the 

response, preventing regression models. The 2-way ANOVA failed to reveal any 

differences between the groups at 20 Hz or 40 Hz (Figure 7.16, all p>0.05). More 

complete ASSR statistics are reported in appendix Tables A.XI and A.XII. 

7.3.4.5 EEG signal analysis 

The EEG data between groups was analysed for several measures of entropy and 

complexity, as defined by Sabeti and colleagues (Sabeti et al., 2009) as well as comparing 

power band spectra (Delta, Theta, Alpha, Beta, Gamma). Using repeated measures 2-way 

ANOVA we found that there were no differences on any measure of entropy, complexity, 

or power in EEG spectra. Measures of entropy and complexity are shown in Figure 7.17. 

7.3.4.6 Heart Function and Variability 

ECG data were obtained for 10 min at the end of the experiment from each animal. 

This was analysed in terms of heart rate, and intervals between the different component 
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waves (Figure 7.18). There was no difference in overall heart rate (Figure 7.18A). There 

was, however, an indication of changes in overall heart function. In particular, for 

Dexamethasone-treated rats, atrium contraction is faster (Figure 7.18C), ventricle 

contraction is faster (Figure 7.18D), and the atrial-ventricular contraction interval is 

smaller (Figure 7.18D). There were no significant differences in QT interval (Figure 

7.18E), or a measure of heart-rate variability (Figure 7.18F) an indicator of 

parasympathetic-sympathetic tone. More complete ECG statistics are reported in 

appendix Table A.XIII. 
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Figure 7.14. Group averages of auditory steady state responses to 
auditory click trains presented at 40 and 20 Hz, recorded from the left 
auditory cortex. A) Evoked trial power (ETP), B) phase locking 
factor (PLF), and C) the mean trial power (MTP). 

A) B) 

C) 
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Figure 7.15. Evoked trial powers (A & C) and phase locking factors (B & D) to ASSR stimulus trains at 20 
Hz or 40 Hz. Left axes for each panel shows recordings from the left auditory cortex, and right axes from 
the right side. Dotted lines indicate confidence linear regression curve fits, error bars show ±SEM, 
significant differences: * p<0.05. 

 
Figure 7.16. Mean trial power from ASSR. Left axes shown the response over the left recording site, and 
right axes from the right hand recording site. Error bars represent ± SEM. Analysis performed using 2-way 
ANOVAs, there were no significant differences.  



144 

 
Figure 7.17. Complexity and entropy analysis of EEG data based upon definitions in (Sabeti et al., 2009). 
Measures show A) Shannon Entropy, B) Higuichi Fractal Dimension, C) Lempel-Ziv Complexity, D) 
Spectral Entropy, and E) Sample Entropy. Bars show mean + SEM. No significant differences present. 

 
Figure 7.18. Measures of heart function from 10 min ECG trace. A) Heart rate beats per min, B) PR Interval, 
C) P duration, D) QRS Interval, E) QT Interval, F) Heart rate variability Low Frequency / High Frequency 
ratio. Definitions: Beats per minute, BPM; Low Frequency / High Frequency Power Ratio, LF/HF Power 
Ratio. Mean Error bars show SEM. Analysis using 2-tailed t-tests. Significant differences: * p<0.05, 
**p<0.01. 

7.3.5 Quantitative Real-Time PCR (qPCR) 

qPCR was performed on the left ACx for gene expression (Figure 7.19), following 

the termination of the electrophysiology experiments. The relative expressions of 

dopamine receptor 1 (DRD1), dopamine receptor 2 (DRD2), glutamate decarboxylase 1 
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(GAD1, a marker of GABAergic neurons), or GRIN2B (encodes for NMDAR subunit 

2B), TSC22 (a marker of glucocorticoid activity) were examined. Standard student t-tests 

were performed on all genes except DRD1, which violated homogeneity of variance (F-

test, p<0.05). For DRD1 Mann-Whitney U was used. There were no significant 

differences between groups (p>0.05) except for an increase in expression of TSC22 in 

DEX (p<0.05). There was a trend for an increase in DRD2 expression in DEX (p = 

0.0926). More complete qPCR statistics are reported in appendix Table A.XIV. 

 
Figure 7.19. Relative gene expression from the left ACx compared to control + SEM. Analysis used 
Student’s t-test except for DRD1 which used Mann-Whitney U. Significant differences: * p < 0.05. 

7.4 Discussion 

Stress in early life is associated with various kinds of adult onset psychiatric 

phenotypes including schizophrenia (Koenig et al., 2001). Our study evaluated the 

association of neonatal stress with schizophrenia-like phenotypes using neonatal 

exposure to the synthetic glucocorticoid GR agonist, dexamethasone. Other studies using 

similar neonatal insults have demonstrated long-term outcomes of dexamethasone 

exposure resulting in subtle behavioural, motor, cognitive abnormalities (Flagel et al., 

2002, Neal et al., 2004a, Brummelte et al., 2006, Brummelte et al., 2012); as well as 

reduction of neurogenesis, whole brain and hippocampus weight (Gould et al., 1991, 

Ferguson and Holson, 1999, Feng et al., 2009). However, despite numerous 
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environmental and developmental insults being associated with risk for schizophrenia 

epidemiologically (Hoek et al., 1998, Hultman et al., 1999, Corcoran et al., 2001, Byrne 

et al., 2007, Brown and Derkits, 2009, Brown and Patterson, 2011, Brown, 2012), a lack 

of association between neonatal developmental stress and schizophrenia phenotypes is 

seen across all domains assessed. Our study demonstrates that exposure to a GR agonist 

in the early neonatal period is unlikely to be sufficient to produce schizophrenia-like 

phenotypes, at least in rodents. Not only does neonatal stress fail to produce any marked 

changes associated with schizophrenia, but in several instances displays phenotypes 

opposite to schizophrenia. In particular dexamethasone treated rats showed amphetamine 

insensitivity in sensorimotor gating, and a reduction in markers of stress and anxiety.  

7.4.1 Neonatal Stress and schizophrenia-like phenotypes 

The lack of schizophrenia phenotype is readily seen in measures of sensory gating. 

Sensory gating, which is the ability to contextually filter stimuli, is related to dopamine 

dysfunction (Kumari and Sharma, 2002) and is deficient in schizophrenia, appearing to 

be related to core symptomatology such as hallucinations (Kapur, 2003, Behrendt and 

Young, 2004, Braff, 2010). We assessed sensory gating in our rats using several methods 

including prepulse inhibition (PPI) of the startle reflex. We showed, that unlike patients 

with schizophrenia (Braff, 2010), our stressed group show normal sensory gating for 

resting PPI startle magnitude. Whilst dopamine reduces PPI in healthy humans (Chitty et 

al., 2014) and animals (Martin-Iverson and Else, 2000) dexamethasone-treated animals 

demonstrated no reduction in PPI with amphetamine administration, whilst controls did. 

This outcome was opposite to the increased dopamine sensitivity observed in patients 

with schizophrenia (Laruelle et al., 1996, Breier et al., 1997), indicating a potentially 

protective role of neonatal stress against psychotic traits.  
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Various other schizophrenia-like traits, such as reduced habituation (startle reflex 

(Braff et al., 1992, Akdag et al., 2003, Ludewig et al., 2003), MAEPs (Buchsbaum, 1977, 

Mukundan, 1986, Clunas and Ward, 2005, Rosburg et al., 2008) stimulus saliency 

(Michie, 2001)) and other measures of sensory gating were also intact. Whilst changes in 

the left auditory cortex ASSR were present, they also do not represent schizophrenia-like 

traits (Brenner et al., 2009). Thus no changes observed in our study resembled 

schizophrenia phenotypes, indicating that neonatal stress is insufficient to produce 

marked schizophrenia traits in this animal model. It should be noted that the animals were 

anaesthetized during electrophysiological recordings, perhaps masking potentials 

differences between groups. However, the recording paradigms and anaesthetic were 

chosen to minimise this possibility, and the ERPs being relatively short-latency represent 

subattentive processes. 

7.4.2 Neonatal Stress produces a phenotype of altered stress reactivity 

Although neonatal dexamethasone exposure failed to generate schizophrenia-like 

phenotypes, it produced a raft of other measures indicating long-term changes to 

behaviour. Specifically, our behavioural and physiological tests could be interpreted as 

the dexamethasone group demonstrating mild changes in stress reactivity. This is 

consistent with only mild changes in exploratory drive and/or anxiety in this and previous 

studies (Ferguson and Holson, 1999, Flagel et al., 2002, Neal et al., 2004d). Long-term 

changes in stress reactivity is supported with our gene expression data, showing long-

term changes in TSC22 (GILZ) expression, a marker of glucocorticoid activity and HPA 

axis stress response (Yachi et al., 2007). Previous studies showed that neonatal 

dexamethasone exposure results in normal basal of corticosterone but abnormally 

prolonged elevations in the levels in response to crowding stress (Neal et al., 2004a), and 

blunted acute responses to novel environments (Flagel et al., 2002, Menshanov et al., 

2014). Thus it appears in our animals that early life exposure to stress alters adult HPA 
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axis function. However these changes may be more reflective of a change in HPA axis 

reactivity, rather than basal activity. Our findings support the hypothesis that neonatal GR 

activation and stress results in long-term down-regulation of the stress response (Catalani 

et al., 1993, Felszeghy et al., 2000) and reduction in GR expression (Felszeghy et al., 

1996, Ladd et al., 2004).  

Therefore, the lack of general behavioural changes observed in our study may 

reflect the generally low-stress context of the experiments. The normal open field distance 

travelled, light-dark tunnel number of crosses and time spent in the dark, is consistent 

with previous literature (Kamphuis et al., 2004, Neal et al., 2004a, Ichinohashi et al., 

2013), and generally unaltered anxiety under moderate stress conditions. Studies 

generally show normal cognitive function in the neonatal stress literature such as in maze 

tests (Ferguson and Holson, 1999), with differences only surfacing under stressful 

conditions such as active avoidance tasks (Ichinohashi et al., 2013). Indeed, neonatal 

dexamethasone appeared to be mildly anxiolytic, dexamethasone rats spent more time in 

the centre of the open field. Indeed this particular form of stress in early development 

may be inoculating to mild stress inducement in adulthood.  

The phenotype observed in our study is better explained by changes in emotional 

stress rather than schizophrenia-like traits. The exception to low stress environments in 

our study was the PPI experiment, which induces stress due to loud noise exposure and 

confined space. Enhanced emotional stress in our animals could explain some of our 

results; emotional stress increases startle reactivity whilst keeping PPI intact (Pijlman et 

al., 2003) much like what is observed in our study. It would appear that the stress in our 

animals is specifically emotional stress. This is because emotional stress and not physical 

stress alters dopamine sensitivity, as measured by increase self-administration of the 

dopamine agonist cocaine (Ramsey and Van Ree, 1993). This change in cocaine self-
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administration may be due to either decreased dopamine receptor sensitivity or changes 

in dopamine release, but other studies support antagonistic effects of corticosterone on 

dopamine activity. High levels of glucocorticoids result in decreased locomotor 

sensitivity to amphetamine injected in the nucleus accumbens (Cador et al., 1993). This 

antagonism is specific to different types of dopamine-mediated behaviours as pre-

treatment of dexamethasone decreases the amount of hyperlocomotion to cocaine and 

amphetamine, whilst leaving rearing and grooming responses unaltered (Capasso et al., 

1995). Thus neonatal stress appears to produces diverse changes which are more 

consistent with emotional stress reactivity than schizophrenia. 

Alterations in dopamine sensitivity are consistent with neuroanatomical changes 

in the dopamine system, and with emotional stress. A reduced sensitivity to amphetamine 

in our animals may be explained by changes in the striatum, a locus of dopaminergic 

disruption of PPI (Swerdlow et al., 1992b). Whilst exposure of pups to lower levels of 

dexamethasone than used in our study resulted in increased dopamine cell counts in the 

ventral tegmental area, and produced no change in nucleus accumbens or dorsolateral 

striatum dopamine turnover (McArthur et al., 2005), our amphetamine and behavioural 

results suggest that excessive basal dopamine is unlikely in our animals. This is supported 

by a study showing that volume of the striatum is smaller in rats treated with high levels 

of dexamethasone as pups (Ferguson and Holson, 1999), perhaps indicating reduced 

sensitivity or innervation from dopaminergic nuclei. The apparently normal dopamine 

sensitivity for startle amplitude but not for PPI can be explained by the fact that infusion 

of dopamine into the striatum disrupts PPI, but does not affect startle amplitudes 

(Swerdlow et al., 1992b), and that amphetamine-induced startle magnitude changes are 

not dependent on dopamine receptor function (Naudin et al., 1990, Ralph et al., 1999, 

Ralph-Williams et al., 2002, Ralph-Williams et al., 2003). As such, the effects of 

amphetamine on startle magnitude appear independent of dopamine release, indicating 
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that low levels of dopamine would result in intact PPI and unchanged startle magnitude. 

As such our study demonstrates that neonatal stress leads to a phenotype consistent with 

altered emotional stress reactivity resulting in changes in dopamine sensitivity, and 

perhaps neuroanatomy. 

7.4.3 The Effect of Maternal Care and Handling on Phenotype 

The phenotype of the dexamethasone-treated rats in this study could be considered 

to be quite mild. It is important to note that the main mediator of the glucocorticoid 

suppression in the stress hyporesponsive period is maternal care (Liu et al., 1997). Many 

changes in HPA axis feedback due to early life stressors and handling appear to be due to 

5-HT release causing increased hippocampal glucocorticoid receptor expression 

(Mitchell et al., 1990, Weaver et al., 2001)– a region important in inhibiting HPA axis 

activity (Meaney et al., 1994a, Kaffman and Meaney, 2007, Meaney et al., 2013). 

Differences in maternal care have long-term phenotypic changes in the offspring. Brief 

handling or maternal separation appears to inoculate rats to future stressors (Meaney et 

al., 1991, Meaney et al., 1994b). Furthermore rats born from low maternal care mothers 

show mild changes in ASR and PPI, and show elevated dopamine release to stress and 

decreased levels of COMT in the mPFC (Zhang et al., 2005). Early life handling also 

reduces addictiveness and sensitivity to dopaminergic drugs (Brake et al., 2004). The 

decreased dopamine release and stress reactivity in handled rats are similar to those found 

in our dexamethasone treated pups – suggesting that maternal factors may be important 

in our findings. This being said, our study controlled well for potential confounders of 

differences in maternal care. 

Our study design minimized potential differences in maternal care between groups 

by having within litter controls by using identical and very short maternal separation 

times. Importantly for our study the short separation required for the pup injections (< 5 
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min) is unlikely to alter active maternal care (Macrì et al., 2008) which is the mediator of 

the effects of early handling. Additionally, the use of dexamethasone on the pups directly 

prevents direct changes in maternal behaviour, which do affect pup development and 

influence hippocampal GR levels (Brabham et al., 2000). We cannot discount the 

possibility that the weight reduction and the negative developmental effects of 

dexamethasone affected maternal interactions. If this was the case the dexamethasone 

group may have reduced glucocorticoid release to stressors, as some of our tests support, 

through increased hippocampal glucocorticoid receptor expression (Anisman et al., 

1998). Whether delayed growth in dexamethasone pups alters maternal care would be an 

interesting question in itself. 

7.4.4 Developmental stress alone does not produce schizophrenia-like phenotypes 

Our results suggest that a “one-hit” neonatal stress model of schizophrenia may 

be inadequate. By demonstrating a lack of association between schizophrenia-like 

phenotypes and neonatal stress, our study highlights the importance of developmental 

stages interacting with different types of stressors. A lack of association has also been 

found between prenatal dexamethasone exposure and schizophrenia phenotypes, showing 

normal or increased PPI, and normal latent inhibition (Hauser et al., 2006). In fact, much 

like changes observed in our study, prenatal exposure leads to changes in dopaminergic 

nuclei, dopamine innervation and release which appear opposite to schizophrenia (Alonso 

et al., 1994, Leao et al., 2007). Prenatally stressed rhesus monkeys also show a reduction 

in dopamine D2 receptor binding (Roberts et al., 2004). Other forms of prenatal stress 

also produce changes in dopamine sensitivity and receptor expression, yet also do not 

result in a broader phenotype of typical findings in schizophrenia (Henry et al., 1995).  

Our study did not rule out the possibility of neonatal mineralocorticoid receptor 

(MR) activation leading to schizophrenia-like phenotypes. Neonatal exposure to 
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corticosterone also alters MR/GR ratios (De Filippis et al., 2013) and neonatal stressors 

such as maternal separation reduce GR and MR levels in male rats (Sutanto et al., 1996). 

More specifically, MR activation can lead to context-specific changes in behaviour and 

learning dissociable from GR effects (de Kloet et al., 1999), and is important in allowing 

behavioural plasticity (Pfeiffenberger et al., 2006). However the high basal occupancy of 

MRs make them likely to play a role in basal HPA function, rather than playing a major 

role in acute stress reactivity (de Kloet et al., 2000). Nevertheless the phenotype of 

neonatal rats treated with MR agonists would provide useful insight into the role of 

developmental stress in schizophrenia. 

There are some indications that prenatal stress can produce schizophrenia-like 

phenotypes, but only with unpredictable stressors (Koenig, 2006), perhaps relating 

unpredictable stress resulting in more emotional rather than physical stress. It is possible 

that the association of different developmental stressors with schizophrenia may be due 

to stressor-specific effects and/or by interaction of the stress with genotype. For example, 

dopamine DRD4 genotype interacts with prenatal stress to predict aggressive behaviour 

and cortisol levels in young adults, whilst prenatal stress alone is not a predictor of 

behaviour (Buchmann et al., 2014). The interaction with genotype and stress may explain 

high heritability of schizophrenia yet low penetrance. 

Demonstrating that direct activation of the glucocorticoid receptors in 

development does not produce schizophrenia phenotypes calls into question findings of 

other models of schizophrenia which purportedly act by the HPA axis. In particular 

maternal separation models, which not only lack face validity for schizophrenia, but also 

show results different from neonatal glucocorticoid exposure. The effects of maternal 

separation on schizophrenia-like phenotypes are inconsistent and may be due to 

confounds such as food deprivation, disrupted thermal regulation, amongst others, which 
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in contribute to schizophrenia-like phenotypes (Zimmerberg and Shartrand, 1992, 

Lehmann and Feldon, 2000). Whilst studies have attempted to individually control for 

these confounds (Levine, 1994) it appears that maternal deprivation mediates its effects 

not solely through HPA axis regulation. There is also epidemiological evidence against 

maternal separation as a risk factor for schizophrenia (Mäki et al., 2003). Not only this 

but the claims of schizophrenia-like phenotypes in these models (e.g., Ellenbroek and 

Riva, 2003) seem unfounded (Lehmann and Feldon, 2000), and indicate that neonatal 

stress alone is not a good model of schizophrenia. Indeed, neonatal stressors may in some 

ways produce a phenotype resistant to future stressors (de Kloet et al., 1999).  
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Chapter 8: Bridging Chapter 
An important aspect of my PhD project was to examine schizophrenia in human 

subjects as well as in animals. Despite the benefits of biomarker research for use in 

animals, there are many aspects of schizophrenia symptoms that can only be adequately 

investigated in humans. Therefore, in this chapter I present data from the use of non-

invasive techniques of actigraphy and subject self-reporting in relation to circadian 

rhythm in humans. 

Circadian rhythms are biological rhythms that revolve around a period of 

approximately 24 hours. These rhythms are mediated by oscillating activity in a region 

of the brain called the suprachiasmatic nucleus (SCN). The oscillations are created by 

negative feedback cycle of gene transcription (McClung, 2007a). The SCN can be 

entrained by a variety of signals, but most predominantly by light. Activation in the retina 

is achieved through light sensitive retinal ganglion cells, which express melanopsin 

(Hattar et al., 2002), ultimately activating the SCN by the retinohypothalamic tract. 

Circadian rhythms affect a range of biochemical and behavioural processes, yet are most 

readily observed as sleep-wake cycles. 

There is vast literature demonstrating the importance that sleep and circadian 

rhythms have on quality of life in both healthy individuals (Pilcher et al., 1997, Zeitlhofer 

et al., 2000, Reimer and Flemons, 2003), and those with psychiatric illness (Ritsner et al., 

2004, Hofstetter et al., 2005). Yet sleep and circadian rhythms are an often neglected 

aspect of every day functioning in patients with schizophrenia. The lack of attention in 

the literature belies the fact that circadian research presents the best understood link 

between neurobiology and behaviour (Foster and Kreitzman, 2005), and that there is a 

high incidence of sleep and circadian disorders in patients with schizophrenia (Wulff et 

al., 2011, Waters et al., 2012). Circadian rhythms and sleep-wake cycles have the added 
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benefits of being relatively easily and cheaply assessed, relevant to animal research, and 

demonstrating consistent links between circadian disruption and schizophrenia.  

Whilst it is often assumed that sleep disturbance may be a result of the pathology 

of a disease or a pharmacological side-effect, it is possible, and even likely, that the sleep 

disturbance may contribute to psychiatric pathology. At the very least, sleep performance 

is disrupted in schizophrenia, which has an effect on quality of life scales in schizophrenic 

patients and increasing sleep disturbance predicts increased depression and complications 

from medication (Ritsner et al., 2004, Hofstetter et al., 2005). 

The following chapters explore the role of sleep and circadian rhythms on 

psychiatric traits, and how they are intimately involved with symptoms of schizophrenia. 

It is argued that not only do sleep and circadian rhythms serve as biomarkers for 

psychiatric illness, including schizophrenia, but they also provide essential insight into 

pathological mechanisms of psychiatric disease. Addressing this hypothesis begins with 

a comprehensive review presenting a novel hypothesis on the relationship between sleep, 

circadian rhythms and psychosis in schizophrenia (Chapter 9). This is followed by an 

exploratory study in a human population, demonstrating the utility of using circadian and 

psychological factors as predictors of a subclinical psychiatric trait – intrusive memory 

formation (Chapter 10). It should be noted that the research in Chapter 10, was originally 

meant to be performed on a population with schizophrenia, but was not possible due to 

technical issues. 
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9.1.0 Abstract 

Schizophrenia has long been associated with abnormalities in circadian rhythms 

and sleep. Up until now there have been no thorough review of the potential mechanisms 

behind the myriad of circadian and sleep abnormalities. We present evidence of sleep 

playing an important role in psychosis through mediated via predominantly dopaminergic 

pathways. A synthesis of both human and animal experimental work suggests that the 

interplay between sleep and dopamine is important in the generation and maintenance of 

psychosis.  In particular both animal and human data point to sleep disruption increasing 

dopamine release and sensitivity. Furthermore, elevated dopamine levels disrupt sleep 

and circadian rhythms. The synthesis of knowledge suggests that circadian rhythms, 

dopamine dysregulation and psychosis are closely linked. This suggests that treatment of 

circadian disturbance may be a useful target in improving the lives and symptoms of 

patients with schizophrenia.  

  



162 

9.1.1 Introduction 

There are a variety of neurological and psychiatric diseases that present 

themselves with associated abnormalities in sleep and circadian rhythms (Wulff et al., 

2010). It is not often clear how the pathology of the disease is associated with circadian 

disturbance. This paper supports the belief that there is evidence for causal relations 

between sleep disruption and the core pathologies in schizophrenia and psychosis. There 

have been several recent excellent reviews on the relationship between schizophrenia and 

various aspects of circadian disturbance. In particular, the relationship between 

antipsychotic medication and sleep has been thoroughly explored (Cohrs, 2008), as well 

as genetic overlaps between circadian regulating genes and schizophrenia risk genes 

(Wulff et al., 2010). This paper will identify disturbances in circadian rhythms and sleep 

in schizophrenics and relate them to generation of psychosis. Our review and its view on 

psychosis is predominantly based upon the model proposed by Howes and Kapur (2009) 

with the view that psychosis is strongly linked with striatal hyperdopaminergia. This 

paper endeavours to show that patients with schizophrenia exhibit many and varied 

abnormalities in circadian rhythms, which are intrinsically linked with the generation of 

psychosis via dopaminergic mechanisms. It is postulated that a combination of sleep 

disruption and circadian rhythms disturbance may result in elevation of dopamine activity 

in the brain increasing susceptibility to psychotic episodes, as summarised in Figure 9.1. 

Furthermore, elevated dopamine levels can induce sleep disturbance, potentially creating 

a positive-feedback loop in which dopamine disturbance and sleep disturbance reinforce 

each other. In normal populations this loop may be regulated by melatonin regulation of 

sleep and action suppressing dopamine activity. However, many patients with 

schizophrenia show evidence of abnormal melatonin regulation, which may indicate lack 

of homeostatic control. These sleep and circadian abnormalities occurs under an 

underlying genetic influence. 
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Figure 9.1. A simplified model of the effects of sleep and circadian rhythm disturbances on psychosis. The 
most prominent entry point into this cycle is likely psychological or environmental stressors which disturb 
sleep. This sleep disruption may then lead to alterations in dopaminergic receptor expression and/or activity, 
increasing susceptibility to psychosis. Acute psychotic episodes then result in changes in activity levels, 
leading to circadian abnormal profiles and sleep disturbance. Each of these steps is also under genetic 
influence, altering the susceptibility and sensitivity of each stage to disturbance. 

9.1.0 Sleep and Circadian Rhythm Disturbance in Schizophrenia 

Sleep disturbances have been found in a variety of psychiatric and 

neuropathological states including alcoholism, depression, anxiety disorders, 

Alzheimer’s, Parkinson’s disease (PD), Huntington’s disease and schizophrenia (Fuller 

et al., 1997, Doi et al., 2000, Adrien, 2002, McClung, 2007a, Wulff et al., 2010). Patients 

with schizophrenia show comparable subjective sleep disturbance as patients with 

primary insomnia (Doi et al., 2000), indicating that sleep disturbance in schizophrenia is 

common and may be a core pathological aspect of the disease. An essential finding in the 

schizophrenia literature is that normalisation of sleep-related symptoms often coincides 

with normalisation of clinical status (Wirz-Justice et al., 1997), sleep quality correlates 

moderately with patient quality of life in a variety of domains (Ritsner et al., 2004, 

Hofstetter et al., 2005), and sleep improvement with antipsychotics predict positive 
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patient outcome (Cohrs, 2008). At face level there is at least a correlative relationship 

between patient well-being, quality of sleep and circadian rhythms. 

9.1.1.1 An Example Patient  

An example of profound circadian disturbance can be found in a case study of a 

patient with refractory schizophrenia described by Wirz-Justice et al. (1997). The patient 

wore an actigraph for 220 days revealing almost complete arrhythmicity despite the 

normal melatonin rhythm, suggesting that despite highly abnormal circadian phenotype 

that activity in main circadian regulator in the brain, the suprachiasmatic nucleus (SCN), 

remained intact. The patient demonstrated no slow-wave sleep (SWS), short sleep bouts 

and several other abnormalities. Changes in drug administration rectified his circadian 

rhythm, resulting in both improvements in circadian rhythms and negative symptoms. 

Following improvement in circadian rhythms, the patient had more social contact and 

was more communicative (Wirz-Justice et al., 1997). More broadly speaking, many 

studies have shown abnormalities in human patients with schizophrenia using actigraphy, 

though there is marked heterogeneity in patterns (Mills et al., 1977, Martin et al., 2001, 

Wirz-Justice et al., 2001, Martin et al., 2005, Kodaka et al., 2010, Bromundt et al., 2011, 

Wulff et al., 2011). Circadian rhythm may itself be a useful therapeutic target, as normal 

circadian rhythms are essential for employment and social integration of patient groups 

(Haug et al., 2000). 

9.1.1.2 Abnormalities in Sleep Patterns and Architecture 

There are replicable abnormalities in the EEG recordings of sleep architecture of 

patients with schizophrenia, some of which are summarised in Table 9.I. These 

abnormalities are present in patients who are acutely psychotic, first-episode, drug naïve  

and/or treated without history of substance abuse (Tandon et al., 1992, Lauer et al., 1997, 

Poulin et al., 2003, Chouinard et al., 2004). Furthermore, between 30 and 80% of patients 
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with schizophrenia report sleep disturbances (Wulff et al., 2010). As mentioned above, 

there appears to be heterogeneity in the sleep and circadian rhythm abnormalities. Whilst 

the complaints of patients vary, research has shown patients with schizophrenia can 

demonstrate delayed sleep-wake cycles, slow-wave sleep (SWS) deficits, decreased rapid 

eye movement sleep (REM) density, reduced REM rebound, fragmented sleep with 

daytime naps, hypersomnia, and insomnia (Lee et al., 2001, Martin et al., 2001, Wulff et 

al., 2009, Wulff et al., 2010, Wulff et al., 2011). Some of these deficits are found in the 

unmedicated and drug-naive patients (Tandon et al., 1992, Lauer et al., 1997, Chouinard 

et al., 2004, Cohrs, 2008).  

Sleep Stage Notes 
Stage I Sleep: Abnormalities: Increased sleep latency (Chouinard et al., 2004), increased 

duration(Caldwell and Domino, 1967) 
Stage II Sleep: Abnormalities: Reduced % of sleep time (Chouinard et al., 2004) 
Slow-wave sleep:  Abnormalities: Reduced SWS time (stage IV sleep, Benson et al., 1991, Keshavan 

et al., 1995, Chouinard et al., 2004), including reports of complete absence 
(Caldwell and Domino, 1967) 
No association with: chronicity and negative symptoms (Keshavan et al., 1995) 
Disease Status: Literature suggests present in first-episode, drug-withdrawn and 
treated patients (Poulin et al., 2003, Chouinard et al., 2004). Medication does 
appear to play a role (Jus et al., 1973, Tandon et al., 1992, Lauer et al., 1997, 
Chouinard et al., 2004). Evidence for patient heterogeneity (Caldwell and Domino, 
1967). Abnormalities associated with CSF serotonin and dopamine metabolites 
(Benson et al., 1991), ventricle enlargement (Van Kammen et al., 1988), poor 
patient outcome (Keshavan et al., 1995) 

REM: Abnormalities: Reduced latency (Chouinard et al., 2004), reduced density, reduced 
rebound (Tandon et al., 1992) 
Associated with: measures of patient symptom severity (Poulin et al., 2003) 
Disease Status: Inconclusive on whether found in first-episode or drug free patients 
(Chouinard et al., 2004).  

Overall Sleep 
Structure: 

Abnormalities: Increased sleep fragmentation, reduced total sleep time, reduced 
sleep efficiency (Chouinard et al., 2004) 
Disease Status: Overall sleep structure abnormalities appear to be medication 
independent (Chouinard et al., 2004) 

Table 9.I. Summary of sleep EEG architectural deficits observed in patients with schizophrenia.  

 A variety of sleep architectural deficits are observed in schizophrenia, with and 

without medication. Reduced SWS is a commonly reported abnormality in the literature 

(Benson et al., 1991, Keshavan et al., 1995, Göder et al., 2004). It has associations with 

decreased visuospatial memory and poorer patient outcome (Keshavan et al., 1995, Göder 

et al., 2004), but no association with chronicity and negative symptoms (Keshavan et al., 

1995). SWS disturbance also shows associations with serotonin and dopamine 



166 

metabolities in the CSF (Benson et al., 1991), and with one of the most replicated 

anatomical findings in schizophrenia, enlargement of ventricles (Van Kammen et al., 

1988, Shenton et al., 2001). Disturbance in stage 4 sleep (which is a component of SWS), 

but not total SWS has also been found to be reduced in drug naive patients (Poulin et al., 

2003). However several studies have failed to replicate SWS deficits in antipsychotic-

naive and drug-free patients (Jus et al., 1973, Tandon et al., 1992, Lauer et al., 1997).  

REM abnormalities have also been found in patients, but also with variable 

findings. Whilst REM latency, REM sleep % and REM density correlate with measures 

of patient symptom severity (Poulin et al., 2003), REM sleep does not appear to be 

abnormal in drug-naive patients. A meta-analysis of 20 sleep studies with antipsychotic 

naive and withdrawn patients of schizophrenia found no SWS or REM sleep 

abnormalities in either patient group compared with controls (Chouinard et al., 2004), 

lending credence to the hypothesis that antipsychotic use and/or withdrawal interfere with 

SWS and REM sleep. However, this study did show that sleep latency, total sleep time, 

stage 2 duration, sleep efficiency index, and total awake time were affected in never-

treated subjects (Chouinard et al., 2004). Yet, the interpretation of the meta-analysis is 

complicated by the fact that they examined a wide diversity of patients with varying 

symptoms, which means that possible effects may diluted by patient population 

heterogeneity. Overall the inconsistency of reported changes in SWS and REM sleep may 

be sufficiently explained by several associated factors including antipsychotic effects 

(Chouinard et al., 2004, effects of antipsychotics comprehensively review in; Cohrs, 

2008), patient diversity and heterogeneity (Cohrs, 2008, Krystal et al., 2008), or may be 

secondary to the normal effects of varying levels of insomnia commonly found in patients 

with chronic illness (Foley et al., 2004, Backhaus et al., 2006). Whether or not specific 

abnormalities in sleep are associated with disease or treatment, they remain important 

targets for future treatment. 
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9.1.1.3 Patient Heterogeneity and Quality of Life 

Studies that have specifically assessed the heterogeneity of sleep profiles in 

schizophrenia have proven to be informative. For example, it appears that some patients 

with schizophrenia, but not all, show no stage IV sleep and a reduction in SWS activity 

(Caldwell and Domino, 1967). This group expresses both different and similar sleep 

abnormalities compared to those which do show stage IV sleep. For example, both groups 

show increased sleep latency and stage I duration, but different stage III durations. More 

recent work has used actigraphy in both healthy unemployed controls and unemployed 

patients with schizophrenia for a period of 60 days (Wulff et al., 2011). All 20 patients 

with schizophrenia showed sleep disturbances and half of these showed circadian 

misalignment demonstrating phase advances, phase delays, or non-24 h patterns. The 

other patients also showed abnormalities, but in either excessive sleep or irregular 

circadian profile (Wulff et al., 2011). Perhaps the most striking abnormality found in 

some of these patients was apparently complete arrhythmicity, much like the Wirz-Justice 

et al. (1997) patient. It would be interesting to know whether the categories of Wulff et 

al. (2011) and Caldwell and Domino (1967) have significant overlap or correlate with 

other classification schemes such as the cognitive deficit and cognitively spared subtypes 

as described by others (Hallmayer et al., 2005a, Price et al., 2006, Mazhari et al., 2011b). 

Support for such a notion comes from Bromundt and colleagues (Bromundt et al., 2011), 

who demonstrated a correlation between stronger circadian profiles and better cognitive 

function in patients with schizophrenia. This suggests that there may be a relationship 

between cognitive function, prefrontal cortex function and the effects of sleep disruption 

in patients with schizophrenia, perhaps accounting for some patients hypofrontality 

(Horne, 1993) Such gross abnormalities in circadian rhythms could have marked effects 

on quality of life and employability, which are important considerations in their own right 

(Haug et al., 2000). The sub-classification of sleep disorder may also provide insight into 
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aetiological considerations in the patient groups. The phenotypic clustering of circadian 

and sleep profiles is currently an under-studied field, and has potential to provide insight 

into many aspects of schizophrenia including potential treatment responsiveness if the 

aforementioned studies are more than just correlative in nature. 

Significant insight into treatment responsiveness is demonstrated by older patients 

with schizophrenia showing greater circadian disturbance than age-matched controls 

(Martin et al., 2005), and patients with better circadian profiles score better scores on 

neuropsychological testing and symptoms, than do patients with poor circadian profiles 

(Martin et al., 2001). This suggests that in the long term better circadian profiles may lead 

to relatively better symptoms. However these findings are tempered by dose of 

medication being associated with more daytime napping and lower circadian amplitude 

(Martin et al., 2001). Unfortunately, with many studies such as these directionality is 

unclear; it is plausible that circadian profiles and neuropsychological test scores may 

share a common cause; symptom severity and level of treatment. However poor sleep 

quality resulting in sleep deprivation also has clear links with cognitive deficits and 

psychosis. 

It is clear that not only are there basal deficits in sleep architecture, but 

fundamental deficits in sleep regulation in schizophrenia. It is also evident that these 

abnormalities indicate a heterogeneous population of patients with schizophrenia, and 

these physiological disturbances may yet provide insight into treatment optimization and 

efficacy. 

9.1.2 Abnormal Circadian Physiology in Schizophrenia 

Reports of abnormal circadian physiology in schizophrenia reveal not only 

endogenous circadian disturbance, but how these abnormalities may lead to risk of 

psychosis. 
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9.1.2.1 Circadian Temperature 

Body temperature is under circadian regulation (Krauchi and Wirz-Justice, 1994), 

and is responsive to a variety of environmental and biological factors. There are mixed 

results comparing the circadian temperature regulation of patients with schizophrenia to 

controls. Though some experimenters have reported negative results for abnormalities in 

circadian temperature regulation (Rao et al., 1995), others have found abnormalities 

compared to psychiatric and non-psychiatric controls (Morgan and Cheadle, 1976). A 

review of the literature presents more evidence for circadian temperature dysregulation 

than against it, however the precise differences in temperature regulation are unclear 

(Chong and Castle, 2004). These differences and inconsistencies may represent patient 

hetereogeneity, perhaps similar and/or related to patient sub-groups found in actigraphic 

studies.  

9.1.2.2 Hormones and Metabolites 

Circadian abnormalities in patients with schizophrenia are not limited just to sleep 

and activity – there are also circadian abnormalities in hormone levels. These endogenous 

changes provide further evidence of circadian disturbance as core to the pathology in 

schizophrenia. Several studies have assessed the profile of growth hormone (GH) in 

patients with schizophrenia. Whilst antipsychotic effect GH levels in both healthy 

controls and in patients (Lee et al., 2001), differences in GH are also found in non-

medicated schizophrenics (Gil-Ad et al., 1986, Rao et al., 1994). Similarly increased 

circadian cortisol levels have been found in both drug-free and medicated patients (Van 

Cauter et al., 1991, Monteleone et al., 1992). Other findings in drug-free patients include 

elevated nocturnal prolactin secretion (Van Cauter et al., 1991), elevated noradrenalin 

amplitude and MESOR, reduced thyroid stimulating hormone amplitude and MESOR, 

tryptophan phase advance (Rao et al., 1994, Rao et al., 1995). However the most 
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interesting changes of endocrine function in schizophrenia appears to be with the sleep-

regulating hormone melatonin. 

Melatonin has had a proposed role in schizophrenia for many years, at least as 

early as McIsaac (1961). A recent review has emphasised the role of melatonin in 

schizophrenia, emphasising the potential of melatonin-based  therapeutics (Monti et al., 

2013). Melatonin appears to be an interesting hormone in schizophrenia for several 

reasons, including its role in regulating 5-HT synthesis, sleep, and reports of 

abnormalities in the pineal glands of patients with schizophrenia including deficiencies 

in melatonin synthesising enzymes (reviewed in: Sandyk and Kay, 1990). A lack of 

normal melatonin rhythmicity is observed in schizophrenia, and some preliminary studies 

suggest that it could be a useful biomarker (Bersani et al., 2003). Antipsychotic treated 

and untreated patients show blunted increases in nocturnal melatonin production 

(Robinson et al., 1991, Monteleone et al., 1992, Monteleone et al., 1997, Jiang and Wang, 

1998) and phase advances in circadian profile (Rao et al., 1994).  

Potential sources of this blunted response have been explored in post-mortem 

brains. Hydroxy—indole-o-methyltansferase (HIOMT) is an enzyme involved in the 

synthesis of melatonin. The levels of HIOMT in post-mortem pineal glands of patients 

with schizophrenia have shown non-significant 34% decrease (Owen et al., 1983) and 

38% significant increase in activity (Smith et al., 1981), making the role of HIOMT in 

melatonin deficits unclear. However, melatonin appears to be a potentially useful therapy. 

Shamir et al. (2000) performed a randomised double-blind trial of melatonin therapy in 

schizophrenics and found that all patients had low normal melatonin profiles, and that 

melatonin improved many aspects of sleep including sleep duration, efficiency and 

latency. However there are suggestions that this melatonin abnormality is not present in 

all schizophrenics (Wulff et al., 2011), providing an opportunity to analyse schizophrenia 
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as a heterogeneous population and provide insight into symptom clusters. Sandyk and 

Kay (1990) hypothesised that there may be a sub-population of patients with 

schizophrenia that are characterised by melatonin deficiencies coupled with cerebral 

atrophy, ventricular enlargement, negative symptoms, early onset and poor response to 

neuroleptics. There is also genetic evidence for an association of melatonin and 

schizophrenia. Recently schizophrenia has been linked with the promoter region of 

Melatonin receptor 1A, and also with insomnia symptoms in schizophrenia (Park et al., 

2011). The combined results pertaining to melatonin and schizophrenia are tantalising, 

and suggest that there may be a definable schizophrenia sub-type with unique 

physiological profiles, and potential for tailored treatment strategies. The lack of normal 

melatonin regulation may provide an important clue to why particular patients show 

deficient homeostatic control of sleep and abnormal circadian rhythms. 

The levels of dopamine and its metabolites such as homovanilic acid (HVA) in 

patients with schizophrenia have been assessed by several groups. Doran et al. (1990) 

showed that patients with schizoprehnia with and without fluphenazine medication show 

blunted plasma HVA amplitudes compared to controls. However medication further 

decreased amplitudes and reduced circadian rhythmicity in HVA levels, coupled with an 

increase in sleep duration. Levels of HVA peak approximately around 5AM in controls 

and unmedicated patients. This has an important implication: late night or early morning 

may be the natural peak of endogenous dopamine levels – and thus may be the most 

susceptible period for symptoms of psychosis if awake. This suggestion that psychotic 

symptoms show a circadian profile to our knowledge remains untested. It is important to 

note that whilst HVA is not only an indicator of CNS dopamine levels, studies have 

shown correlations between plasma HVA and psychosis severity in schizophrenia (Pickar 

et al., 1984, Davis et al., 1985, Pickar et al., 1986, Davidson and Davis, 1988), suggesting 

that there is some utility in the measure (Pickar et al., 1988). Rao et al. (1993) analysed 
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the circadian variation of several compounds in blood plasma including dopamine in 34 

healthy controls, 89 drug-free and 25 neuroleptic-treated patients with schizophrenia. 

They found that the MESOR of dopamine levels in patients with schizophrenia was 

significantly higher than healthy controls whether they were drug-free or treated. These 

combined results suggest that patients with schizophrenia exhibit higher levels of 

dopamine release throughout the circadian cycle, thus resulting with higher basal 

occupancy. Furthermore they are susceptible to circadian disruption at the peak of 

dopamine release – when we normally sleep. This has a major implication: sleep 

disruption and insomnia may increase risk of psychosis due to elevated exposure to 

endogenous dopamine levels.  

9.1.3 The State and Treatment Dependence of Circadian Abnormalities in 
Schizophrenia 

Several measures of sleep and circadian rhythms are sensitive to treatment and 

patient state. For sleep architecture it appears that particular aspects such as total sleep 

time and sleep efficiency improve with most antipsychotic administration, other measures 

of improvement are sometimes specific to particular antipsychotics (systematically 

reviewed in  Cohrs, 2008). Furthermore drug withdrawal is associated with a number of 

decreased performance in several sleep architecture measures, with patients who relapse 

showing greater sleep disturbance (Cohrs, 2008). Thus sleep architecture would appear 

at least treatment dependent. It is unclear abnormalities reported in schizophrenia are 

dependent on symptom state, though existing data suggesting that sleep architecture is 

symptom dependent (Neylan et al., 1992). Unsurprisingly some medications such as 

clozapine appear to alter hormone regulation. However some abnormalities in hormone 

regulation such as in GH and cortisol and their relation to sleep stages are not altered by 

medication (Lee et al., 2001). It appears that many hormonal abnormalities are present in 

both drug-free and drug treated patients (Rao et al., 1994, Rao et al., 1995). Thus circadian 
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disturbance may lead to abnormal hormonal rhythmicity or abnormal hormonal 

rhythmicity to circadian disturbance. 

Unfortunately much remains unknown in regards to state dependence in the 

literature. To our knowledge no comprehensive studies exists on changes preceding 

psychosis in measures of sleep architecture and hormone metabolite levels – though such 

studies could prove insightful in strengthening the link between circadian disturbance, 

dopamine and psychosis. 

9.2 Potential Biological Substrates of Sleep Disturbances and Psychosis 
in Schizophrenia 

Here a simplified model between sleep, circadian rhythms, dopamine and 

psychosis is presented (Figure 9.2). This model views sleep deprivation or disruption as 

increasing a psychological state along a continuum towards psychosis mediated by 

increases in dopamine activity on D2 receptors. The time taken to reach ‘psychosis 

threshold’ is long in normal individuals due to the low starting baseline (due to normal 

levels of D2 receptor binding, Figure 9.2A). However in patients with schizophrenia they 

would rest relatively close to the ‘psychosis threshold’ (due to elevated dopamine 

MESOR and amplitude, Figure 9.2B). The increase in dopamine release due to sleep 

deprivation (Figure 9.2C) combined with elevated basal dopamine activity and the 

nocturnal peak of dopamine may be enough to sufficient to reach “psychosis threshold” 

in patients with schizophrenia (Figure 9.2D). A combination of animal and human data 

supports this claim. 

9.2.1.1 Sleep Deprivation and Dopamine in Animals 

In rats a behavioural phenotype similar to psychosis can be elicited by sleep 

deprivation. A common method for sleep depriving rodents is to place them on a small 

platform above water. When the rodent falls asleep they fall off and are forced to swim 
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ashore, and this continues to happen each time they fall asleep. The sleep deprivation by 

this method results in reduction in all sleep stages, but is most effective for REM or 

paradoxical sleep (Farber et al., 1983, Zwicker and Calil, 1986). 

 
Figure 9.2. Possible changes in schizophrenic DA levels and relation to psychosis. Assuming that for 
psychosis there is a threshold for dopamine levels that must be exceeded before psychosis occurs. A) 
Normal populations show circadian rhythmicity of dopamine that peaks in late night and early morning, 
though exists well below psychosis threshold. B) Patients with schizophrenia show elevated amplitudes in 
dopamine release and MESOR, resting closer to threshold for psychosis than controls. C) In normal and 
abnormal population increasing sleep deprivation results in increase dopamine receptor activity. D) The 
combination of elevated dopamine levels in schizophrenia with sleep deprivation, especially at night could 
increase dopamine receptor enough to reach psychosis threshold. Abbreviations: MESOR, midline 
estimating statistic of rhythm. 

The behaviours of the rats after 72 h of sleep deprivation include increases in 

exploratory behaviour, response to environmental stimuli and alertness. All of these 

responses are normalised by D1 antagonists, increased by D1 agonists, and unchanged by 

D2 antagonists. This suggests that D1 receptors may also play a role in changes in human 

behaviour after prolonged sleep deprivation (Demontis et al., 1990).  

Pre-pulse inhibition (PPI), is a measure of sensorimotor gating regulated by 

ascending dopamine pathways. It is commonly reported as abnormally reduced in 
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schizophrenia and is responsive to antipsychotic treatment (Braff, 2010). Experiments in 

rats show that 72h of sleep deprivation results in reduced pre-pulse inhibition which is 

reversible by antipsychotic administration or sleep (Frau et al., 2008) suggesting that 

sleep deprivation may produce some classical schizophrenia phenotypes. 

Pharmacological stimulation of D1 and D2 receptors alters total sleep time and 

sleep architecture (Isaac and Berridge, 2003), suggesting that any changes in D1 and D2 

receptor activity or expression would have functional consequences. In particular D1 and 

D2 receptor activation both result in decreases in total sleep time, REM sleep and SWS 

(Isaac and Berridge, 2003). The presence of other dopamine-related proteins also appears 

to be essential in generating normal sleep and circadian patterns. DAT knock-out mice 

demonstrate several abnormalities relevant to schizophrenia and psychosis. Whilst they 

demonstrate relatively normal circadian patterns, they demonstrate sleep-architecture 

abnormalities such as increased wake bout duration, reduced NREM sleep duration and 

sleep bout duration (Wisor et al., 2001). Overall the literature suggests that not only does 

sleep deprivation alter behaviour, but that much of this behaviour is mediated by the 

dopamine system. 

Receptor binding studies of dopaminergic receptors following sleep deprivation 

have shown mixed but interesting results. A study in rats showed elevated D1 receptor 

levels in the limbic system after 72 h of partial sleep deprivation (Demontis et al., 1990). 

A similar protocol showed that increasing time of sleep deprivation for predominantly 

REM sleep results in decreased striatal D2 receptor binding (Zwicker and Calil, 1986). 

Another REM sleep deprivation study showed that after 96 h of REM sleep deprivation, 

DOPAC levels were elevated in the striatum and no changes in D2 receptor binding 

(Farber et al., 1983). Others have found that D2 receptor levels are elevated in the nucleus 

accumbens and caudate-putamen following 96 h of sleep deprivation in rats, whilst D1 
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receptor levels are unchanged (Nunes Jr et al., 1994). Sleep deprivation in rats also results 

in increased aggression to apomorphine (non-selective dopamine receptor agonist) which 

is blocked by pretreatment with D2 antagonists (Tufik et al., 1978, Tufik, 1981) 

suggesting D2 receptor supersensitivity evolves with sleep deprivation. More recent 

series of experiments have shown that sleep deprivation of mice results in decreased D1 

receptor levels, and increased D3 receptors in the striatum (Lim et al., 2011). Another 

study has shown dopamine blood levels in rats are also elevated following REM sleep 

deprivation (Andersen et al., 2005) consistent with dopamine antagonists preventing 

abnormal behaviours following sleep deprivation. It is clear from the animal research that 

sleep deprivation causes changes in dopamine levels and sensitivity. Newer studies 

utilising newer and more sensitive technologies in gene expression would undoubtedly 

be revealing. Unfortunately no animal studies so far looking at dopamine have fully 

disentangled the effects of sleep deprivation from stress (Longordo et al., 2009), and the 

same could be said for human studies. It is fairly clear that wake-promoting drugs such 

as Modafinil (used to treat narcolepsy), amphetamines, and cocaine mediated their effects 

by increasing extracellular DA levels (Ebert and Berger, 1998, Wisor et al., 2001, Young, 

2009), and may be useful in disentangling the effects of stress (discussed more thoroughly 

in Section 9.3.1.2). 

9.2.1.2 Sleep Disruption and Sleep Deprivation in Healthy Human Populations 

Studies of sleep deprivation in healthy individuals have revealed several insights 

into psychogenesis and dopamine systems (many other neurotransmitter systems are also 

altered by sleep deprivation, but for this we direct the reader to a recent review (Longordo 

et al., 2009)).  

At a very basic level the relationship between psychosis and circadian rhythms 

can be seen in sleep deprivation studies. In healthy individuals 56 hours of continuous 
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wakefulness results in increases in clinical scales measuring somatic complaints, anxiety, 

depression, and paranoia – though not into a clinically significant range (Kahn-Greene et 

al., 2007), with no statistically significant increases in scales of anxiety-related disorders, 

mania, schizophrenia, borderline features, or antisocial features. Following 

approximately 5 nights of sleep deprivation normal people become increasingly 

delusional and experience increasingly vivid hallucinations (West et al., 1962, Luby and 

Caldwell, 1967). Consequently, increasing sleep deprivation gives way to increasing 

similarities to paranoid schizophrenia. Whilst over 100 hours of sleep deprivation is far 

from a normal state, it is illustrative of the important role that sleep and circadian rhythms 

have on our psychological well being. Bliss et al. (1959) also describe something similar 

to psychosis in healthy individuals following sleep deprivation and demonstrated the 

threshold to hallucinations caused by LSD is greatly decreased by 48 h of sleep 

deprivation in healthy individuals.  

A study by Volkow et al. (2008) used PET to assess the effect of sleep deprivation 

on dopamine binding in healthy individuals. The reduction of striatal and thalamus 

binding of radiolabelled raclopride (D2/D3 receptor antagonist) suggests that sleep 

deprivation increases competition for binding for these sites by elevated dopamine levels 

in these regions. Furthermore there was a strong correlation with desire for sleep and 

reduced raclopride binding which could be interpreted that increased sleep debt in 

associated with increased dopamine occupancy. It appears that changes in the 

dopaminergic system associated with sleep deprivation are not mediated by dopamine 

transporters (DAT) (Volkow et al., 2008, Martins et al., 2010). Increased dopamine 

activity must be mediated by some other unknown pathway, possibly related to the 

changes in dopamine synthesis and release. Other aspects of dopamine sensitivity are also 

altered – sleep deprivation decreases apomorphine-induced (a dopamine agonist) growth 
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hormone secretion (Lal et al., 1981), suggesting that sleep deprivation exerts changes in 

various hormone levels potentially by dopamine-mediated pathways. 

Lee et al. (2004) provide some interesting evidence of sleep deprivation producing 

schizophrenia-like phenotypes. They showed that sleep deprivation for 37 h in healthy 

individuals can alter several peaks in auditory evoked potentials – perhaps similar to 

results similar to what is found in schizophrenia. Overall it can be said that sleep 

deprivation exasperates psychotic symptoms, which is at least partially reversible on 

resumption of sleep. Patients with schizophrenia show reduced homeostatic control, 

which likely makes them especially sensitive to the effects of sleep disruption. 

The similarities of symptoms of prolonged sleep deprivation in healthy 

individuals to those of disorganised schizophrenia is remarkable (Bliss et al., 1959). At 

face value it appears that prolonged sleep deprivation may be an excellent model of 

psychosis, and thus have a great deal of relevance to the study of schizophrenia (Bliss et 

al., 1959, West et al., 1962). It is possible that sleep deprivation creates a positive 

feedback cycle, that acute psychosis disrupts sleep which then intensifies psychosis, 

creating abnormal circadian behaviour and so on (Figure 9.1). What may differentiate 

patients from healthy individuals is a reduction in external homeostatic control of sleep 

as emphasized by the disorganised rhythms discussed in Section 9.1.1.2. The sleep 

deprivation studies in animals, patients with schizophrenia, and healthy individuals 

together suggest that sleep deprivation, and likely sleep disturbance in general, increases 

susceptibility to hallucinations and psychosis via a dopamine mediated mechanism. Sleep 

deprivation produces results that have remarkable biological similarity to psychosis, a 

trait which we believe is under-utilised both in human and animal research. Furthermore 

various lines of evidence presented below suggest that the association between sleep 
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deprivation and psychosis is not only attributable to a generalised stress response 

(discussed in Section 9.3.1.1).  

The implications of these studies are interesting: sleep deprivation is not only 

sufficient for elevated dopamine release and psychosis-like symptoms, but also lowers 

the threshold for induction of hallucinations and potentially other positive symptoms as 

proposed in this model. 

9.2.1.3 Sleep Disruption and Sleep Deprivation in Non-Schizophrenia Pathology 

Studies in pathological groups support the view that sleep disturbances can 

increase dopamine transmission and/or psychotic symptoms, such that dopamine can 

contribute to sleep disruption. Depressed patients which respond well to total sleep 

deprivation therapy appear to have elevated basal D2 receptor occupancy, whilst non-

responders do not, compared to controls (Ebert et al., 1994). This experiment suggests 

that the psychoactive effects of sleep deprivation therapy in depressed patients may be 

mediated by elevated dopamine activity, and that sleep deprivation can increase dopamine 

release. Another study found that responders to sleep deprivation had lower basal levels 

of homovanillic acid (HVA), a dopamine metabolite, compared to depressed non-

responders (Gerner et al., 1979). Pre-treatment with dopamine agonist amineptine appears 

to prevent therapeutic effectiveness of total sleep drepivation therapy, perhaps by 

reducing DA receptor affinity or density (Benedetti et al., 1996). The actual changes in 

HVA levels after sleep deprivation are inconclusive (Post et al., 1976, Gerner et al., 1979, 

Müller et al., 1993), likely due to relatively small numbers and experimental 

heterogeneity in the reported studies. Overall results in depressed patients suggest that 

dopamine, or at least the levels of dopamine prior to sleep deprivation appear to have a 

profound effect on behavioural outcome. 
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There are reports that in other populations that increases in basal dopamine levels 

may have negative effects. For example, bipolar patients in depressed states may convert 

to mania following 1 night of total sleep deprivation (Benedetti et al., 1996) There is 

converging evidence that sleep deprivation has short-term effects similar to those of 

psychostimulants such as amphetamines and cocaine (throughly reviewed in Ebert and 

Berger, 1998) which increase synaptic dopamine levels, though by different mechanisms. 

Furthermore levodopa therapy, which directly increase dopamine levels for treating 

Parkinson’s disease, results in increased sleep disturbances and may induce hallucinations 

(Pal et al., 1999). It is also well documented that patients with schizophrenia are 

supersensitive to dopamine-releasing effects of psychostimulants (Breier et al., 1997, 

Laruelle, 1998), which can exasperate symptoms when administered (Laruelle et al., 

1996). This being the case, it can clearly be seen how sleep deprivation and circadian 

disturbance in patients with schizophrenia can be caused by underlying pathology and/or 

contribute the symptomatology. It has even been proposed that abnormalities in the 

suprachiasmatic nucleus (SCN), the circadian coordinating centre, may result in some 

core aspects of schizophrenia (Trbovic, 2010).  

Psychosis and sleep disruption in Parkinson’s Disease (PD) is worthwhile 

mentioning in more detail, as dopaminergic drugs are used commonly in treatment of this 

disease. Levopoda (a dopamine precursor) therapy and dopamine receptor agonists are 

commonly used to treat motor problems in PD patients. Hallucinations and other 

psychotic symptoms in PD are often considered to be due to long term use of 

dopaminergic drugs (Diederich et al., 2009) though a link is not always clear (Holroyd et 

al., 2001). When hallucinations do occur they are usually visual and whilst they show 

some differences from prototypical hallucinations in schizophrenia in several ways 

(Diederich et al., 2009), psychotic symptoms remit in majority of patients with the 

atypical antipsychotic clozapine (The Parkinson Study Group, Friedman et al., 1999). 
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Thus the treatment of patients with PD with dopaminergic drugs may provide insight into 

the relationship of dopamine with psychosis and circadian rhythms.  

PD patients with hallucinations and delusions show intrusions of REM like 

activity into daytime wakefulness often coinciding with the timing of hallucinations and 

delusions, whilst patients not experiencing hallucinations or delusions do not (Arnulf et 

al., 2000). One study has examined the sleep architecture of hallucinating and non-

hallucinating PD patients treated with levodopa and direct dopamine agonists (Comella 

et al., 1993). They found that the hallucinating group had reduced total sleep time, 

increased wake time after sleep onset, reduced sleep efficiency, decreased REM sleep 

time, REM percentage and number of REM periods (Comella et al., 1993), replicating 

several finding in patients with schizophrenia. In the PD population, 98% of patients 

experiencing psychiatric side effects of treatment also report sleep disruption, and sleep 

complaints appeared to be related to duration of levodopa therapy rather age or duration 

of disease (Nausieda et al., 1982). The authors suggest that sleep disturbance in this 

population may be a precursor of levodopa and thus dopamine-induced psychiatric 

symptoms. Both case reports (Ferreira et al., 2001) and experimental data (Partinen, 1997) 

suggest that levodopa therapy contributes to excessive daytime sleepiness, insomnia and 

poor sleep quality, rather than disease progress itself. In particular sleep attacks have been 

associated with a wide variety of dopaminergic drugs in the treatment of PD (Ferreira et 

al., 2000, Ferreira et al., 2001, Paus et al., 2003). This suggests that hyperdopaminergic 

states, whether induced such as in PD or endogenously such as in schizophrenia, may 

directly contribute to many commonly reported sleep disturbances. Thus excessive 

dopamine may explain some of the overlap in both sleep abnormalities and hallucinations 

between the two groups. However, one must be careful in interpreting results, as many 

studies do not adequately control for disease severity as a cofounding factor when 

considering the effect of medication. 
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9.2.1.4 Sleep Deprivation and its Relationship to Psychotic Behaviour in Schizophrenia 

Whilst it is often assumed that sleep disturbance may be a result of the pathology 

of schizophrenia or a pharmacological side-effect of treatment or even drugs of abuse, it 

is possible that the sleep disturbance may be part of, or even contribute to, the pathology 

in question.  

Patients with schizophrenia appear particularly susceptible to the psychological 

effects of sleep deprivation. This was evident when 4 patients with schizophrenia from 

the Caldwell and Domino (1967) study were sleep deprived for 85 hours (Luby and 

Caldwell, 1967). These patients which were of a primarily catatonic type, showed 

improvement in symptoms with increasing deprivation, with one patient showing a 

reversal of catatonic mutism that had been observed for many years. The patients which 

lacked stage IV sleep pre-deprivation showed only a mild rebound increase in SWS on 

recovery nights, whilst the patient that previously exhibited SWS showed a large 

reduction. Furthermore one of the patients slept for 1,807min (~30 h) following 

deprivation, which is approximately 3 times longer than controls. Patients with 

schizophrenia also show reduced REM rebound after REM sleep deprivation (Gillin et 

al., 1974). This demonstrates that patients with schizophrenia may show a lack of normal 

homeostatic control over sleep processes, potentially contributing to persistent sleep and 

circadian dysregulation. Furthermore catatonic patients may have demonstrated different 

responses to sleep deprivation to patients categorized primarily by positive symptoms – 

emphasising patient heterogeneity. 

Further support of the relationship between psychosis, dopamine, schizophrenia 

and sleep comes from studies in which 6 patients with schizophrenia were sleep deprived 

for 100 hours which caused increasing levels of psychosis and symptom intensity 

(Lehmann and Koranyi, 1954, Koranyi and Lehmann, 1960, West et al., 1962). Some 
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patients experienced particular symptoms that had not for many years (Lehmann and 

Koranyi, 1954, Koranyi and Lehmann, 1960). Interestingly some patients showed 

improvement in talkativeness, however by the end of the study all exhibited marked 

worsening in symptoms. After consolidation of sleep, patients returned to their pre-

experimental state. Bliss et al. (1959) also presents two anecdotal cases where first 

conversion to psychosis has been suspected to be triggered partially by sleep deprivation 

due to stress, and the psychosis reversed by normalisation of sleep. However in this case 

the acute stress is also a potential trigger for psychosis. Many of reported sleep-

deprivation links to psychosis are reversible after consolidation of sleep.  

The fact that sleep deprivation of patients with schizophrenia intensifies 

symptoms with time (Lehmann and Koranyi, 1954, Koranyi and Lehmann, 1960, West et 

al., 1962) has profound clinical implications: treating sleep disruption in schizophrenia 

may be a successful way of mitigating risk of psychosis (Waters et al., 2012). We would 

undoubtedly benefit from adequately controlled quantitative studies of sleep deprivation 

in schizophrenics using modern methods. However, as is obvious from previous studies 

there are ethical concerns raised by worsening of symptoms and possible induction of 

psychotic episodes, making this state of affairs unlikely to change. This also emphasizes 

the need for more work in animals on the links between sleep, sleep deprivation and 

psychosis.  

9.2.2.1 Atypical vs. Typical antipsychotic effectiveness in treating sleep disturbance 

The relationship of antipsychotics with sleep and circadian abnormalities is 

important to consider. This is not only because quality of life and sleep quality are 

correlated (Hofstetter et al., 2005) but also because some abnormalities such as in REM 

sleep could explain some of the cognitive difficulties and negative symptoms observed in 

schizophrenia. This is demonstrated by the fact that both negative and positive symptoms 
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in schizophrenia are correlated with REM sleep density and latency (Cohrs, 2008). 

Furthermore, changes to sleep in response to antipsychotics predict overall improvement 

(Cohrs, 2008). Increased sleep disturbances in patients with schizophrenia predicts 

increased chances of depression and complications of medication (Ritsner et al., 2004, 

Hofstetter et al., 2005). Atypical antipsychotics are generally superior in the normalising 

circadian rhythms and sleep (Cohrs, 2008), which is quite likely due to their antagonism 

on 5HT2 receptor. The reticular nucleus which is involved in setting cortical oscillations 

and sleep for example is strongly modulated by 5HT2 receptor activation (Ursin, 2002). 

In this case 5HT2 receptor antagonism provided by atypical antipsychotics would 

promote cortical oscillations and thus promote sleep. However, despite treatment with 

atypical antipsychotics, 70% of hospitalised patients in one study continued to suffer 

sleep disturbances (Waters et al., 2012). 

9.3.1 Sleep and Circadian Abnormalities in Schizophrenia: The Role of 
Dopamine and other Neurotransmitters  

There is much evidence that neurotransmitters such as dopamine and melatonin 

play an essential role in sleep, circadian rhythms and schizophrenia. The role of dopamine 

in regulation of circadian rhythms is well documented, peaking in late evening/early 

morning (Rye, 2004). Furthermore dopamine and melatonin (a major regulator of sleep) 

interact with each other in an antagonistic manner (Zisapel et al., 1982, Zisapel, 2001). 

The interplay of these molecules appears central in the story of circadian disturbance and 

psychosis in schizophrenia.  

9.3.1.1 The Role of Stress in Sleep Disruption and Changes in Dopamine Function 

When considering the role of sleep disruption on schizophrenia it should be 

considered that both sleep disruption and psychosis in schizophrenia may have a common 

cause. The most obvious of the possibilities would be stress. For example, stressors can 

disrupt sleep (Healey et al., 1981, Morin et al., 2003), produce sensitization of 
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mesocorticolimbic dopamine systems (Deroche et al., 1995, Rouge-Pont et al., 1995, 

Piazza and Le Moal, 1996) and elicit psychotic episodes(Myin-Germeys and van Os, 

2007, van Winkel et al., 2008). It would be expected that if sleep disturbance and 

psychosis were elicited by a common cause in stress there would be evidence of 

generalised stress responses with sleep disturbance. However, studies measuring the 

effects of sleep deprivation on stress hormones such as glucocorticoids have had mixed 

results in rats (Suchecki et al., 1998, Andersen et al., 2005), and in humans (Horne, 1978, 

Spiegel et al., 1999). The reason for the mixed results is likely different levels of 

psychological stress. For example when low stress environments are used to induce sleep 

deprivation, glucocorticoids show no to only mild increases (Horne, 1978, Tobler et al., 

1983, Suchecki et al., 1998). Other evidence also demonstrates that stress is unlikely the 

sole mediator the effects of sleep deprivation on dopamine and psychosis. Partial and total 

sleep deprivation increases circulating cortisol levels the evening after of the deprivation 

but not the night of the deprivation (Follenius et al., 1992, Leproult et al., 1997), which 

may indicate that sleep loss may result alterations in future stress responses, but does not 

mediate acute effect. However as a whole it appears total sleep deprivation of up to three 

days has little effect on that cortisol levels, and the possible increases after three days has 

questionable physiological relevance (Horne, 1978). For example Kollar et al. (1966) 

found no progressive changes in plasma corticoid levels during 120 h of sleep deprivation 

and subjects remained responsive to corticotrophin. A review of the sleep deprivation 

literature (Horne, 1978) fails to suggest that sleep deprivation produces a generalised 

stress response or physiological stress, such as increased heart rate. Because stress-

induced increased dopamine sensitivity is dependent on coriticosterone secretion 

(Deroche et al., 1995, Rouge-Pont et al., 1995), any effects of sleep deprivation in a low-

stress environment is likely to be due to the sleep deprivation itself. This means for 

example that the human sleep deprivation studies using in vivo measures of dopamine 
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release discussed in Section 9.2.1.2 are indeed valid. Thus the individual contributions of 

stress and sleep deprivation are dependent on the environment, but are currently not 

controlled well enough in the literature to dissociate their effects entirely. Nevertheless 

the current literature does reveal many important insights into how dopamine regulates 

sleep and circadian rhythms in schizophrenia. 

9.3.1.2 Circadian Regulation of Neurotransmitters Involved in Schizophrenia 

The striatum and nucleus accumbens, major termination areas of dopaminergic 

neurons, show natural circadian oscillations in DA, glutamine, GABA, and DOPAC 

which are observed in awake rats under normal, constant light and constant darkness 

conditions (Castañeda et al., 2004). Furthermore, as discussed above in Section 9.1.2.1 

the levels of dopamine and dopamine metabolites in the plasma and CSF show circadian 

rhythmicity in both healthy controls and unmedicated schizophrenic patients, with levels 

peaking between midnight and 5 am (Doran et al., 1990, Hidenori et al., 1994, Rapoport 

et al., 1999). The administration of the typical antipsychotic fluphenazine suppresses the 

levels of dopamine metabolite HVA in patients with schizophrenia predominantly in this 

peak period (Doran et al., 1990), possibly accounting for some of the therapeutic efficacy. 

Thus, there is endogenous circadian rhythmicity in neurotransmitter systems and regions 

implicated in schizophrenic pathology, namely dopamine, GABA and glutamate in the 

striatum and nucleus accumbens. 

Normal circadian rhythm in complete darkness is not exactly 24 h; it is usually 

longer (Czeisler et al., 1999). Normally external stimuli such as light, called zeitgebers, 

entrain the internal circadian clock. Light as a zeitgeber is also intrinsically linked with 

dopamine function. Under both constant darkness and normal light conditions; with or 

without photoreceptors, rat retina show circadian variation in DA synthesis (Wirz-Justice 

et al., 1984, Doyle et al., 2002). Importantly however, light stimulation can increase DA 
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synthesis proportionally to light levels (Iuvone et al., 1978). This may be due to changes 

in mRNA, and ultimately protein levels of the dopamine synthesis enzyme Tyrosine 

Hydroxylase, which is also under light-induced control in the retina (de Lima et al., 2011). 

Photosensitive retinal ganglion cells are the cells in the retina which contain the 

photopigment melanopsin that project to the SCN and regulate circadian rhythms. Whilst 

melanopsin polymorphisms have as yet been associated with schizophrenia, they are 

associated with chronotype (Roecklein et al., 2012) and risks for seasonal affective 

disorder (Roecklein et al., 2009), indicating that melanopsin has both circadian and 

psychological effects. In the retina dopamine levels modulate mRNA levels of 

melanopsin, which is likely mediated by D2 receptors (Sakamoto et al., 2005). These 

results help to explain how alterations in dopamine metabolism or receptors may lead to 

circadian disturbance. Furthermore, because circadian rhythms can be modulated by 

dopamine release and D2 receptors in the retina, it is a potential site of the well-

documented effects of antipsychotics on circadian rhythms (Cohrs, 2008). In particular, 

arousal effects of light-induced dopamine release could be diminished significantly in 

medicated patients with schizophrenia.  

Work on drosophila suggests that sensitivity of D2 receptors is greatest at night 

(Andretic and Hirsh, 2000), and have demonstrated that D2 receptors are important in 

nocturnal activity levels through the circadian gene cycle (Lee et al., 2013). Furthermore, 

circadian rhythms in Xenopus Laevis eyecups are altered by D2 agonists (Cahill and 

Besharse, 1991). Some of schizophrenic abnormalities may be examined by the 

locomotor effects of dopaminergic agonists, their development of sensitization and 

tolerance both of which show circadian dependence (Yamada and Martin-Iverson, 1991). 

In subjective and actual night administration of PHNO, a D2 receptor agonist, produces 

sensitization in locomotor response with time whilst diurnal responses show tolerance 

(Martin-Iverson et al., 1988, Martin-Iverson and Yamada, 1992, Munro and Martin-
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Iverson, 2000). Alterations in light-day cycles shows that this D2 receptor tolerance or 

sensitization is modulated by circadian rhythms, light entrainment and is melatonin 

independent (Martin-Iverson et al., 1988, Ruzich and Martin-Iverson, 2000). Furthermore 

infusion of PHNO can result in increased stress response in activity in rats reversing 

daytime tolerance into sensitization (Munro and Martin-Iverson, 2000). In rats kept in 

constant darkness, D1 agonists affect periods of circadian rhythm but not amplitudes or 

MESORs (means), and D2 agonists influence the amplitude of locomotion and the 

MESOR activity levels, but not periods. In summary, continuous 24 h administration of 

D2 agonists to rodents promotes nocturnal activity and sensitization, but not diurnal 

activity at which shows tolerance. Furthermore, sleep deprivation can alter D2 receptor 

affinities and activity. This implicates D2 agonism as a cause of activity disturbance in 

humans and suggests that sleep disruption in schizophrenia may result in increased D2 

receptor activity and may act to induce psychosis. Psychotic symptom expression may be 

more prevalent at night time because this is when DA levels have their natural peak 

(Doran et al., 1990, Hidenori et al., 1994, Rapoport et al., 1999, Castañeda et al., 2004). 

Much animal work shows that dopamine has circadian effects and interacts with 

melatonin in the retina. Whilst a detailed analysis of this interaction is outside the scope 

of this review, it should be stated that there is a clear antagonistic relationship between 

melatonin and dopamine in the retina (Dubocovich, 1983), and that the retinal circadian 

rhythm of dopamine is dependent on melatonin (Witkovsky, 2004). This would indicate 

that any imbalance in dopamine or melatonin in the retina could possibly contribute to 

circadian disturbance, especially considering the paracrine role of dopamine in the retina 

and involvement with photosensitive retinal ganglion cells. 
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9.3.1.3 Dopamine and the Regulation of Sleep 

The role of dopamine on sleep has been the subject of much research, and provides 

insight into how changes in dopamine function may lead to circadian and sleep 

disturbance A brief overview of the role of dopamine in the regulation is presented here, 

for more comprehensive review we directed the reader to recent reviews (Monti and 

Monti, 2007, Monti and Jantos, 2008). Early humans studies demonstrated that dopamine 

agonists such as dexamphetamine reduces REM period, increases REM sleep latency and 

reduced sleep efficiency (Rechtschaffen and Maron, 1964, Hartmann and Cravens, 1976, 

Saletu et al., 1989), similar to abnormalities observed in patients with schizophrenia 

(Section 9.1.1.2). These initial findings have been elucidated more thoroughly in animal 

studies. Dopamine agonists such as apomorphine and amphetamine reduce total sleep 

time and delays REM onset (Kafi and Gaillard, 1976, Lin et al., 1992). A review of the 

literature shows that D1-receptor agonists promote wakefulness, D2 presynaptic agonists 

promotes sleep, and D2 postsynaptic agonists promote wakefulness (Monti and Monti, 

2007). Studies utilising Dopamine Transporter (DAT)-knock-out (KO) mice clearly 

illustrated the role of dopamine in sleep-wake cycles (Wisor et al., 2001, Dzirasa et al., 

2006). Wisor et al. (2001) found that DAT-KO mice showed elevated late-night circadian 

activity, a threefold increase in wake bout duration, reduced non-REM sleep percentage, 

and increased sensitivity to caffiene compared to controls. Studies by Dzirasa et al. (2006) 

show that DAT-KO mice exhibit highly elevated levels of dopamine in novel 

environments and show REM-like local field potentials from the hippocampus in 

wakefulness, whilst WT mice do not. Similar results can be achieved by treating WT mice 

with amphetamines in novel environments. When dopamine levels were depleted in 

DAT-KO mice, they exhibited had no sleep behaviour, though they had increased SWS 

spectra in wakefulness. Interestingly there was a complete abolishment of REM-activity 

which was reversed by D2 agonists but not D1 agonists, suggesting that activity of D2 



190 

receptors may be involved in generation of REM sleep. Observations in human and 

animal studies clearly show how changes in dopamine levels or sensitivity, such as in 

schizophrenia and sleep deprivation could alter circadian rhythms and sleep architecture. 

These changes may be mediated by the ventral tegmental area (VTA), a major source of 

dopamine projections in the midbrain. 

The VTA appears to play a role in dopamine-mediated effects on sleep. 

Dopaminergic cells in the VTA exhibit increased inter-spike interval variability in REM 

sleep compared to SWS (Miller et al., 1983). This change in inter-spike interval 

variability may have functional consequences, as it has been proposed that burst-firing 

activity in dopamine cells has effects on promoting wakefulness (Monti and Monti, 2007). 

Other studies have illustrated that the number of active dopamine cells in the VTA 

following REM sleep deprivation and recovery are higher than in control conditions 

(Maloney et al., 2002). Further emphasizing the importance of dopamine in sleep 

regulation is the finding that VTA dopamine neurons have increased firing rates during 

REM sleep (Dahan et al., 2006). Dahan et al. (2006) postulate that dopamine enhances 

plasticity in sleep, in a similar way it does in wakefulness. It is clear that the activation of 

D2 receptors, potentially by changes in VTA cell activity, play significant roles in 

regulating sleep architecture, especially after sleep deprivation. This may explain some 

findings in the human literature relating to cognitive deficits and antipsychotic 

effectiveness.  

Dopamine also regulates the levels of several circadian-related hormones. For 

example dopamine can activate α2A adrenoreceptors resulting in reduced activity in 

melanin-concentrating hormone (MCH) neurons in the hypothalamus (Alberto et al., 

2011). This may explain some of the effects of schizophrenia and antipsychotic 

medication, as MCH promotes positive energy balance, sleep and inhibits metabolism 
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and locomotion (Chen et al., 2002, Pissios et al., 2006). Thus dopaminergic dysregulation 

can alter MCH levels and in turn affect sleep and physical activity levels.  

Overall it appears that dopamine plays an important role in regulating sleep and 

sleep architecture, by D1 and D2-mediated mechanisms. Changes in dopamine levels or 

sensitivity may explain some of the abnormalities in sleep architecture and circadian 

rhythms described in schizophrenia, supporting the hypotheses presented in Figures 9.1 

and 9.2.  

9.3.1.4 The Relationships between Circadian and Schizophrenia-Associated Genes 

There are a plethora of possible genetic substrates for the circadian abnormalities 

in schizophrenia. Genetic association studies have shown many SNPs in important 

circadian genes are linked to schizophrenia including PER1, PER3, TIMELESS, 

CLOCK, and SNAP-25 (Mansour et al., 2006, Takao et al., 2007, Mansour et al., 2009, 

Lamont et al., 2010, associations summarised in supplementary data S2, Wulff et al., 

2010). Homozygous mutant mice for CLOCK show interesting circadian modulations. 

Whilst these mice have normal circadian rhythms of timing, they show overall elevated 

activity levels (McClung et al., 2005). Furthermore, they showed elevated levels of 

activity to novel contexts and increased behavioural sensitization to cocaine and were 

more sensitive to rewarding effects of cocaine. Not only this, but they showed 2-3 fold 

increase in TH (a dopamine synthesis enzyme) expression in the VTA, which was greater 

than in other dopaminergic nuceli, and VTA cells showed elevated activity both 

spontaneous and evoked. The CLOCK mutant mice also showed decreased expression of 

circadian genes including Per1, Per2, cryptochrome 2 and many genes implicated in DA 

systems were also disrupted. Furthermore circadian modulation of dopamine D2 

receptors is found even in lower invertebrates such as drosophila melangonaster, and is 

Per dependent (Andretic and Hirsh, 2000). These circadian gene mutants present 
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potential molecular causes of circadian disturbance found in schizophrenia. Cell culture 

work and retinal explants has shown that D2 receptor activation alters CLOCK:BMAL1 

transcriptional complexes and thus mPer1 activity by MAPK dependent pathways 

(Yujnovsky et al., 2006). They showed D2 receptor KO results in reduced circadian 

transcriptional profiles and light modulation in the retina. Thus D2 receptor occupancy in 

the retina may have profound effects on circadian rhythmicity in patients with 

schizophrenia, for better or for worse, considering that typical and atypical antipsychotics 

have their primary action on D2 receptors.  

Recent studies have also found associations of SNP polymorphisms in melanin-

concentrating hormone receptor-1 (MCHR1) in Danish patients with schizophrenia 

(Demontis et al., 2012). Furthermore, particular polymorphisms were associated with 

better treatment response to particular atypical antipsychotic medications. MCHR1 

regulates the activity of melanin-concentrating hormone (MCH) neurons which are 

normally highly active in REM sleep (Hassani et al., 2009). MCHR1 knock-out mice 

show hypersomniac traits (Adamantidis et al., 2008) and MCHR1 antagonism reduces 

sleep and alters sleep architecture (Ahnaou et al., 2008) suggesting that MCRHR1 

polymorphisms may affect sleep in schizophrenics. Currently how many other 

schizophrenia-associated genes are under circadian control is unknown. Overall it seems 

that many genes involved in the regulation of sleep may be abnormally expressed in 

schizophrenia and are either directly or indirectly involved in dopamine function.  

9.4 Conclusions 

Abnormal sleep and circadian regulation is found in a substantial proportion of 

the schizophrenic population. These abnormalities may be profound and appear to result 

in a strong negative effect on patient quality of life. There are a myriad of potential causes 

of these abnormalities, though dopamine, and to a lesser extent melatonin, most clearly 
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play roles. Data from animal studies demonstrates that dopamine is essential normal sleep 

and circadian rhythms, and that sleep disruption in turn alters dopamine activity and 

sensitivity. Data from healthy participants and patient groups further demonstrates that 

sleep disruption elevates dopamine activity, increasing susceptibility to psychosis. 

Furthermore induction of elevated dopamine levels also disturbs sleep, potentially 

creating a positive feedback cycle in schizophrenia where poor sleep and elevated 

dopamine reinforce each other, resulting in increased risk of psychosis. Antipsychotics 

which reduce circulating dopamine levels may in part be successful in normalising this 

pattern. Melatonin appears to play a role in this story, though remains understudied in 

relation to schizophrenia and sleep regulation. The association of many circadian genes 

with schizophrenia emphasises the importance that biology plays in this generation of 

sleep disruption, circadian abnormalities and psychosis. Addressing sleep disturbance in 

schizophrenia may prove to be a relatively easy therapeutic target considering the vast 

research targeting sleep disruption in non-psychiatric populations. We suggest that more 

needs to be done to characterise how dopamine levels relate to circadian patterns of 

psychosis and symptom severity.  
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10.0 Introduction 

Adverse life advents and experiences play an important role in regulation of 

emotion, behaviour, and ultimately psychological states. Furthermore predicting how an 

individual’s traits interact with environmental factors, such as stressful events, is likely 

key to understanding processes of psychological development and psychiatric illness. An 

important example is post-traumatic stress disorder (PTSD), where exposure to a 

threatening stressful event may result in long-lasting effects such involuntary ‘flashbacks’ 

of the traumatic experience, and emotional dysregulation (World Health Organization, 

1992b). Of these symptoms, ‘flashbacks’, a form of intrusive memories are highly 

characteristic and a relatively unique trait of PTSD. However there is evidence that they 

are also found in major depressive disorder (Reynolds and Brewin, 1999).  

 Intrusive memories, or intrusions, are involuntary recollections marked with 

distress relating to events that appear, apparently spontaneously (though may be via 

indirect triggers), into consciousness (Holmes et al., 2004, Holmes and Bourne, 2008). In 

addition to being associated with PTSD, intrusive memories and thoughts may also play 

an important role in schizophrenia. Elevated levels of intrusive memories have also been 

associated with schizotypical traits in nonclinical populations (Holmes and Steel, 2004) 

and intrusive deficits underpin important theoretical models for understanding auditory 

hallucinations (reviewed in: Waters et al., 2006). The use of film exposure with 

depressing and traumatic content has been thoroughly explored to measure PTSD-like 

traits (Holmes and Bourne, 2008). Following film exposure many subjects experience 

intrusive memories over the following week whether triggered or not. Active auditory 

hallucinations in schizophrenia appear to be related to intrusions of current mental events, 

previously acquired memories and/or a deficit in memory for context (Waters et al., 

2006). Thus intrusive memory formation appears to cross diagnostic boundaries, making 

it a useful outcome measure for dimensional analysis such as proposed with the National 
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Institute of Mental Health (NIMH) Research Domain Criteria (RDoC) (Cuthbert and 

Insel, 2010, Insel et al., 2010) (discussed in Section 1.3.2). 

Our study utilised a combination of depressing and traumatic film content to 

assess the role of circadian rhythms, baseline personality traits, and emotional response 

to the film on the formation on intrusive memories. This was in order to determine 

phenotypic markers of psychiatric and psychological sensitivity. In addition, previous 

research in our group showed that intrusive memory formation was labile to disruption 

with sleep deprivation (Porcheret et al., 2012). However, it was unclear whether this 

disruption of intrusive memories was a function of the sleep deprivation, or purely the 

result of increased time before memory consolidation that occurs with sleep. As such our 

study addresses if there is an association between intrusive memories with circadian 

rhythms and time spent awake. 

10.1 Methods 

All subjects were university students recruited using online advertising, flyers and 

college mail lists from the Oxfordshire area (UK), aged between 18-25 yrs. Volunteers 

were screened via email followed by semi-structured interviews to ensure absence of 

sleeping disorders, psychiatric history, substance abuse, or pre-existing chronic health 

problems that may interfere with the study. If subjects met the screening criteria they were 

profiled using several measures of personality and mood questionnaires. The study was 

approved by the local ethics committee (University of Oxford, Ref. 

MSD/IDREC/C1/2011/132) and an overview of the assessments is shown in table 10.I. 

Upon completion of the screening interview the subjects were asked to maintain activity 

diaries, and wear a wrist-watch actigraph (Actiwatch® Light, Cambridge 

Neurotechology) for two weeks. In the activity diaries they were asked to record when 

they were not wearing the actigraphy, major periods of activity and inactivity, and time 
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spent in bed. During this two week period they were required to provide 4 saliva samples 

in 15 minute intervals after waking whilst remaining inactive for cortisol analysis 

(modified protocol from: Read et al., 1977) for 2 mornings, and sequential urine samples 

over one 48hrs period for circadian melatonin profiling (radioimmunoassay of urine 6-

sulphatoxymelatonin (aMT6s), (Benloucif et al., 2008)) and fitted using non-linear 

regression in based upon (Wulff et al., 2006). 

Approximately two weeks after the interview day participants were assigned to 

watch a 15 min analogue traumatic film in the morning (10am, n=12) or evening (8pm, 

n=10), in order to assess the circadian involvement of intrusive memory formation. The 

film protocol and instructions were based upon previously published research (Holmes et 

al., 2004). The film clips were compiled from (Lang et al., 2009), and consisted of 5 clips 

from film and television depicting scenes of bullying, a funeral, and suicide. Following 

the film they were given a diary with instructions to record the type, content and number 

of intrusive memories that occurred over the next week. For the rest of the day they were 

asked not to watch television or engage in interactive media, as visual-spatial tasks 

interfere with intrusive memory formation (Holmes et al., 2009). Immediately before and 

after the film, various measures of mood were assessed to determine the immediate 

impact of the film. The day prior to the film exposure, day of the exposure, and the day 

after, the participants were required to fill out mood visual analogue scales (VAS) every 

second waking hour. 

The final test day commenced after one week post-film, when intrusion memory 

diaries were collected. This was followed by visual and verbal recognition tests were 

performed to assess the amount of declarative memories of the film in each group, as well 

as various measures of mood.  
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Statistical analysis was performed in R (R studio version 0.98.944, R version 

3.0.1). Comparisions between morning and evening groups used binomial generalised 

linear models, or chi-squared analysis where relevant. Spearman correlations Logistic 

fitting used binomial logit regression, whilst the package “rpart” (version 4.1-5) for 

recursive partitioning and classification tress.  

10.2 Results & Discussion 

10.2.1 Morning vs. Evening Differences 

Both the morning and evening groups were not significantly different on any 

measure of circadian rhythms, sleep quality or structure, caffeine consumption, or gender 

ratio (data not shown). Several mood and emotion parameters that differed between 

groups at the time of interview: neuroticism, depression-dejection scale, vigour-activity 

as assessed by the profile of mood states (POMS) and Eysenck Personality Questionnaire 

(EPQ) total score. However, none of these scores showed association with intrusive 

memory formation (Logistic and Spearman correlations, all p>>0.10). The circadian 

melatonin levels (aMT6s) and morning cortisol were also similar between groups (all 

p>0.25). 

On the film day, the evening group showed increased negative affect on visual 

analogue scales (Morning vs. Evening, 3.40 ± 4.95 vs. 7.28 ± 7.66, mean ± SD, p<0.01), 

though this is likely a direct result of circadian effects on mood (Monk et al., 1997). The 

evening group were less positive immediately post-film (positive and negative affect 

scale (PANAS), positive dimension) (Morning vs. Evening, 28.3 ± 9.0 vs. 21.2 ± 6.6, 

mean ± SD, p<0.05). Briefly, there were no differences between groups in intrusive 

memory formation over the 1 week follow up period for total number of intrusions and 

intrusion time of day (Figure 10.1). There were no unexpected differences in mood or any 

interactions with mood and time of day.  
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Both short-term and long-term memory show strong circadian profiles across 

phylogeny (Gerstner et al., 2009). In humans, time of day appears to have important 

effects on memory storage, rather than retrieval for long-term memory (Gerstner et al., 

2009, Fabbri et al., 2012). However, our results indicate that there is no effect of circadian 

rhythms on the number of intrusive memories at the times we used. This has important 

implications on the mechanism of intrusive memory formation. Despite the morning 

group having a longer duration for memory trace to decay, and/or to be disrupted before 

being consolidated by sleep (Davidson and Glisky, 2002), the two groups had equal levels 

of intrusive memories. Furthermore, time of intrusive memory formation was unrelated 

to time of film exposure, suggesting that contextual time cues are not necessary for 

intrusive memories.  

 
Figure 10.1. Intrusive memory formation following depressive film exposure. A) Cumulative number of 
intrusive memory with days, where day of film exposure was considered day 1. B) Time of day intrusive 
memory occurred. Data shows mean ± SEM. There were no significant differences. 

Supporting a difference between intrusive memories and normal declarative 

memories, we found a lack of association between intrusion memories and tests of verbal 

and visual recognition memory. This supports the notion that intrusive memories may be 

similar to "flashbulb" memories, which appear to be generated or retrieved from different 

mechanisms from "every-day" long-term memories (van Der Kolk and Fisler, 1995, 

Davidson and Glisky, 2002), and that they are somewhat resistant to mild day to day 

interference. Previous research has supported this notion: patients with PTSD show 
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differences in vividness, motor and autonomic function between ordinary 

autobiographical memories and flashback memories of traumatic events (Hellawell and 

Brewin, 2002, Hellawell and Brewin, 2004). Our research suggests that intrusive memory 

formation bypasses the usual processes of memory consolidation and vulnerability to 

trace decay. 

10.2.2 Individual Traits as Predictors of Intrusions 

Because there were no differences in intrusions and meaningful baseline measures 

between the morning and evening exposed group, we were able to pool the groups for 

further analysis. Additionally, as the average number of intrusive memories were low 

(less than 3), highly variable in number (range 0-14), and there were many non-responders 

(7/21) we decided to categorise participants as either responders or non-responders to the 

film. We used logistic regression to determine which subject traits show associations with 

intrusive memory formation. An α = 0.10 was selected, due to relatively low power and 

the exploratory nature of the study. Low sample size prohibited the valid use of 

multivariate regression (due to model over-fitting), therefore each variable was assessed 

independently before being considered as part of a larger model. See table I for comments 

on each assessment and how each measure was derived. 

All baseline individual traits from the interview day, melatonin, cortisol and 

actigraphy data were fitted with a logistic regression model. The baseline traits that 

significantly predicted intrusion probability were: ‘mood state’, ‘extraversion’, and daily 

caffeine intake as shown in Figure 10.2. These results suggest that increasing levels of 

‘mood state’ and ‘extraversion’ scores 2 weeks prior to film exposure may predict 

intrusive memory formation. ‘Mood state’ broadly fits in with previous literature 

indicating that individuals with high emotionality are more predisposed to PTSD (Miller, 

2003). However, introversion appears to be a predictor of PTSD (Miller, 2003, Het et al., 
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2005), rather than extraversion found in our study, suggesting that predictors of intrusive 

memories are not necessarily the same predictors for PTSD. It is notable that extraversion 

was a significant predictor both on the interview day and the final test day (see below), 

indicating that it is a persistent effect.  

The association of low morning cortisol levels and intrusive memory formation is 

perhaps surprising. Administration of cortisol prior to exposure to highly emotionally 

valent images enhances memory of those images 1 week later in free and cued recall tests 

(Buchanan and Lovallo, 2001). However, others have demonstrated that the dose 

response shape may be an inverted ‘U’ shape (Abercrombie et al., 2003), suggesting that 

a simple logistic regression may be an inadequate model for this measure. More simply 

however, baseline morning levels of cortisol may be inversely correlated to cortisol levels 

immediately prior to the film, or with HPA axis responsiveness to the film. Future studies 

would benefit for measurements immediately prior and following film exposure, 

especially considering the interaction between cortisol levels and time of day on memory 

(Het et al., 2005).  

None of the 27 sleep parameters derived by actigraphy (Actiwatch Activity & 

Sleep Analysis, version 7.23, Cambridge Neurotechnology) were significant predictors 

of intrusive memory formation (data not shown). However, two measures of global 

activity levels appeared to be related to intrusive memory formation: L5 onset (the time 

onset of least 5 hours of activity in the day), and M10 onset (the time onset of maximum 

10 hours of activity in the day) (Figure 10.2). Other measures of activity such as intra-

daily variability and inter-daily stability (Van Someren et al., 1999) were not associated 

with intrusive memory formation. Currently the evidence for abnormalities in PTSD 

patient actigraphy is equivocal (Khawaja et al., 2014). Nevertheless our results indicate 

that subjects with earlier onset of activity nadirs and activity peaks are less likely to 
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experience intrusive memories. Previous literature has also demonstrated that circadian 

typology is related to long-term memory retrieval (Fabbri et al., 2012). 

On the day of film exposure, ‘tension’ scores measured immediately prior to the 

film showed a significant association with intrusive memory formation (Figure 10.3). 

Several post-film measures showed significant correlations: ‘tension’, ‘anxious’, 

‘avoidance’, ‘VAS positive, and ‘VAS negative’ (Figure 10.3). As expected, this 

indicates that subjects experienced high levels of negative and low levels of positive 

affect, showed elevated levels of intrusive memories. Flashbacks are characterised by 

high levels of emotional content (van Der Kolk and Fisler, 1995). 

On the final day of testing, 1 week post-exposure, the traits of ‘extraversion’, 

‘confusion’, ‘anger-hostility’, and ‘EPQ total score’ showed associations with reports of 

intrusive memory formation. This indicates that there were lasting mood and personality 

trait differences between the responder and non-responder groups, even 1 week post-film.  
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Figure 10.2. Significant predictors of intrusive memory formation from baseline subject data using logistic 
regression. See cortisol graph (middle panel) for graphical explanation: Logistic regression curve shown 
with solid line, raw data with circles. Vertical dotted line indicates average intrusive memory responder, 
vertical dashed line non-responders. Horizontal dashed line indicate intrusion probability = 0.5. The odds 
ratio/unit (OR) and p-value are shown below the curves. 
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Figure 10.3. Significant predictors of intrusive memory formation from film day data using logistic 
regression. Logistic regression curve representation and figure annotation is the same as in Figure 10.2. 

 

 
Figure 10.4. Significant predictors of intrusive memory formation from cognitive test day data using logistic 
regression. Logistic regression curve representation and figure annotation is the same as in Figure 10.2. 
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10.2.3 Regression Decision Trees 

Following selection of candidate measures using logistic regression, we included 

each significant association into a classification tree model for baseline, film day and 

post-film measures, using the package ‘rpart’. Whilst over-fitting is unavoidable in such 

a design with small group sizes, we constrained the classification tree such that each split 

must have a minimum n=3 at the stem to prevent extreme over-fitting (a value of less than 

3 would always result in a complete model fit). The results of these classification trees 

are shown in Figure 10.5.  

For the baseline data only 3 decision tree nodes were required for a complete fit 

(100% prediction). In particular caffeine consumption was the best decision node, with 

caffeine consumption below 91.5 mg/day indicating that the subject had intrusive 

memory formation, without further need for segregation. It is important to note that 

subject were asked to abstain from caffeine consumption the day of the film exposure. 

Thus effects of caffeine may not be a result of baseline caffeine consumption per se, but 

rather may be the result of well documented caffeine withdrawal worsing of cognitive 

and psychomotor performance (e.g., Heatherley et al., 2005, James and Rogers, 2005). It 

would be worth examining this in further detail to investigate the role that stimulants and 

sedatives may play in intrusive memory formation.  

If baseline caffeine consumption was high, low cortisol levels (< 8.4 ng/L) 

indicated a lack of intrusive memory formation – perhaps indicating that individuals with 

low HPA axis function are less likely to develop intrusive memories. Finally the start time 

of greatest 10 hour activity period (M10) in the day served as the branch, where above 10 

am indicated intrusive memory formation.  

The results from the film day classification tree indicate a more complex process. 

High post-film tension served as an excellent classifier of intrusion responsiveness. 
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Inuitively this makes sense, those who are the most emotionally disurbed by the film are 

the most likely to remember the film, as emotional valence is an important aspect of 

intrusive memory formation. This is also indicated by the secondary branch of the tree, 

which shows that individuals with a low average negative affect post-film (VAS negative 

post-film) were non-responsive to the film. In addition, low anxiety predicts non-

responsiveness. Overall it appears that negative affect in response to the film serves as 

useful predictors to intrusive memory formation. 

The cognitive test day results (Figure 10.4) emphasize the relationship between 

emotional responsiveness with intrusive memory formation. Whilst the decision tree is 

more complicated than the other days, it can be seen that at each branch, subjects with 

elevated emotionality were more likely to show intrusive memory formation.  

10.3 Conclusion 

Our study demonstrated a lack of association between the time of day subjects are 

exposed to a depressing film and intrusive memories. These results, along with other data 

(Holmes et al., 2004, Holmes and Bourne, 2008), support the notion that intrusive 

memories may have different mechanisms of formation than regular declarative 

memories. This study also found several baseline personality traits and physiological 

predictors, including activity levels, melatonin and cortisol levels, predict intrusive 

memory formation. Overall our data supports the notion that highly emotional 

individuals, and those with late activity onsets may be predisposed to intrusive memories. 

Performing similar experiments in psychiatric populations could prove to be useful. For 

example we could assess whether schizophrenia is associated with increased intrusive 

memory formation (Waters et al., 2006) and sensitive to context in which the film is 

shown. This study may serve as a useful stepping stone to exploring predictors of 

psychiatric phenotypes in a larger population, allowing for validation of our selected 
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variables and resulting in increased power in analyses. Our study also demonstrates the 

utility of using multiple continuous dimesions rather than diagnostic categories in 

psychiatric and psychological research. In particular it suggests that by using simple 

classification models we may be able to predict psychiatric predispositions with a 

reasonable degree of certainty. 
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Figure 10.5. Classification trees derived from significant predictors of intrusion 
memory formation. The model creates decision trees that maximise the split of groups 
between those which develop intrusions (responders), and those that do not (non-
responders). 
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Assessment Purpose When Reference 
Analogue traumatic film To induce intrusive memories formation Day of film (Lang et al., 2009) 

Saliva Cortisol Test Determine baseline cortisol levels in the 
morning upon waking, using 4 sequential 
samples, in supine position 15 minutes 
apart. 

Any 2 mornings 
before the film 
exposure 

Appendix Table 
A.XV. 

Urine Circadian Melatonin 
Profile 

Determine circadian melatonin profile 
using aMT6s  

Any continuous 48 
hour period before 
the film exposure 

(Wulff et al., 2006) 
Appendix Table 
A.XVI. 

Visual Recognition Test Assess visual recognition memory using a 
slideshow of images from the film and 
absent from the film. Scored whether the 
image was present or absent from the film. 

Final test day Not Shown 

Written Memory Test Volunteers were asked which statement was 
true about the film content from multiple 
choice answers 

Final test day Appendix Table 
A.XX 

Impact of Event Scale - 
Revised 

Assess the emotional response to the film 
which is divided into the subscales of: 
intrusions, avoidance, and hyperarousal 

Day after film (Horowitz et al., 
1979) 

Positive and Negative 
Affect Schedule (PANAS) 

Assess the current participant feeling, with 
scores summed into two subscales: positive 
affect and negative affect. 

Immediately before 
and after film, day 
after film, final test 
day 

(Watson et al., 
1988) 

DSS Rating Scale Assess feelings of dissociation – the sense 
of being removed from an experience 

Immediately before 
and after film, final 
test day 

(Bremner et al., 
1998) 

State Anxiety Mood 
Rating Scale 

Assess current feelings of anxiety Immediately before 
and after film, day 
after film, final test 
day 

(Spielberger et al., 
1970) 

Activity Diary To monitor daily activity, and to assist 
actigraph analysis 

Duration of 
experiment 

Appendix Table 
A.XVII. 

Intrusive Memories Diary Record Intrusive memories from film 
occurrence and content 

After Film Appendix Table 
A.XVIII. 

Mini international 
neuropsychiatric Interview 
(English Version 5.0.0) 

Screening of subjects for presence of 
psychiatric disorders 

Interview (Sheehan et al., 
1999) 

Mood Disorder 
Questionnaire 

Screening for presence of mood disorder Interview, final test 
day 

(Hirschfeld et al., 
2000) 

Health Questionnaire Screening for chronic illness, excessive 
caffeine consumption and sleep disorder 

Interview (Hankins, 2008) 

Visual Analogue Scale 
(VAS)– Emotional  

Assessment of various current positive and 
negative emotions. Positive and negative 
affect scales were averaged separately for 2 
composite measures “VAS positive” and 
“VAS negative” 

Interview, pre-film 
day, film day, and 
post-film day. 

Appendix Table 
A.XIX. 

Profile of Mood States 
(POMS) 

Assessment of mood over last week Interview day, final 
test day 

(McNair et al., 
1992) 

Morning-Eveningness 
(Lark-Owl) Questionnaire 

Screening of extreme chronotypes, those 
who exhibit extreme morning or evening 
circadian rhythms 

Interview day (Horne and 
Ostberg, 1975) 

Pittsburgh Sleep Quality 
Index (PSQI) 

Screening for sleep quality and timing 
using self-evaluation 

Interview day (Buysse et al., 
1989) 

Eyesenck Personality 
Questionnaire (EPQ) 

Personality profiling divided in the 
subscales of: neuroticism, psychoticism, lie, 
and extraversion. 

Interview day, final 
test day 

(Eysenck and 
Eysenck, 1975) 

Table 10.I. List of assessments performed on subjects throughout study. Details of assessments that are not 
based upon previous studies can be found in the appendix A.4. 
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Chapter 11: General Discussion 
This thesis examined selected physiological and behavioural measures that have 

putative relationships with schizophrenia. The use of these measures demonstrated the 

usefulness of biomarkers in exploring the aetiology and neurobiology of schizophrenia. 

Importantly, even when biomarker tests fail to demonstrate schizophrenia-like 

phenotypes, they are still capable of providing novel insights into other aspects of 

neurodevelopment as demonstrated throughout the thesis. 

In sections 2 and 3, we utilised biomarker assessments including auditory evoked 

potentials, the startle reflex, and behavioural testing in animals to provide novel insights 

into developmental neurobiology and risk factors of schizophrenia. The review of 

circadian rhythms, sleep, and psychosis in section 4 chapter 9 demonstrated the utility of 

simple and ubiquitous biomarker assessments, and how they can provide insight into the 

mechanisms and prevention of disease. Section 4 chapter 10 demonstrated that a 

subclinical psychiatric trait, intrusive memories, may be predicted by subject traits, both 

psychological and biological. Our results suggest that these traits may serve as biomarkers 

of susceptibility in healthy populations. These experiments and their design are examples 

of methodology that is useful in progressing our understanding of neuropsychiatric 

disease. 

11.1 Biomarkers in animal models – providing mechanistic insights 
into developmental neurobiology 

Biomarkers not only bridge the precarious gap between human disease and animal 

models – but provide insight into the underlying mechanisms and effects that various 

genes and environmental insults have on neurodevelopment (illustrated in the chapters 

(Chapters 2-5).  
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11.1.1 The Role of Ephrin-A2 and Ephrin-A5 on brain function revealed by 
biomarkers associated with schizophrenia 

Biomarker assessments are not only useful to establish psychiatric traits, but also 

reveal novel insights even when expected traits are absent. In Chapters 2-5 we explored 

the role of the neurodevelopmental proteins ephrin-A2 and ephrin-A5 on systems which 

show abnormalities in schizophrenia. Despite finding no indication of schizophrenia 

biomarkers or phenotypes, the assessments used demonstrated new and intriguing 

insights into the function of ephrin-A2 and ephrin-A5. Namely, we discovered that 

ephrin-A2 and ephrin-A5 appear to have a role in establishing auditory brainstem 

circuitry (Yates et al., 2014a), and in neuromotor development (Yates et al., 2014k). 

In Chapter 3 (Yates et al., 2014a) we demonstrated a new role for ephrin-A2 and 

ephrin-A5 in auditory development by examining auditory brainstem responses (ABRs). 

Not only was this necessary to establish the validity of later biomarker assessments, but 

it demonstrated novel roles of these proteins in auditory function. Unusually, particular 

combinations of knock-outs demonstrated apparent improvements in auditory thresholds 

- to our knowledge no other models have demonstrated apparent increased auditory 

sensitivity compared to controls. Whilst we did not establish ABR abnormalities similar 

to previous reports in schizophrenia literature (Lindström et al., 1990, Igata et al., 1994, 

Igata et al., 1995), the application of biomarker research to this model proved to be highly 

insightful and established the hearing thresholds necessary to accurately interpret later 

experiments. Physiological hearing thresholds allowed us to incorporate the effects of 

hearing sensitivity on the interpretation of our acoustic startle reflex results. 

I also examined the role of ephrin-A2 and ephrin-A5 in one of the most commonly 

used biomarker assessments – prepulse inhibition (PPI) of the startle reflex (Chapter 4 

(Yates et al., 2014k)). Despite changes in dopamine nuclei and various measures of the 

reflex, we demonstrated no robust outcomes consistent with schizophrenia biomarkers. 
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There were however, other changes in the startle reflex that proved interesting. The well 

defined neuroanatomy and function of the acoustic startle reflex and prepulse inhibition 

circuits allowed for new insights into the function of ephrin-A2 and ephrin-A5. In 

particular we established that ephrin-A2 and ephrin-A5 likely had roles in neuromotor 

function – rather than in sensorimotor gating as was initially expected. We also predict 

that these proteins are essential in normal neuromuscular function – having a sizable 

effect on startle amplitude and latency. This study helped to bridge studies on the 

molecular and cellular effects of ephrins (Eberhart et al., 2000, Wang et al., 2001, 

Washburn et al., 2007) to their physiological relevance in vivo. 

 Chapter 5 explored the potential of ephrin-A2 and ephrin-A5 to affect circadian 

rhythms – which are commonly disturbed in schizophrenia. There were no gross 

abnormalities in ephrin knock-out animals, but again it established an important finding. 

Ephrin-A2 and ephrin-A5 are not essential for establishing circadian timing which 

implies that knock-out of these proteins does not grossly interfere with the role of 

photosensitive retinal ganglion cells or their entraining of circadian rhythms. Whilst the 

topography of retinohypothalamic connections is unknown; our results suggest that if 

indeed highly ordered topographical mapping exists as it does in other visual areas, 

ephrin-A2 and ephrin-A5 are unlikely to play a major role. 

Abnormal brain connectivity is found in schizophrenia in diverse regions 

(reviewed in: Waters-Metenier and Toulopoulou, 2011). Ephrin-A2 and ephrin-A5 KO 

mice are a model of abnormal brain connectivity. They show disordered connections in 

the visual (Wilks et al., 2010, Rodger et al., 2012), somatosensory systems (Prakash et 

al., 2000, Uziel et al., 2002, Miller et al., 2006, Uziel et al., 2006), and in this thesis I 

demonstrated changes in the dopaminergic system (Chapter 4) and auditory system 

(Chapter 3). Whilst there is no consensus on what abnormalities are present in white 
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matter in schizophrenia (Waters-Metenier and Toulopoulou, 2011), our models suggest 

that just any or diverse changes in connectivity are not sufficient to produce schizophrenia 

phenotypes. However, ephrin-A2 and ephrin-A5 knock outs, or indeed mice in general, 

may not be suitable models for complex changes in white matter connectivity observed 

in humans. 

Whilst ephrin-A2 and ephrin-A5 do not appear to have significant roles in 

schizophrenia, our results demonstrate a major benefit of many biomarkers commonly 

used in schizophrenia – they provide mechanistic insight into genetic influences on brain 

function due to their quantitative and well-defined nature.  

11.1.2 Assessing a potential epidemiologically-based risk factor for schizophrenia – 
the role of neonatal stress on schizophrenia-like biomarkers 

Given the lack of evidence of schizophrenia-like phenotypes in ephrin-A-/- mice, 

I changed to a different animal model that examined the impact of stress. 

Early life stress has a variety of outcomes on brain development. Epidemiological 

evidence from schizophrenia suggests that neonatal stress may play a role in the 

development of schizophrenia (Corcoran et al., 2001, Koenig, 2006), however, there is 

no ethical or practical way to perform a study demonstrating a causative link between the 

neonatal stress and adult schizophrenia in humans. Yet the use of schizophrenia 

biomarkers allowed for the assessment of this association in a rodent model (Chapter 7). 

In particular we utilized the ability of many biomarkers used in schizophrenia to be 

analogously applied to rodents – improving the construct validity of our tests. This 

included measures of EEG activity, sensory gating, auditory function, stress reactivity 

and dopamine sensitivity. This broad phenotypic battery revealed that at least in rodents, 

neonatal stress is unlikely to be sufficient to generate schizophrenia-like phenotypes. This 

is contrary to the suggestion in Chapter 1.6.1 that different developmental stressors may 
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act as convergent risk factors for schizophrenia. We further established the link between 

perinatal stress and dopamine function (Chapter 1.6.3). Yet rather than causing 

schizophrenia-like sensitization to amphetamine and the effects of dopamine, perinatal 

stress appears to cause desensitization. These findings, if indeed applicable to humans 

(discussed below, Chapter 11.2.1), suggest that more complex interactions are required 

to generate schizophrenia than neonatal HPA axis activation. Further still, our results 

suggest that neonatal stress may be protective against the effects of stress later in life. 

 Unfortunately modelling the polygenicity of schizophrenia with gene-

environment interactions is difficult, if not impossible in animals. Nonetheless, neonatal 

stress may not have as close a relationship to schizophrenia as epidemiological evidence 

may suggest. This is consistent with the prevalence of current pharmacotherapies 

involving delivery of steroids to neonates and children. Dexamethasone is currently used 

in a variety of diseases and conditions in early life, from use in premature infant lung 

development (Bolt et al., 2001) to treatment of bacterial meningitis (Schaad et al., 1993). 

There are indications that early postnatal dexamethasone in humans has negative impacts 

on a variety of childhood outcomes – such as motor skills and IQ (Yeh et al., 2004). Yet 

to our knowledge no study has examined if children exposed to dexamethasone have 

increased risk of psychiatric illness. Our study suggests that neonatal dexamethasone 

would not produce a specific psychiatric phenotype. Furthermore studies in sheep have 

demonstrated that after a period of delayed neural development due to steroid delivery 

(indicated by glial fibrillary acid protein staining for glial cells) the deficit had recovered 

in young adults (Quinlivan et al., 2002). This indicates that whilst neonatal 

dexamethasone may affect neurodevelopment – it may not have sufficiently adverse 

psychiatric outcomes to warrant its disuse.  
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11.2 The Application of Biomarkers in Human Populations 

Biomarker assessments provide insight into human populations – both healthy and 

psychiatric. Whilst diagnostic criteria provide guidelines to diagnose a mental illness, 

they reveal little about core pathology, or the source of deficits in patients. The application 

of biomarker research has revealed much about the normal and abnormal function of the 

brain, and how this relates to neuropsychiatric disease. 

11.2.1 Usefulness of Animal Models of Schizophrenia Disease 

An important aspect of animal model research is: how well do the animal models 

represent the human condition? This is particularly tricky in schizophrenia literature – 

gene knock-out models are obviously not the same as the human condition (Harrison et 

al., 2012). Furthermore, schizophrenia is undoubtedly a human condition, with symptoms 

such as delusions and hallucinations which cannot be explicitly assessed in animals. Yet 

the models still can provide insight into the neuroanatomical and genetic basis of 

schizophrenia pathologies (Deutsch et al., 2006, Gould and Gottesman, 2006), and may 

have some analogous features and pathologies. So whilst animal models of schizophrenia 

may not model schizophrenia, they may model the pathological mechanisms that lead to 

schizophrenia in humans. Utilising biomarkers in animals provides a framework to link 

human and animal research in schizophrenia. Without the use of biomarkers we would 

not be able to demonstrate enough similarities of the model to the human condition. As 

such we could not even validate a model without the use of biomarkers. 

11.2.2 Sleep and Circadian Rhythms in Schizophrenia – Insight into Mechanisms and 
Risk Factors of Psychosis 

The core symptoms of schizophrenia are so stark and unusual that there is the risk 

that other abnormal traits – such as circadian and sleep disturbance, receive too little 

attention. In Chapter 9 I discussed in detail a novel hypothesis – that sleep and circadian 

rhythms are intrinsically linked with dopamine function and psychosis. This relationship 
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was suggested by examining the links between human and animals in the sleep and 

circadian biomarkers. This process demonstrates one of the major benefits of biomarker 

research – allowing the synthesis of human and animal data to provide new insights. In 

this way sleep and circadian rhythms may be useful biomarkers – they are easy to 

quantify, cheap to assess, cross species, and are related to severity of symptoms and key 

indicators of quality of life (Poulin et al., 2003, Ritsner et al., 2004, Hofstetter et al., 2005, 

Krystal et al., 2008). Furthermore sleep and circadian rhythm functioning are essential in 

maintaining homeostasis and good health in the general population (Foster and Wulff, 

2005). My review of the literature indicates that targeting the treatment of sleep and 

circadian disorder in patients with schizophrenia may have profound impacts on core 

symptoms and general patient functioning. 

11.2.3 Biomarkers as Predictors of Psychiatric Susceptibility 

One of the greatest failings of modern psychiatric research is the failure to have 

adequate predictions of susceptibility for polygenetic psychiatric disease such as in 

schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 

2014). Chapter 10 demonstrated one methodology to address this issue by assessing risk 

factors for a subclinical psychiatric biomarker – intrusive memory formation (Holmes et 

al., 2004, Holmes and Bourne, 2008). Experiments in healthy subjects are insightful 

inasmuch as many psychiatric traits and symptoms (including those in schizophrenia) are 

considered to exist on a continuum. This being the case the responses of healthy subjects 

to experimental intervention may be at times considered quantitatively, rather than 

qualitatively different to psychiatric populations. Despite the exploratory nature of this 

study, it was clear that only a few traits are necessary to correctly predict which 

individuals are susceptible to intrusive memories. Applying similar principles for other 

traits and diseases will likely prove insightful and raise the possibility of applying 

preventative strategies. Indeed, there is some success in finding measures that predict 
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conversion to psychosis in populations at ultra-high risk for schizophrenia (Mechelli et 

al., 2011), and there is hope that similar efforts will be successful in the general 

population. Early or preventative strategies may even reduce conversion to psychosis 

(Morrison et al., 2007, Yung et al., 2007). 

11.3 Conclusions 

The usefulness of biomarker in schizophrenia research can be seen in many areas, 

and can be used in many different ways. As demonstrated in this thesis, biomarkers 

provide insight in developmental neurobiology, pathology, and risk factors of disease. 

Currently a weakness in the literature is the use of disparate methodologies and data sets. 

Combined use of multiple biomarkers with genetic screening should provide synergistic 

effects. Concerted efforts in applying an array of biomarkers to the general and 

psychiatric population may serve to reveal new insight into predictors and mechanisms 

of illnesses and schizophrenia, and the relationship between the brain and psychological 

function. The utilisation of biomarkers in the Research Domain Criteria and the 

Consortium on the Genetics of Endophenotypes in Schizophrenia, present a great step 

forward in psychiatric research in this regard (Calkins et al., 2007, Insel et al., 2010). 

Combined with similar approaches using phenotyping batteries in animal models, 

biomarkers have potential to provide insight not just into disease, but into the link between 

genetics, basic neurobiology, and the foundations of behaviour. 
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A.1 Prepulse Inhibition of Ephrin-A KO Mice 

A.1.1 SIRM Curve Parameters 

 

Table A.I. SIRM curve fit parameters statistics from ANCOVAs, with ephrin-A2 and ephrin-A5 as main 
factors, between-subjects covariates of age and mass. Significant differences are underlined. 
 

 

 

Parameter Startling stimulus alone 
Effect df F value p-value 

Rmax Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 8.551 
4.979 
0.817 

<0.01 
<0.05 
0.371 

y0 Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 3.706 
1.304 
0.155 

0.061 
0.260 
0.696 

ES50 Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 6.332 
2.908 
0.054 

<0.05 
0.096 
0.817 

Threshold Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 3.212 
4.437 
1.765 

0.080 
0.041 
0.191 

log10(Hillslope) Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 1.469 
0.001 
1.289 

0.232 
0.980 
0.263 

Parameter Prepulse Inhibition 
Effect df F value p-value 

%PPI Rmax Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 0.209 
0.451 
0.220 

0.650 
0.506 
0.641 

Δy0 Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 0.599 
0.771 
0.018 

0.444 
0.385 
0.894 

ΔES50 Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 1.399 
1.304 
0.190 

0.244 
0.260 
0.665 

ΔThreshold Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 0.432 
1.646 
3.393 

0.514 
0.207 
0.073 

Δlog10(Hillslope) Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 0.128 
1.935 
0.331 

0.723 
0.172 
0.569 
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Parameter Startling stimulus alone 
Effect df F value p-value 

Latency to Startle Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 29.396 
10.887 
4.540 

<0.00001 
<0.01 
<0.05 

Latency to Peak Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 10.784 
5.961 
1.986 

<0.01 
<0.05 
0.166 

Motor Response Latency Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 7.676 
4.692 
1.482 

<0.01 
<0.05 
0.230 

 Prepulse Inhibition 
ΔLatency to Startle Ephrin-A2 

Ephrin-A5 
Interaction 

1,41 1.815 
9.830 
0.005 

0.185 
<0.01 
0.946 

ΔLatency to Peak Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 0.042 
9.465 
0.429 

0.838 
<0.01 
0.516 

Δ Motor Response Latency Ephrin-A2 
Ephrin-A5 
Interaction 

1,41 0.263 
7.092 
0.484 

0.611 
<0.05 
0.490 

Post-hoc t-test Comparisons: Latency to Startle 
Genotype 1 Genotype 2 Df t-statistic 
Ephrin-A2A5-/- Ephrin-A2-/- 19 0.702 
Ephrin-A2A5-/- Ephrin-A5-/- 19 5.263 
Ephrin-A2A5-/- Wild-type 21 1.703 
Ephrin-A2-/- Ephrin-A5-/- 20 6.113 
Ephrin-A2-/- Wild-type 22 2.498 
Ephrin-A5-/- Wild-type 22 3.864 

Table A.II. Latency statistics using ANCOVA results, from latency responses over 100-120dB. Ephrin-A2 
and ephrin-A5 as main factors and between-subjects covariates of age and mass and within covariate of 
startle stimulus intensity. Lower part of the table shows statistics for post-hoc comparisons. Significant 
differences are underlined. 
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A.1.2 Neuroanatomy 

 Effect Df F value p-value 
VTA TH+ Cell Count Ephrin-A2 

Ephrin-A5 
Interaction 

1,14 0.806 
27.378 
0.142 

0.384 
<0.001 
0.712 

VTA TH+ Nuclei Area Ephrin-A2 
Ephrin-A5 
Interaction 

1,14 0.546 
17.463 
0.031 

0.472 
<0.001 
0.863 

VTA TH+ Cell Density Ephrin-A2 
Ephrin-A5 
Interaction 

1,14 0.086 
11.581 
0.012 

0.775 
<0.01 
0.913 

SNpc TH+ Cell Count Ephrin-A2 
Ephrin-A5 
Interaction 

1,14 0.0395 
28.109 
0.872 

0.845 
<0.001 
0.366 

SNpc TH+ Nuclei Area Ephrin-A2 
Ephrin-A5 
Interaction 

1,14 0.073 
16.183 
0.105 

0.791 
<0.001 
0.750 

SNpc TH+ Cell Density Ephrin-A2 
Ephrin-A5 
Interaction 

1,14 0.007 
4.547 
1.969 

0.932 
0.051 
0.182 

Table A.III. Summary statistics of VTA and SNpc TH+ cells from 2-way ANOVAs results, with ephrin-
A2 and ephrin-A5 as main factors. Significant differences are underlined. 

A.2 Circadian Rhythms of Ephrin-A KO Mice 

Behaviour Effect df MORNING DAY EVENING NIGHT 
F  p F  p F  p F  p 

Activity Gender 
Genotype 
Interaction 

1, 28 
2, 28 
2, 28  

2.358 
1.019 
0.461 

0.136 
0.374 
0.635 

5.965 
0.368 
0.140 

<0.05 
0.695 
0.870 

3.199 
1.617 
0.076 

0.085 
0.216 
0.927 

0.025 
2.163 
0.073 

0.876 
0.134 
0.145 

Inactivity Gender 
Genotype 
Interaction 

1, 28 
2, 28 
2, 28  

1.400 
1.425 
0.759 

0.247 
0.257 
0.477 

4.013 
2.236 
0.106 

0.055 
0.126 
0.900 

0.041 
0.286 
0.793 

0.840 
0.753 
0.463 

2.089 
2.294 
0.515 

0.159 
0.119 
0.603 

Feeding Gender 
Genotype 
Interaction 

1, 28 
2, 28 
2, 28  

0.1837 
2.280 
0.556 

0.671 
0.121 
0.580 

0.712 
2.443 
0.751 

0.406 
0.105 
0.481 

6.060 
0.575 
0.404 

<0.05 
0.569 
0.672 

0.779 
0.441 
3.751 

0.385 
0.648 
<0.05 

Grooming Gender 
Genotype 
Interaction 

1, 28 
2, 28 
2, 28  

0.583 
0.066 
2.371 

0.451 
0.936 
0.112 

0.028 
0.369 
0.600 

0.869 
0.695 
0.556 

0.038 
0.361 
0.545 

0.846 
0.965 
0.586 

0.013 
0.204 
0.421 

0.901 
0.817 
0.661 

Table A.IV. Results from analysis of circadian behavior using 2-way ANOVAs of ephrin-A KO mice. 
Ephrin-A2 and ephrin-A5 as main factors and between-subjects covariates of age and mass and within 
covariate of startle stimulus intensity. Lower part of the table shows statistics for post-hoc comparisons. 
Significant differences are underlined. 
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NIGHT Feeding: Male vs. Female 
Genotype df t-statistic p-value Significant 
Wild-type 10 2.345 0.041 a 
Ephrin-A2-/- 10 1.132 0.284 No 
Ephrin-A2A5-/- 9 0.533 0.607 No 

Table A.V. Differences in feeding behavior at night due to gender. Comparisons used t-tests between 
genders within each genotype. Significance: No, not significant; a, p<0.05 without Holm-Bonferroni 
correction but p>0.05 with correction. 

 

A.3 Developmental Stress Model 

A.3.1 Startle Reflex and Sensorimotor Gating 

Parameter Effect df F value p-value 
Startle Response DEX 

Block 
AMPH 
DEX x Block 
DEX x AMPH 
AMPH x Block 
Block x DEX x AMPH 

1,40 
1,40 
1,40 
1,40 
1,40 
1,40 
1,40 

15.396 
83.792 
20.650 
0.200 
0.608 
0.262 
0.366 

<0.001 
<0.00000001 
<0.0001 
0.657 
0.440 
0.612 
0.549 

PPI% Startle 
Amplitude 

DEX 
Block 
AMPH 
DEX x Block 
DEX x AMPH 
AMPH x Block 
Block x DEX x AMPH 

1,40 
1,40 
1,40 
1,40 
1,40 
1,40 
1,40 

4.978 
1.685 
3.200 
0.220 
7.199 
0.233 
0.680 

<0.05 
0.201 
0.081 
0.642 
<0.05 
0.632 
0.414 

Post-hoc Comparisons of PPI% averaged over Block 
Comparison 1 Comparison 2 df t- value Uncorrected 

p-value 
Dexamethasone A 
AMPH  

Control 

AMPH 
40 2.885 **<0.01 

Dexamethasone A 
VEH 

Control 

VEH 
40 0.710 0.482 

Control B 
AMPH  

Control 

VEH 
20 2.942 **<0.01 

Dexamethasone B 
VEH 

Dexamethasone 
AMPH 

20 0.693 0.499 

Table A.VI. Effects of developmental dexamethasone treatment, acute amphetamine challenges, and 
habituation startle response magnitude and prepulse inhibition. Abbreviations: DEX, dexamethasone 
group; AMPH, amphetamine condition; VEH, vehicle challenge; Block, habituation block. Statistics are 
repeated-measures 3-way ANOVAs, or Holm-Bonferroni corrected t-tests. Significant differences 
underlined. T-test key: corrected p-values, ** p <0.01; unpaired t-test: A; paired t-test: B. 
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Parameter Startle stimulus alone 
Effect df F value p-value 

Rmax DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

6.724 
23.562 
1.19 

<0.05 
<0.0001 
0.281 

y0 DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

3.243 
1.006 
0.883 

0.079 
0.322 
0.353 

ES50 DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

0.356 
0.773 
0.027 

0.554 
0.385 
0.870 

Threshold DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

2.739 
2.666 
0.006 

0.106 
0.110 
0.939 

log10(Hillslope) DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

6.929 
0.020 
0.507 

<0.05 
0.887 
0.481 

Parameter Prepulse Inhibition 
Effect df F value p-value 

%PPI Rmax DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

0.604 
0.858 
2.930 

0.442 
0.360 
0.095 

ΔES50 DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

2.614 
0.189 
0.472 

0.114 
0.666 
0.496 

ΔThreshold DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

4.062 
0.069 
0.379 

0.051 
0.793 
0.541 

Δlog10(Hillslope) DEX 
AMPH 
Interaction 

1, 40 
1, 40 
1, 40 

0.034 
1.356 
0.020 

0.854 
0.251 
0.890 

Table A.VII. Effects of developmental dexamethasone treatment and acute amphetamine challenges on 
startle intensity – response magnitude parameters. Abbreviations: DEX, dexamethasone group; AMPH, 
amphetamine condition. Statistics are repeated-measures 2-way ANOVAs, with significant differences 
underlined. 
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A.3.2 Open Field and Light-Dark Tunnel 

Parameter Sum of Ranks 
(Control, Dex.) 

Mann-Whitney 
U 

p-value 

Centre Distance Travelled 351.5, 551.5 120.5 <0.05 
Periphery Distance Travelled 407, 496 176.0 0.268 
Total Distance Travelled 395.5, 507.5 164.5 0.163 
Centre/Periphery Transitions 377, 526 146.0 0.055 
Number of Rearing 452, 451 220.0 1.000 
Time Immobile 453.5, 449.5 218.5 0.970 
Centre Time 337.5, 565.5 106.5 <0.01 
Fecal Boli 446.5, 456.5 215.5 0.901 
Urine Presence 462, 441 210.0 0.697 
Light-Dark Tunnel  

619.5, 370.5 
 
139.5 

 
<0.05 Latency to First Cross 

Table A.VIII. Comparison of open field behaviour and light-dark tunnel latency in Control and 
Dexamethasone animals. Statistics are Mann-Whitney U, using Gaussian Approximation. Significant 
differences are underlined. 
 
 
 
 
 

Parameter Effect df F value p-value 
Time in Dark (s) Time 

DEX 
Interaction 

1,42 
1,42 
1,42 

0.124 
0.444 
0.006 

0.727 
0.509 
0.938 

Number of Light-Dark 
Crosses 

Time  
DEX 
Interaction 

1,42 
1,42 
1,42 

6.654 
1.300 
0.119 

<0.05 
0.261 
0.732 

Table A.IX. Comparisons of 10 minutes of light-dark tunnel behavior using repeated-measures 2-way 
ANOVAs. Abbreviations: DEX, dexamethasone group; Time, time block (1st 5 min vs. 2nd 5 min). 
Significant differences underlined.  
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A.3.3 Example MAEP Traces 

 
Figure A.1 Example middle latency auditory evoked potential (MAEP) traces from animal RL5 D3 used 
for validation of experimental design and recordings. Top left panel shows averaged traces 100 stimulus 
presentation for each inter-stimulus interval (Blue: 250ms, Red: 500ms, Green: 1500ms). The remaining 
panels show the traces for averages of odd and even numbered stimulus presentations (Red and Blue, 50 
averages each) overlaid. The close overlap of the traces demonstrates reliability and stability of the 
recordings for these traces. 
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A.3.4 P50 Ratios 

Peak Ratio Effect df F value p-value 
P1 Group 

ISI 
Side 
Group x ISI 
Group x Side 
Condition x Side 
Group x ISI x Side 

1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 

1.498 
0.004 
0.002 
2.174 
0.684 
0.696 
1.712 

0.229 
0.948 
0.967 
0.149 
0.414 
0.410 
0.199 

N1 Group 
ISI 
Side 
Group x ISI 
Group x Side 
Condition x Side 
Group x ISI x Side 

1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 

1.201 
0.480 
0.073 
0.403 
4.012 
1.066 
4.377 

0.281 
0.493 
0.789 
0.529 
0.053 
0.309 
<0.05 

P2 Group 
ISI 
Side 
Group x ISI 
Group x Side 
Condition x Side 
Group x ISI x Side 

1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 

0.264 
1.184 
1.222 
0.327 
0.302 
0.003 
0.966 

0.611 
0.284 
0.277 
0.571 
0.586 
0.960 
0.333 

P2/2 Group 
ISI 
Side 
Group x ISI 
Group x Side 
Condition x Side 
Group x ISI x Side 

1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 
1, 35 

0.228 
1.315 
0.149 
0.138 
0.605 
2.152 
0.760 

0.636 
0.259 
0.702 
0.713 
0.442 
0.151 
0.389 

Table A.X. P50 amplitude test-conditioning stimulus gating ratios analysis using mixed model 3-way 
ANOVA. Key: Group, dexamethasone treatment group; ISI, interstimulus interval condition (500 ms vs. 
250 ms); Side, recording side. Significant differences are underlined. 
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A.3.5 ASSR Results 

ASSR Stimulus 
Measure 

Stimulus Rate Side Parameter df F-value p-value 

Evoked Trial 
Power 

20 Hz Left Slope 1, 176 0.206 0.650 
Intercept 1, 177 16.303 <0.0001 

Right Slope 1, 171 0.0002 0.990 
Intercept 1, 172 2.206 0.139 

40 Hz Left Slope 1, 176 0.036 0.850 
Intercept 1, 177 1.605 0.207 

Right Slope 1, 176 0.076 0.783 
Intercept 1, 177 0.220 0.640 

Phase Locking 
Factor 

20 Hz Left Slope 1, 176 0.205 0.651 
Intercept 1, 177 4.985 <0.05 

Right Slope 1, 171 0.053 0.818 
Intercept 1, 172 0.596 0.441 

40 Hz Left Slope 1, 176 0.024 0.877 
Intercept 1, 177 0.950 0.331 

Right Slope 1, 171 0.202 0.654 
Intercept 1, 172 0.0003 0.986 

Table A.XI. Results from linear regression on measurements from auditory steady-state responses (ASSR) 
comparing slopes and means. Regression was performed on values averaged over 100 ms intervals for the 
first 500 ms after stimulus train start. Significant differences underlined. 
 
 

ASSR Stimulus Rate Side Effect df F-value p-value 
Mean Trial Power 20 Hz Left Group 

Time 
Interaction 

1, 34 
4, 136 
4, 136 

0.004 
12.110 
0.796 

0.952 
<0.0001 
0.530 

Right Group 
Time 
Interaction 

1, 34 
4, 136 
4, 136 

0.009 
12.900 
1.072 

0.927 
<0.0001 
0.373 

40 Hz Left Group 
Time 
Interaction 

1, 34 
4, 136 
4, 136 

0.024 
6.403 
0.832 

0.877 
<0.0001 
0.507 

Right Group 
Time 
Interaction 

1, 34 
4, 136 
4, 136 

0.009 
5.533 
1.399 

0.925 
<0.001 
0.238 

 
Table A.XII. Results from repeated measure 2-way ANOVA on mean trial power (MTP) from auditory 
steady-state responses (ASSR). Analysis was performed on values averaged over 100 ms intervals for the 
first 500 ms after stimulus train start. Significant differences underlined. 
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A.3.6 ECG 

ECG Parameter df t-statistic p-value 
Heart Rate (BPM) 34 0.774 0.444 
PR Interval (s) 34 3.470 <0.01 
P duration (s) 34 3.487 <0.01 
QRS Interval (s) 34 2.049 <0.05 
QT Interval (s) 33 1.141 0.262 
Low Frequency/ High Frequency 
Power Ratio A 

24 1.248 0.224 

Table A.XIII. Differences in ECG parameters between dexamethasone and control animals. Comparisons 
using unpaired t-tests. Significant differences underlined. Key: A t-test using Welch’s correction for unequal 
variances. 

 
 
 
 
 
 
A.3.7 Quantitative Real-Time PCR 

Gene 
t-test df t-statistic p-value 
DRD2 8 1.909 0.093 
GRIN2B 8 1.752 0.118 
GAD1 8 0.854 0.418 
TSC22 8 2.633 <0.05 
Mann-Whitney Test 
 

Sum of Ranks Mann-Whitney U p-value 

DRD1 26, 29 11 0.841 
Table A.XIV. Quantitative real-time PCR (qPCR) of gene expression results from the left auditory cortex. 
Significant differences underlined. 
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 JOHN RADCLIFFE HOSPITAL 
OXFORD OX3 9DU 

TEL direct line: (01865) 234820 
FAX: (01865) 234795 

E-MAIL: nathanael.yates@spc.ox.ac.uk 
Subject ID: ___________________  
Date:  ________________________ 
 

Instructions for collecting Saliva Samples 
 

Please use tube 1 as soon as you wake up (while lying in bed).  For example 7:30 am 
 
Use tube 2: 15 minutes later, while still lying in bed, for example 7:45 am 
 
Use tube 3: 15 minutes after tube 2, for example 8:00 am 
 
Use tube 4: 15 minutes after tube 3, for example 8:15 am 
 
To collect samples, please open the tube and deposit as much saliva as possible. Please try to 
remain in the same position (e.g. lying in bed) for the entire collection period. Please store in 
the refrigerator or a cool place until you come to your study visit.  Please remember not to 
have anything to eat or drink and not to brush teeth prior to sampling.  Please do not 
smoke prior to sampling and do not have alcohol the night before. 
 
With regard to the morning that you provide samples, could you tell us: 
 
What time you went to sleep the night before:_______________________ 
 
What time you woke up:_______________________ 
 
Did you wake up at night:  Yes / No 
 If yes, approximate number of times and duration:_______________________ 
 
Did you use an alarm/radio clock to wake you up this morning:  Yes / No 
 
For women only: Please indicate the day of your cycle on which you took the saliva sample 
(e.g. day 2 of a 28 day cycle: 2/28):_______________________ 
 
Sample Times:   Date:_______________________ 
Tube 1:___________________ Pack no: 1/2 
Tube 2:___________________ 
Tube 3:___________________ 
Tube 4:___________________ 
 
PLEASE CONTACT NATHANAEL YATES ONCE YOU HAVE COMPLETED THE 

COLLECTION 
 

A.4 Circadian Rhythms and Memory 

Table A.XV. Saliva Cortisol Collection Sheet 
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INSTRUCTION FOR URINE COLLECTION 
 
 
 

Details on how to collect URINE SPECIMEN 
 
 
 
1. IMPORTANT: Before you collect your first specimen note, on the urine 
collection sheet, the time of previously passing water. This is the start time of 
your collection because you are required to start with an empty bladder. You 
can start any time of the day. 
For example: Start time: 1/4/2005, 9pm (evening) 
 
2. Next time you pass urine, collect all your urine INTO THE CONTAINER 
(BOTTLE). Collect your urine from now on for 48 hours.  
 

COLLECT ABOUT EVERY 4 HOURS. YOU DON’T HAVE TO GET UP 
FOR A SAMPLE WHEN YOU ARE ASLEEP BUT COLLECT ALL URINE 
EVERY TIME YOU GO AFTERWARDS (use two bottles, if necessary). 

 
3. After each urine collection, measure the volume of the urine and note 
DATE, TIME, LABEL and VOLUME immediately in your urine collection sheet. 
 

If you are out and about, take a few bottles with you, note the time when 
you emptied your bladder and measure the volume later at home. 

 
4. Also after each urine collection, take a small amount of your urine with the 
pipette and fill the two tubes provided and label the tubes identically: 
 

Label your sample in order with the labels provided. 
 

SAMPLE NUMBER ON LABEL MUST BE IDENTICAL WITH LABEL ON 
URINE COLLECTION SHEET! 

 
5. Store the two labelled samples in a bag in a cool place (e.g. refrigerator, 
not in a freezer!). 
 
6. Discard the remaining urine and rinse your container (bottle) with water and 
reuse next time you empty your bladder. 
 
7. Put the used pipette in your normal garbage. 
 
8. Drink sufficient liquid during the entire collection period. 
  

Table A.XVI. Urine Collection Sheet 
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Table A.XVII. Activity Diary 
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Table A.XVIII. Intrusive Memory Diary 
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Table A.XVIII. Intrusive Memory Diary 
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Visual Analogue Scales for Mood ratings 
 
 
 

Participant No: ______ Date_____________time______________ 
 

At the moment I am feeling 
 

 
SAD 

 
 

 
CALM 

 
 

 
HORRIFIED 

 
 

 
HAPPY 

 
 

 
FEARFUL 

 
 

 
HOPELESS 

 
 

 
ANGRY 

 
 

 
ALERT 

 
 

not at all very 

not at all very 

not at all very 

not at all very 

not at all very 

not at all very 

not at all very 

not at all very 

 Table A.XIX. Emotion visual analog scale. 
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Table A.XX. Verbal recognition test. 


