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Abstract

Schizophrenia is highly heritable, indicating that a large proportion of one’s
susceptibility to developing the disorder is attributable to genetics. Recent large-scale
genomic studies have revealed that genetic variants in patients with schizophrenia
affect genes involved in synaptic plasticity processes, which are required for learning
and memory, including genes encoding protein complexes associated with the NMDA
receptor and the postsynaptic density. Further evidence suggests that associative
learning may be particularly affected, although it is unclear which components of this

cognitive process are implicated in schizophrenia.

The present studies investigated the relationship between particular phases of
associative learning, represented by the consolidation, retrieval and extinction of
contextual fear memory in rats, with genetic variants, psychoactive drugs and
postsynaptic density proteins associated with schizophrenia. | tested associative
learning-related gene expression datasets for enrichment in genetic copy number
variants from a large cohort of patients with schizophrenia and demonstrated that only
genes associated with extinction learning are enriched in patient variants (Chapter 3). |
report that fear extinction in rats was impaired by administration of the NMDA
antagonist and psychotomimetic, ketamine (Chapter 4). The expression of activity-
induced, postsynaptic density products of the Homerl gene, which has been linked to
psychiatric disease, was differentially regulated in specific hippocampal subregions
following extinction learning (Chapter 5), and the effect of a partial knockdown of these

genes during different phases of associative learning was investigated (Chapter 6).

These results build on clinical studies linking abnormalities in associative and,
specifically, extinction learning with schizophrenia and support the notion that genetic
variants associated with the disorder impact particular cognitive domains. My findings
are consistent with the theory that altered inhibitory-type learning processes contribute

to the manifestation of schizophrenia.
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Chapter 1: Literature Review

1.1  Schizophrenia — current status

1.1.1 Introduction

With a prevalence of up to 1% (McGrath et al., 2008; van Os and Kapur, 2009), a 10-20
years reduction of life expectancy (Chesney et al., 2014), an 80-90% unemployment rate
(Marwaha and Johnson, 2004) and an enormous cost to society (around £12 billion per
year in England alone; Andrew et al., 2012), schizophrenia is a severely disabling
psychiatric disorder to both the affected individuals and society. It therefore warrants
the tremendous research effort which endeavours to understand the disorder and
improve therapeutics. However, despite more than 60 years of research since the
serendipitous advent of the first antipsychotic drugs (Charpentier et al., 1952; Laborit et
al., 1952; Seeman et al., 1976), medication for schizophrenia has improved very little.
The most frequently used class of antipsychotics still have the same pharmacological
target (dopamine receptor D,), are effective in only a subset of patients (Leucht et al.,
2013), treat only some of the symptoms and induce a number of side-effects (Leucht et
al., 2012). It has been only in the past decade that advances in our understanding of the

disease have accelerated, largely due to large-scale genomics projects.

Schizophrenia is typically characterised by three clusters of symptoms: positive
symptoms (e.g. delusions and hallucinations), negative symptoms (e.g. social
withdrawal and impaired motivation) and cognitive symptoms (e.g. attention and
working memory deficits). Psychotic symptoms usually first manifest at late adolescence

or early adulthood, although many patients display social and cognitive impairments
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long before the onset of schizophrenia (Lewandowski et al., 2011). However, there are
at present no tests or known biomarkers to facilitate a definitive diagnosis, and since
schizophrenia shares many of its symptoms with other psychiatric disorders, such as
bipolar disorder, major depressive disorder, autism spectrum disorder and intellectual
disability, clinical differential diagnoses rely on the use of disease classification criteria
such as those defined in the Diagnostic and Statistical Manual of Mental Disorders
(American Psychiatric Association, 2013). Whilst this permits consistency in diagnoses
across clinics globally, the segregation of psychiatric disorders into distinct categories
does not necessarily reflect their overlapping genetics and pathophysiology (Craddock

and Owen, 2010).

1.1.2 Pathophysiology and pathogenesis

Whilst no specific anatomical abnormalities are common to all patients with
schizophrenia (Linden, 2012), some structural and functional differences are recurrently
observed. One of the most consistently reported findings is a reduction of grey matter,
which is linked to an enlargement of the ventricles and worsens as the disease
progresses (Vita et al., 2012; Haijma et al., 2013). Another consistent finding is altered
hippocampal volume and function (Tamminga et al., 2010). The hippocampus,
particularly its cornu ammonis (CA) subregions, is responsible for several cognitive
functions that are impaired in schizophrenia, including episodic, working and associative
memory (Ranganath et al., 2004, 2008; Diwadkar et al., 2008a; Hall et al., 2009).
Structural alterations in the hippocampus are accompanied by molecular changes. In the
CA1 hippocampal subregion of patients, a recent study found reduced postsynaptic

density (PSD)95-complex proteins, reduced metabotropic glutamate receptors and
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altered Homerl scaffold proteins in the CA1 hippocampal subregion (Matosin et al.,

2016), all of which are components of synapses.

Indeed, synaptic systems have been further implicated in schizophrenia in relation to
dopaminergic and glutamatergic neurotransmission. A substantial body of evidence, led
by the fact that current antipsychotics block dopamine D, receptors, implicates
abnormalities in dopamine signalling in the pathogenesis of schizophrenia (Baumeister
and Francis, 2002). However, two predominant sources of evidence account for a shift
in the focus of research and potential therapeutics from the dopamine system to the
glutamatergic system. Firstly, antagonists of the N-methyl-p-aspartate (NMDA)
glutamate receptor, including phencyclidine and ketamine, induce schizophrenia-like
symptoms in health humans and worsen those of patients (Javitt and Zukin, 1991;
Krystal et al., 1994; Newcomer et al., 1999). Secondly, there is a convergence of genetic
evidence upon NMDA receptor signalling in schizophrenia, discussed later. Importantly,
this evidence does not negate the role of dopamine in schizophrenia and the afflicted

circuitry likely involves the interaction of both systems.

The age-dependent onset, at late adolescence or early adulthood, is a contrast to many
other psychiatric disorders with childhood onset, and strongly suggests that
schizophrenia has a neurodevelopmental aetiology. Consistent with this notion are
multiple branches of research implicating the disruption of neuronal maturation during
critical developmental periods in schizophrenia (Fatemi and Folsom, 2009; Jaaro-Peled
et al., 2009). Indeed, a period of synaptic overproduction and elimination accompanies
the periadolescent period, which is thought to be sensitive to environmental and

intrinsic insult (Andersen, 2003; Cannon et al., 2003). Specific disruptions to neuronal
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development observed in schizophrenia include y-aminobutyric acid (GABA)
interneuron maturation (Beasley and Reynolds, 1997; Lewis et al., 2005; Tseng and
O&apos;Donnell, 2007), maturation of mesocortical dopaminergic projections (Akil et
al., 1999, 2000), pruning of glutamate synapses (Keshavan et al., 1994; Boksa, 2012) and

myelination (Hakak et al., 2001; Tkachev et al., 2003).

The incidence of schizophrenia can vary region-by-region across the globe (McGrath et
al., 2008). Hence, the exposure to environmental risk factors varies with demographics.
Studies of environmental risk strengthen the view that neurodevelopment represents
an important period in the pathogenesis of psychiatric disease (Cannon et al., 2003; van
Loo and Martens, 2007). These studies have found relationships between schizophrenia
and environmental insults such as maternal stress (Khashan et al., 2008), infection
(Khandaker et al., 2012) or inflammation (Knuesel et al., 2014), postnatal stress (Dvir et
al.,, 2011), childhood adversity (Varese et al., 2012) and exposure to psychoactive
substances (Malone et al., 2010). It is notable that inflammatory and other immune
processes during development represent a recurrent finding and important branch of
epidemiological and clinical studies in schizophrenia (Benros et al., 2012; Smyth and
Lawrie, 2013). It is the interaction between environmental risk factors and an
individual’s genetic predisposition that ultimately cause schizophrenia to manifest (van

Os et al., 2008; Karl and Arnold, 2014).

1.1.3 Genetics
Heritability estimates for schizophrenia range from 65-80% (Sullivan et al., 2003;
Lichtenstein et al., 2009). This genetic contribution to the disorder does not form a

Mendelian pattern of inheritance, but is instead derived from variants in a large number
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of genomic regions (Purcell et al., 2009; Lee et al., 2012; Ripke et al., 2013, 2014). Despite
this complexity, an increasing number of genetic risk variants are being identified from
the substantial progress made recently in large-scale collaborative genomic studies.
Some of the associated genetic loci are common single nucleotide polymorphisms
(SNPs), individually contributing only a small amount of risk, whilst others are rare
variants in the form of copy number variants (CNVs), single nucleotide variants,
insertions or deletions, which may contribute a much greater amount of risk (Stefansson
et al., 2008; Fromer et al., 2014; Purcell et al., 2014; Rees et al., 2014b; Ripke et al.,
2014). Figure 1.1 illustrates the relationship between frequency and penetrance of

genetic risk variants, due to selection pressure.
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Low-frequency
variants with
intermediate effect

Rare variants of
small effect
very hard to identify
by genetic means
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0.001 0.005 0.05
o]
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Figure 1.1 The inverse relationship between allele frequency and effect size in genetic diseases. Variants
with small effect sizes may become common in a population because of weak selection pressure. Variants
with larger effect sizes will therefore be rare in the population, and often de novo. Rare variants with small
effect size are difficult to detect due to lack of statistical power. From (Manolio et al., 2009), adapted from
(McCarthy et al., 2008).
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1.1.3.1 Common variants

It is estimated that over 8000 SNPs contribute to schizophrenia (Ripke et al., 2013).
Together, they may contribute more than 50% of overall risk (Ripke et al., 2013),
although each one typically has an odds ratio for the development of schizophrenia of
around 1.10 (Ripke et al., 2011, 2013, 2014). In order to obtain sufficient statistical
power to reveal some of these SNPs, a Psychiatric Genomics Consortium generated
meta-analyses of genetic data from large numbers of patients and control subjects. In
the most recent of these analyses, involving data from approximately 37,000 cases and
113,000 controls, 108 separate loci were associated with schizophrenia with sufficient
statistical significance to surpass the genome-wide multiple comparisons involved

(Ripke et al., 2014).

The next step — linking these SNPs to individual genes — is not straight forward. Most
SNPs have the potential to affect multiple genes, creating uncertainty as to which
functional product mediates the risk encoded by a SNP. Many of the associated SNPs
are within non-coding regions of DNA and several appear to affect non-protein-coding
genes (Maurano et al.,, 2012; Ripke et al., 2014). Instead, it is likely that a large
proportion of these variants affect gene expression timing or location (Kleinman et al.,
2011). Furthermore, SNPs attributed to risk for schizophrenia may also contribute risk
for other psychiatric disorders. Such pleiotropy exists between schizophrenia and
bipolar disorder, major depressive disorders, autism spectrum disorder and attention-
deficit hyperactivity disorder (Lee et al., 2013). Despite these limitations, biological

insights into genetic risk from common variants is emerging (Ripke et al., 2014).
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1.1.3.2 Rare variants

Studies of rare variants have identified an increased burden of CNVs, either deletions or
duplications, in patients with schizophrenia compared to controls (Stefansson et al.,
2008; Malhotra and Sebat, 2012). CNVs are thought to contribute around a tenth of the
heritability attributed to common SNPs (Purcell et al., 2014). So far, 11 recurrent CNVs
have been linked to schizophrenia (Rees et al., 2014a, 2014b), which each confer a
relatively high risk to the disorder (Kirov et al., 2014). Odds ratios for these CNVs range
from around 2 to 60 (Rees et al., 2014b, 2015). Like SNPs, CNVs are often difficult to map
to specific genes, since many overlap with multiple genes and others are within non-
coding regions (Rees et al., 2014a). Schizophrenia-associated CNVs also confer risk for
other disorders, including intellectual disability, autism and generalized epilepsy
(Malhotra and Sebat, 2012; Kirov et al., 2014). In addition, the occurrence of de novo
CNVs through new mutations, as well as other varieties of rare variant, i.e. single
nucleotide variants and indels (point mutations), also play a role in conferring risk to

schizophrenia (Kirov et al., 2012; Fromer et al., 2014; Purcell et al., 2014).

1.1.3.3 Missing heritability

Indeed, many more common and rare genetic variants in addition to those already
discovered contribute risk to schizophrenia and will require further studies, including
analyses with larger sample sizes, in order to identify them. However, even taking all
those variants yet to be identified into account, their respective contributions to the
disorder do not completely account for the total heritability of schizophrenia (Manolio
etal., 2009; Lee et al., 2011). At least some of this “missing heritability” may derive from

multiplicative, rather than additive, effects of multiple genetic variants within the same
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individual (epistasis; Mackay, 2014). In support of this, epistatic interactions between
schizophrenia candidate genes have been observed in clinical experiments (Nicodemus
et al., 2007, 2010a, 2010b, 2014). A further component of heritability may come from
interactions between genetic variants and environmental input via epigenetic factors
(Millan, 2013), whereby inherited non-genetic mediators of gene expression, such as
histone modifications and DNA methylation, alter sensitivity to environmental risk

factors, increasing susceptibility to disease progression (Dempster et al., 2013).
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1.2 Risk variants to biological pathways

1.2.1 Introduction

Genetic discoveries do not in themselves equate to drug targets, particularly for
polygenic disorders such as schizophrenia. Even though some variants may be mapped
accurately to affected genes, many genes have unknown, or partially known, functions
and their gene product may not be possible to target with drugs (Plenge et al., 2013). In
order to use genetic findings to better understand the pathophysiology of schizophrenia
and related complex disorders, it is important to find common molecular pathways
affected by many genetic variants conferring susceptibility. Here, | present the evidence
implicating specific biological pathways in schizophrenia from previous studies and
compare the pathways implicated through common and rare variants. | also address the

variety of methods used to approach pathway analyses of polygenetic data.

1.2.2 Glutamate synapses

As alluded to previously, caution must be taken when attempting to link genetic variants
to specific genes. In the case of CNVs, this is due to the fact that they may span several
genes. In order to circumvent this issue, studies of biological pathways represented in
patient CNVs use a hypothesis-based systems approach, whereby gene sets are tested
for statistical overrepresentation in case variants. This gene set enrichment analysis has
been used in analyses of CNVs from large cohorts of patients with schizophrenia and
healthy controls. Kirov et al (2012) found an enrichment of genes in the NMDA
glutamate receptor complex in patient inherited and de novo CNVs, corroborating pre-
existing NMDA hypofunction hypotheses (Olney and Farber, 1995; Kantrowitz and Javitt,

2010) and candidate gene studies (Moghaddam, 2003; Harrison and Weinberger, 2005).
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This finding accompanied an overall enrichment of genes encoding components of the
postsynaptic density, together lending support to the notion that excitatory glutamate
synapses are involved in schizophrenia’s aetiology (Kirov et al., 2012; Pocklington et al.,

2014).

Further synaptic components have been linked to schizophrenia through gene set
enrichment analyses in rare variants. These include interactors of the activity-regulated
cytoskeletal-associated protein (ARC), which have been implicated through CNVs (Kirov
et al., 2012; Pocklington et al., 2015) and point mutations (Fromer et al., 2014; Purcell
et al., 2014). Arc is an immediate-early gene which is rapidly activated through local
translation at the synapse and has an essential role in learning and memory (Plath et al.,
2006). Studies of point mutations, through exome sequencing, again found an
enrichment of the NMDA receptor complex, as well as the related PSD-95 protein

complex (Fromer et al., 2014; Purcell et al., 2014).

A role for synaptic components in schizophrenia is further corroborated by genome-
wide significant common variants. SNPs associated with the disorder lie within genes
encoding a subunit of the NMDA receptor (GRIN2A), a subunit of the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate receptor (GRIA1), the
glutamate metabotropic receptor 3 (GRM3) and an enzyme responsible for synthesizing
the intrinsic NMDA agonist, D-serine, serine racemase (SRR) (Ripke et al., 2014), all of

which are involved in glutamate receptor signalling.

Itisimportant to note that, as well as glutamate signalling, components of the dopamine
system have also been implicated through genetic association studies, albeit to a lesser

extent. Perhaps the most interesting of these is the association with schizophrenia of
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common variants within the DRD2 gene (Ripke et al., 2014), which encodes the
dopamine receptor targeted by current antipsychotic medicine. An enzyme responsible
for metabolising dopamine, Catechol-O-methyltransferase, is associated with
schizophrenia through the overlap of its gene, COMT, with a recurrent CNV located at
22q11. However, since COMT is not the only gene affected by this CNV, it is not clear
that it is the deletion of this gene that confers risk to the disorder (Liu et al., 2002;

Bassett and Chow, 2008).

1.2.3 Synaptic plasticity and calcium signalling

The emerging picture from studies of the biological pathways represented by
schizophrenia-associated genetic variants is an enrichment of overlapping molecular
systems, not all situated within the postsynaptic cleft, yet which are collectively involved
in synaptic plasticity processes (Hall et al., 2015; Figure 1.2). One of the most
consistently reported gene set enrichments in rare variants is that of targets of fragile X
mental retardation protein (FMRP). This group of genes are enriched in rare disruptive
and de novo point mutations (Fromer et al., 2014; Purcell et al., 2014) and CNVs
(Szatkiewicz et al., 2014a; Pocklington et al., 2015). FMRP regulates the translation of
specific mRNAs, including ARC (Darnell et al., 2011; Fernandez et al., 2013), through
interactions with its binding partner CYFIP1, associated with schizophrenia through a
CNV located at 15q11.2 (Napoli et al., 2008; Stefansson et al., 2008). Through the
regulation of translation, CYFIP1 and FMRP are thought to be critical mediators of
synaptic plasticity processes, specifically the regulation of dendritic complexity and

spine morphology (Pathania et al., 2014). These same processes are additionally

12



Literature Review

regulated by actin filament complexes, which are enriched in schizophrenia-associated

point mutations (Fromer et al., 2014).

A further group of proteins central to synaptic plasticity and implicated in schizophrenia
through genetic variants is voltage-gated calcium channels. Genes coding for these
proteins are enriched in case point mutations (Purcell et al., 2014), and schizophrenia-
associated SNPs exist within genes CACNA1C and CACNB2 (Ripke et al., 2013, 2014),
encoding the subunit of Cayl.2 and Cay1.3, respectively. Along with NMDA receptors,
voltage-gated calcium channels mediate calcium signalling cascades required for the
activation of transcription factors and the modification of synaptic excitability (West et
al., 2001; Moosmang et al., 2005), and have been shown to be central to learning and

memory (Moosmang et al., 2005; White et al., 2008; Heck et al., 2014).
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Figure 1.2 The convergence of synaptic pathways implicated in schizophrenia. Protein complexes,
including the NMDA receptor complex, actin filament complex, Arc interactors, voltage gated calcium
channels and targets of FMRP/CYFIP1 are associated with schizophrenia through genetic variants.
Abbreviations: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), activity-regulated
cytoskeletal protein (ARC), N-methyl-p-aspartate receptor (NMDAR), voltage-gated calcium channel
(VGCC). From Hall et al., 2015.
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1.2.4 Excitatory and inhibitory signalling complexes

A recent study by Pocklington et al (2015) replicated and extended previous findings
linking excitatory glutamatergic signalling to CNVs from patients with schizophrenia,
whilst providing novel evidence implicating inhibitory GABAergic systems in
schizophrenia (Pocklington et al., 2015). The study demonstrated that genes coding for
components of GABA, receptor complexes are enriched in patient CNVs, building on
previous hypotheses of GABAergic signalling deficits and the involvement of inhibitory
interneurons in schizophrenia (Lewis et al., 2005, 2012; Gonzalez-Burgos and Lewis,
2012). Since alterations in the ratio of excitation to inhibition have been proposed to
underlie schizophrenia phenotypes (Kehrer et al., 2008), these results lend support to
the notion that disruption of either glutamatergic or GABAergic signalling could create

an imbalanced state, vulnerable to the development of psychosis.

1.2.5 Conclusions

The advent of large collaborative clinical studies, genome-wide association studies and
sequencing brought with it high-powered evidence supporting the involvement of
specific genetic variants in schizophrenia. Multiple pathway analyses with these data
revealed a striking convergence of common and rare variants on genes involved in
synaptic plasticity processes. These studies provide valuable guidance to future
experiments aiming to further our understanding of the biological mechanisms
underlying schizophrenia. However, “synaptic plasticity” is not specific enough to advise
therapeutic design. One of the limitations affecting these pathway analyses is the gap in
understanding of gene function and hence the incompleteness of gene ontology

databases. This also creates bias in the analyses, due to the overrepresentation of those
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biological pathways on which more research has been focused. Gene expression studies
that capture gene sets associated with particular functionality of a tissue may yield more
specific biological information in gene set enrichment analyses of disease-associated

variants.
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1.3 Associative learning and schizophrenia

1.3.1 Introduction

Synaptic plasticity is widely believed to underlie learning, memory and the development
of neural circuits (Abbott and Nelson, 2000; Martin et al., 2000; Neves et al., 2008).
However, the convergence of genetic findings on synaptic plasticity processes is not
mirrored by universal memory deficits in schizophrenia. Instead, patients display
impairments in specific facets of learning and memory (Stone et al., 1998; Rushe et al.,
1999; Diwadkar et al., 2008a), which implies that the genetic component of
schizophrenia susceptibility must impact on more specific biological mechanisms and

perhaps on particular cognitive processes.

Based on the pre-existing convergence of patient CNVs on genes involved in synaptic
plasticity, Pocklington et al (2015) investigated the enrichment of more specific genes
sets, all relating to aspects of plasticity, learning and memory, in schizophrenia-
associated CNVs. Among the gene sets statistically associated with case deletions,
duplications or both combined, were those relating to “learning/memory/conditioning”,
“contextual conditioning behaviour”, “cued conditioning behaviour” and “associative
learning” (Pocklington et al., 2015). These intriguing findings highlight a specific memory
system — association formation — as impacted on by CNVs in schizophrenia. They also
strengthen existing hypotheses concerning dysfunctions of associative learning in the

manifestation of schizophrenia phenotypes (Miller, 1976; Bazin and Perruchet, 1996;

Friston, 1998; Diwadkar et al., 2008a; Hall et al., 2009).
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1.3.2 Neural circuitry for aversive conditioning to a context

Since associating environmental stimuli with safety or danger is a key functionality for
the survival of all mammals, it is understandable that the circuitry responsible is
common among many species (Pearce and Bouton, 2001; Fanselow and Poulos, 2005).
Studies of classical Pavlovian conditioning (Pavlov, 1927) in rodents have contributed to
a thorough understanding of the systems involved in associative learning (Mackintosh,
1983). One of the best understood systems is that of aversive learning, typically studied
through fear conditioning (Maren, 2001). In this paradigm, an innately neutral stimulus,
such as a cue or context is presented to a rodent simultaneously to, or with constant
temporal separation from, the presentation of an unconditioned shock stimulus. Their
pairing leads to the previously neutral stimulus becoming an aversively conditioned
stimulus, so that the presentation of the cue or context alone elicits a fear response akin

to that exhibited following the unconditioned stimulus.

The central hub for fear conditioning is the amygdala (LeDoux et al., 1991; Phelps and
LeDoux, 2005). Through projections from the thalamus, hippocampus and cortical
regions, and projections to the hypothalamus, periaqueductal grey and other brainstem
regions, the amygdala mediates the expression of conditioned fear responses to learned
conditioned stimuli (Applegate et al., 1982; LeDoux et al., 1991; Pitkdnen et al., 1997).
Whilst simple auditory conditioned stimuli are processed via direct projections from the
medial geniculate nucleus of the thalamus to the amygdala, more complex conditioned
stimulus information, such as context cues, reach the amygdala after processing by the
entorhinal cortex and hippocampus (LeDoux et al., 1991; Maren and Fanselow, 1995;

Fanselow and Poulos, 2005; Hugues and Garcia, 2007). Hence, the hippocampus is able
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to gate complex contextual fear learning and fear responses (Radulovic and Tronson,

2010).

At the molecular level, both glutamatergic and dopaminergic systems are required for
the acquisition of aversive conditioning. Blockade of NMDA glutamate receptors in
lateral and basal nuclei of the amygdala prevents fear conditioning (Fendt, 2001; Bauer
et al., 2002; Fanselow and Poulos, 2005). Furthermore, hippocampal NMDA receptor-
mediated plasticity has been shown to be necessary for the generation of context
representations during conditioning to a context (Cravens et al., 2006). The interactions
of these processes with dopamine signalling are additionally involved in the acquisition
of conditioned associations. Mesolimbic dopamine neurons fire in response to the
presentation of an unconditioned stimulus, yet following conditioning, fire in response
to the conditioned stimulus (Grace, 1991). This activity serves to mediate NMDA
receptor-dependent synaptic plasticity in the hippocampus and cortex (O’Carroll and
Morris, 2004; Calabresi et al., 2007) and to provide feedback in the form of prediction
error, valence or salience (Berridge and Robinson, 1998; Waelti et al., 2001; Kapur et al.,

2005; Cooper and Knutson, 2008).

1.3.3 Associative learning in psychopathology

From a psychological perspective, new associative learning in healthy individuals is
mediated by an interaction between experience and belief (Corlett et al., 2009; Fletcher
and Frith, 2009). Experiences that do not challenge a belief system become predictable
and can be ignored, yet experiences that contradict a belief induce new learning.
Prediction error is a model used to explain the process through which these

unpredictable events induce new learning, and was derived from Bayesian machine
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learning approaches to the study of learning (Fletcher and Frith, 2009). It has been
proposed that the instability of this system could lead to the persistence of delusional
beliefs, despite the existence of conflicting evidence, in schizophrenia (Corlett et al.,

2009; Fletcher and Frith, 2009).

Deficits in multiple aspects of associative learning have been recurrently reported in
schizophrenia (Diwadkar et al., 2008a). Firstly, patients exhibit impairments in
contextual processing (Maren et al.,, 2013), demonstrated through tests of AX-
continuous performance (Cohen et al., 1999; Barch et al., 2003), which may reflect
hippocampal and medial prefrontal cortex abnormalities in the disorder (Taylor et al.,
2012). Secondly, deficits in the classical conditioning of associations have been
observed, typically in test of eyelid conditional discrimination (Sears et al., 2000; Hofer
et al.,, 2001; Marenco et al.,, 2003). Thirdly, patients with acute schizophrenia show
evidence of impaired signalling of prediction error when existing associations are
challenged (Baruch et al., 1988; Jones et al., 1992; Serra et al., 2001). Fourthly, learning
of aversive stimuli is consistently reported to be abnormal in the disorder (Kosmidis et

al., 1999; Jensen et al., 2008; Linnman et al., 2013).

1.3.4 Inhibitory learning of associations

A further component of associative learning frequently linked to the persistence of
psychotic and cognitive symptoms in schizophrenia is the inhibitory learning of
associations (Baruch et al., 1988; Swerdlow et al., 1996; Rascle et al., 2001; Serra et al.,
2001; Holt et al., 2009, 2012). Three types of inhibitory learning are relevant in this
regard. Firstly, latent inhibition is the process by which prolonged or repeated exposure

to a neutral stimulus prior to its pairing with an unconditioned stimulus, inhibits
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conditioning to the neutral stimulus (Escobar et al., 2002). Secondly, Kamin blocking
describes the prevention of conditioning to a neutral stimulus due to its pairing with an
unconditioned stimulus in conjunction with a further stimulus previously associated
with the unconditioned stimulus (Padlubnaya et al., 2006). Finally, extinction learning
occurs when a previously conditioned stimulus is presented repeatedly or for an
extended period of time in the absence of the unconditioned stimulus, resulting in the

reduction of memory-associated behavioural responses (Quirk and Mueller, 2008).

Deficits in each of these types of inhibitory learning have been reported in schizophrenia
(latent inhibition: Baruch et al., 1988; Swerdlow et al., 1996; Serra et al., 2001; Corlett,
2012; blocking: Jones et al., 1992; Serra et al., 2001; extinction: Holt et al., 2009, 2012).
Focusing on complex contextual associations, substantial evidence suggests that the
hippocampus is responsible for the context-dependent gating of inhibitory fear
extinction (Corcoran et al., 2005; Maren and Hobin, 2007; Zelikowsky et al., 2012),
through indirect projections to inhibitory intercalated neurons of the amygdala via
medial prefrontal cortex (Likhtik et al., 2008; Maren, 2011; Sotres-Bayon et al., 2012). It
has been proposed that abnormalities in the functional connectivity within this fear
extinction circuit form the neurobiological basis for impaired extinction learning in
adolescence (Neumann et al.,, 2008; Pattwell et al., 2012), which has important

implications for the development of schizophrenia in early adulthood.

1.3.5 Conclusions
The enrichment of associative learning-related genes in CNVs from patients with
schizophrenia is complimentary to the convergence of schizophrenia-associated genetic

variants on synaptic pathways in that it provides a hint of particular cognitive processes
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affected by schizophrenia-associated variants. It is also consistent with behavioural and
physiological correlates of associative learning deficits in schizophrenia. However, since
associative learning is comprised of multiple components, including inhibitory
processes, it is unclear which specific aspects of associative learning are implicated in

schizophrenia through genetic variants.
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1.4  Homer family activity-induced proteins

1.4.1 Introduction

As detailed above, there is a substantial convergence of schizophrenia-associated
genetic variants on genes involved in synaptic plasticity (Hall et al., 2015). A considerable
component of this is attributable to genes encoding parts of the postsynaptic density
(PSD) (Kirov et al., 2012; Pocklington et al., 2014). The PSD is an architecture of
specialised proteins responsible for mediating the response to converging synaptic
input. Rearrangement of PSD proteins, as a consequence of changes to the pattern of
neurotransmission, leads to alterations in synaptic strength, required for learning and
memory (Kennedy et al., 2005; Moutin et al., 2012; Murakoshi and Yasuda, 2012). Hence
the study of PSD protein dynamics represents a fundamental route towards
understanding synaptic plasticity and may be central to discerning the aetiologies of

psychiatric disorders such as schizophrenia (Grant, 2012).

Homer proteins are key components of the PSD and form functional links between
receptors, ion channels and scaffolding proteins (Brakeman et al., 1997; Xiao et al.,
1998). They share an N-terminal ligand-binding domain, which interacts with the
proline-rich sequences displayed by PSD proteins involved in regulating synaptic
architecture, intracellular calcium signalling and neuronal development. Whilst most
transcription variants of the Homer family are constitutively expressed in mammals, two
truncated forms of Homerl, Homerla and Ania-3, are activity-induced immediate early
genes (IEGs) (Fagni et al., 2002). These isoforms possess a common enabled/VASP
homology 1 (EVH1) domain but lack a coiled-coil domain that permits longer Homer

proteins to oligomerise with one another (Hayashi et al., 2009). As a consequence,
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Homerla and Ania-3 bind as dominant negative regulators, allowing them to disrupt
interactions between long Homers and their effector proteins (Xiao et al., 1998;

Kammermeier and Worley, 2007).

The expression of Homer IEGs appears to represent a powerful modulator of synaptic
plasticity. The literature surrounding Homerl IEGs indicates that their precise
temporospatial expression and recruitment to active synapses is essential for the
regulation of PSD protein complexes and calcium signalling in dendritic spines and may
therefore be important for learning and memory (Worley et al., 2007; Okada et al.,
2009a; Hu et al., 2010). Here, potential mechanisms through which Homerl IEGs may
mediate synaptic plasticity are discussed. Since most research to date has focused on
either Homerla only or short Homer1 isoforms as a collective, any distinct functions of
Homerla and Ania-3 remain somewhat hidden. Thus the majority of the content in this

section addresses Homerla function.

1.4.2 Implications for Neurological Disease

Homerl IEGs are rapidly induced following neuronal activity in limbo-corticostriatal
circuits responsible for mediating cognitive and emotional functions (Tekin and
Cummings, 2002). Single nucleotide polymorphisms in the Homerl gene have been
associated with schizophrenia (Norton et al., 2003; Spellmann et al., 2011), autism
(Kelleher et al., 2012), major depression (Rietschel et al., 2010a), suicide attempt
(Strauss et al., 2012; Rao et al., 2016), cocaine dependence (Dahl et al., 2005) and opiate
abuse (Jacobs et al., 2013). These genetic associations are not conclusive, however, and
replication is needed to confirm their validity. Further evidence suggests that Homerla

may additionally be involved in the pathology of neuropathic pain (Tappe et al., 2006;
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Roselli et al., 2009; Tappe-Theodor et al., 2011; Obara et al., 2013) and Alzheimer’s
disease (Dickey et al., 2003; Yamamoto et al., 2011). Here, | provide an overview of the

evidence implicating short Homer1 proteins in autism and schizophrenia.

Perhaps the strongest evidence for the involvement of Homer IEGs in neurological
disease is from studies of their association with Fragile X mental retardation protein
(FMRP). The absence of expression of FMRP (coded by the FMR1 gene) is a common
single-gene cause of autism and targets of FMRP are enriched in rare genetic variants
from patients with schizophrenia (Fromer et al., 2014; Pocklington et al., 2015). The
bindings partner of FMRP, CYFIP1, is also implicated in schizophrenia (Stefansson et al.,
2008). FMRP is a negative regulator of group | mGluR-dependent protein synthesis
(Weiler et al., 2004) and mice lacking Fmr1 show enhanced long-term depression (Huber
etal., 2002). It was demonstrated that mGluR5-mediated translation initiation and long-
term depression are dependent on mGluR5-long Homer interactions (Ronesi and Huber,
2008; Ronesi et al., 2012), which are diminished in Fmrl knockout mice (Giuffrida et al.,
2005). Moreover, Homerl protein is decreased in post-mortem cerebellar vermis and
superior frontal cortex of autistic patients (Fatemi et al., 2013). Instead, mGIuR5 is more
associated with Homerla in mice lacking Fmr1 (Giuffrida et al., 2005; Ronesi et al., 2012).
Ronesi and colleagues generated an Fmrl / Homerla (and Ania-3) double knockout in
an attempt to rescue mGIluR5 function. The additional deletion of Homerla restored
mGIuR5-long Homer interactions, stabilized translation rates and reversed behavioural
phenotypes. The abnormal translational control of specific FMRP target mRNAs or
altered mGluR-mediated long-term depression in Fmrl knockout mice were not rescued

by Homerla deletion, however (Ronesi et al., 2012). These observations imply that a
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higher ratio of short / long Homer proteins interacting with mGIuR5 might be
responsible for disrupting mGIluR5-mediated signalling in fragile X syndrome,
contributing to the disorder. Therefore, the therapeutic action provided by mGIuR5
antagonists in fragile X syndrome (Pop et al., 2014) may be due to inhibition of Homerla

/ mGIluR5-mediated events.

MGIuR5 signalling complexes are also a potential target for therapy in schizophrenia
(Matosin and Newell, 2013). Critically, Homerla and Ania-3 induction is manipulated by
environmental stimuli that impact on the manifestation of psychosis (reviewed in
Szumlinski and Kippin, 2008). For example, acute cocaine administration in rodents
induces a pronounced elevation of Homerla expression in the striatum, prefrontal
cortex and ventral tegmental area (Brakeman et al.,, 1997; Zhang et al.,, 2007;
Ghasemzadeh et al., 2009). This response is necessary for the regulation of cocaine
sensitivity (Szumlinski et al., 2004; Lominac et al., 2005). Psychotomimetic NMDA
antagonists and, interestingly, antipsychotics also modulate Homerla and Ania-3
expression (De Bartolomeis et al., 2002, 2013; Polese et al., 2002; Ambesi-Impiombato
et al., 2007; lasevoli et al., 2007, 2009; Dell’Aversano et al., 2009). Furthermore, recent
evidence showed that the ratio of short to long Homerl protein may be abnormal in
patients with schizophrenia. In analyses of protein expression in post-mortem
hippocampus, Matosin et al (2016) showed that there was increased Homerla, but
decreased long isoforms Homerlb/c, in the CA1 region of patients compared to controls
(Matosin et al., 2016). This is consistent with an earlier report of decreased Homerl
protein in the hippocampus and prefrontal cortex of patients with schizophrenia

(Engmann et al., 2011). Finally, Homerl knockout mice display several behavioural
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phenotypes consistent with schizophrenia, including impaired pre-pulse inhibition,
increased anxiety and enhanced locomotion in response to MK-801 or
methamphetamine (Szumlinski et al., 2005), together implying that an imbalance of the
competitive short / long Homerl isoforms could contribute to the expression of

schizophrenic symptoms in humans.

1.4.3 Protein Structure and Interactions

Homer proteins contain a highly conserved enabled / vasodilator-stimulated
phosphoprotein (ena / VASP) homology 1 (EVH1)-like domain (Irie et al., 2002; Shiraishi-
Yamaguchi and Furuichi, 2007), which maintains much sequence homology with other
VASP proteins responsible for regulating cytoskeletal dynamics (Reinhard et al., 2001).
A neighbouring proline motif is specific to the Homer1 subfamily (Shiraishi-Yamaguchi
and Furuichi, 2007). Through the EVH1 domain, Homer proteins interact with proline-
rich sequences of a range of targets including group | metabotropic glutamate receptors
(mGIuR1 and mGIuR5), inositol 1,4,5-triphosphate (IP3) receptors, Shank scaffolding
proteins, ryanodine receptors, transient receptor potential canonical channels, voltage-
gated calcium channels and dynamin 3 (Tu et al., 1998, 1999; Xiao et al., 1998; Beneken
et al., 2000; Feng et al., 2002; Gray et al., 2003; Yuan et al., 2003; Olson et al., 2005;
Hayashi et al., 2009). Long Homer isoforms (Homerlb-h, Homer2a and b, Homer3a and
b), which form multimers through their (low homology) carboxy-terminal coiled-coil
domains, mediate functional links between these PSD proteins, facilitating signal

transduction (Kato et al., 1998a; Xiao et al., 1998; Hayashi et al., 2006).

Expression of shorter Homerl isoforms is introduced through alternative splicing.

Premature termination of transcription downstream of exon 5 creates the truncated
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Homerla and Ania-3 proteins (Figure 1.3; Brakeman et al., 1997; Soloviev et al., 2000;
Bottai et al., 2002). The fifth intron of the Homerl gene comprises sections of DNA
specific to the transcription of Homerla or Ania-3 mRNA (Bottai et al., 2002). These
isoforms therefore lack a coiled-coil domain, the absence of which prevents Homerla
and Ania-3 from forming homo- or hetero-oligomers. Hence, since their discovery
(Brakeman et al., 1997; Berke et al., 1998), it has been supposed that Homerla and Ania-
3 act as dominant negative regulators of long Homer function, uncoupling them from
effector proteins through competition for the proline-rich sequence of the target
protein (Fagni et al., 2002; Irie et al., 2002). Indeed, expression of Homerla blocks the
binding of long Homers to group | mGIuR and disrupts long Homer-mGluR-mediated

functions (Tu et al., 1998; Xiao et al., 1998; Kammermeier et al., 2000).

Short Homers are synthesised in the soma before vesicular transportation to dendrites
(Brakeman et al., 1997; Okada et al., 2009a), which is dependent upon interactions with
Group I mGluRs (Ango et al., 2000; Okada et al., 2009a). This is indicated by the dendritic
colocalisation of Homerla and mGIuR5 following depolarisation, whilst a mutant form
of the mGIuR5 receptor that cannot bind Homerla does not relocate from the soma to
dendrites (Ango et al., 2000). Long Homer1 isoforms are also transported with group |
mGIuRs to dendrites (Roche et al.,, 1999; Ango et al., 2000), yet, in the absence of
Homerl1la, retain the receptor complex within endoplasmic reticulum, inhibiting mGIuR5
surface expression (Roche et al., 1999; Ango et al., 2000, 2002; Coutinho et al., 2001).
The induction of Homerla through neuronal excitation then interrupts the endoplasmic

retention of mGIuR5, permitting their trafficking to the membrane (Ango et al., 2002).
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Hence, long Homers keep a pool of group | mGIluRs at the endoplasmic reticulum until

released by activity-induced short Homers (Figure 1.4).
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Figure 1.3 Primary structure of Homerla, Ania-3 and Homerlb proteins. The amino-terminal EVH1
domain (blue) is conserved across all Homer proteins and permits their interaction with proline-rich
sequences of target proteins. The proline motif (green; Ser-Pro-Leu-Thr-Pro) is specific to the Homerl
subfamily. At the carboxy-terminal region, long Homer isoforms, including Homerlb, contain a coiled-
coil domain (cyan) required for dimerization. Short Homers, Homerla and Ania-3, lack the coiled-coil
domain and are therefore unable to form dimers.

30



Literature Review

mGluR1/5
<@P® Short Homer
eag® Long Homer

Figure 1.4 Cotransport of group | mGIluRs and Homer proteins from the soma to the endoplasmic
reticulum and cell membrane. (1) Transcription of short Homers is regulated by myocyte enhancer factor-
2 (MEF2) transcription factors. The protein is synthesised in the soma. (2) Short Homers bind to group |
mGIuRs on transport vesicles and, together, they are transported in dendrites to synaptic sites. (3) Whilst
long Homers retain clusters of mGluRs at the endoplasmic reticulum, short Homers reverse the
intracellular retention of mGIuRs, (4) permitting their trafficking to the cell membrane.
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1.4.4 Homerl IEG induction and regulation

Neuronal activity-induced expression of short Homerl mRNA has been observed
throughout brain structures known to be involved in learning and memory, including the
cerebral cortex, hippocampal CA1, CA2, CA3 and dentate gyrus, striatum, and amygdala
(Brakeman et al., 1997; Sun et al., 1998; Xiao et al., 1998; De Bartolomeis et al., 2002;
Polese et al., 2002; Vazdarjanova et al., 2002; Ary et al., 2007; Zhang et al., 2007;
Montes-Rodriguez et al., 2013). The induction of Homerla has been investigated in vitro
through neuronal depolarization with ionotropic glutamate receptor agonists, N-
methyl-D-aspartate (NMDA), kainate and potassium channel blockers (Ango et al.,
2000), application of brain-derived neurotrophic factor (BDNF) (Mahan et al., 2012), the
use of a magnesium-free artificial cerebrospinal fluid medium (Okada et al., 2009a),
gonadotropin-releasing hormone (Wang et al., 2014), traumatic injury (Huang et al.,
2005; Luo et al., 2014), and evoking epileptiform activity with bicuculline and 4-
aminopyridine (Li et al., 2012). Induction in vivo has been reported following
electroconvulsive shock (Brakeman et al., 1997; Kato et al., 1997; Xiao et al., 1998; Bottai
etal., 2002), long term potentiation (Kato et al., 1997, 1998a), exposure to psychoactive
drugs such as cocaine (Brakeman et al., 1997; Zhang et al.,, 2007), lysergic acid
diethylamide (LSD) (Nichols and Sanders-Bush, 2002; Nichols et al., 2003) and ketamine
(lasevoli et al., 2007; De Bartolomeis et al., 2013), direct dopamine D1 receptor
stimulation (Berke et al., 1998), typical and atypical antipsychotic administration (De
Bartolomeis et al., 2002; Polese et al., 2002; Fatemi et al., 2006; Ambesi-Impiombato et
al., 2007), associative learning (Mahan et al., 2012), instrumental learning (Hernandez
et al., 2006), exploration of a novel environment (Vazdarjanova et al., 2002; Marrone et

al., 2008), visual experience (Brakeman et al., 1997), environmental stressors (Igaz et al.,
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2004; Ary et al.,, 2007) and neuropathic pain (Ma et al., 2009). Importantly, it is
exclusively the short, IEG isoforms of the Homerl gene that are induced under these

conditions, whilst the expression of the longer isoforms typically remains unchanged.

As alluded to previously, neuronal activation induces a switch in the transcription of the
Homerl gene to the preferential expression of short isoforms. This switch is created
through an activity-dependent change in the polyadenylation site usage, altering
transcription termination, and is controlled by myocyte enhancer factor 2 (MEF2)
transcription factors (Bottai et al., 2002; Flavell and Greenberg, 2008; Flavell et al.,
2008). With an aim to gain insight into the transcriptional machinery of Homerla that
may regulate synaptic plasticity during memory consolidation, Mahan and colleagues
(2012) examined the epigenetic modulation of the Homerla gene during BDNF-induced
plasticity in vitro and in vivo. BDNF prompted an upregulation of Homerla in primary
amygdala and hippocampal cultures that was dependent upon MEK and ERK signalling.
Around the Homerl promoter region, they observed an increase in histone H3
acetylation, a marker of enhanced gene transcription, or a decrease in histone H3K9
methylation, a transcriptional repressive marker. When mice underwent Pavlovian fear
conditioning, the consolidation of which involves BDNF signalling (Lee et al., 2004;
Rattiner et al., 2004; Barnes and Thomas, 2008), the same Homerl epigenetic
modifications that were seen in vitro were found in the mouse hippocampal and
amygdalar extracts (Mahan et al., 2012). This work demonstrates one possible
mechanism through which activity-induced Homerl transcripts may be generated
during processes of learning and memory or developmental synaptic maturation to

bring about the necessary plastic changes at the synapse.
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A few developmental studies have shown that Homerla is regulated with postnatal age.
Given its functional location at the glutamate PSD, its interactions with NMDA receptor
complexes, the critical role of glutamate synapses in the developmental refinement of
neuronal connections (Komuro and Rakic, 1993; Behar et al., 1999; Ikonomidou et al.,
1999; Matsugami et al., 2006; Zhang et al., 2013) and the developmental impairments
caused by disrupting glutamate receptor complexes (Fredriksson et al., 2004; Clifton et
al., 2013), Homerla is in a prime position to impinge on synaptogenesis and synaptic
pruning mechanisms during brain maturation. Postnatal forebrain expression of
Homer1la increases from birth, peaking between 3-5 weeks (Brakeman et al., 1997).
Montes-Rodriguez et al (2013) demonstrated that Homer1la is induced differentially by
neuronal activity through early mammalian postnatal development. Maximal
electroconvulsive shock treatment in rats only increased hippocampal Homerla
expression after the first postnatal week, indicating that Homer-related activity
dependent synaptic plasticity is absent at this early stage of synaptogenesis (Montes-
Rodriguez et al., 2013). The number of activity-induced Homer1la positive cells rapidly
increased during the second postnatal week, reaching adult levels by P9, although
hippocampal activity-induced Homer1la intra-nuclear foci intensity, representing mRNA
quantity, peaked after 3 weeks, in parallel with synaptic maturation, hinting towards a
role of the protein in the refinement of neuronal circuits (Yoshihara et al., 2009; Montes-
Rodriguez et al., 2013). Furthermore, the balance of short to long Homer1 isoforms is an
important regulator of axonal pathfinding in developing neurons (Foa et al., 2001).
Unsurprisingly, disruption of Homerla expression causes developmental impairments.
These include deficits in motor coordination, learning, memory and sensorimotor gating

(Szumlinski et al., 2005; Tappe and Kuner, 2006; Jaubert et al., 2007).
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1.4.5 Regulation of mGIluR-NMDA Complexes

At the PSD, short Homer1l proteins act to interrupt the scaffolds created by long Homerl
isoforms (Kato et al., 1998a; Xiao et al., 1998; Hayashi et al., 2006). Overexpression of
Homerla in cultured hippocampal neurons, or induction of Homerla expression by
BDNF, prompts a reduction in long Homerlc clusters, without decreasing the amount of
protein (Inoue et al., 2004). Clusters of F-actin and PSD-95 are similarly reduced, through
disruption of their association with Shank protein (Sala et al., 2003; Inoue et al., 2004;
Hayashi et al., 2009), and dendritic spine size is decreased (Sala et al., 2003). Homerla
therefore appears to redistribute functional synaptic architecture constructed by long
Homer1l proteins, in response to neuronal activity, to bring about modifications in PSD
scaffolds and spine morphogenesis, indicative of synaptic plasticity (Bosch et al., 2014;

Tgnnesen et al., 2014).

The interaction between Homer and group | mGluRs (mGIluR1 and mGIuR5) has been a
particular focus of functional research into Homer proteins, because of the role of
Homer as an intermediary between mGluRs and their effector proteins, including the
NMDA receptor (Tu et al., 1998; Bertaso et al., 2010; Sylantyev et al., 2013). Reciprocal
signal transduction between group | mGIuRs and NMDA receptors permits the
regulation of NMDA-evoked currents by mGluR activation (Fitzjohn et al., 1996; Awad et
al., 2000; Bertaso et al., 2010; Sylantyev et al., 2013), which is required for certain
NMDA-dependent processes (Jia et al., 1998; Rodrigues et al., 2002). The directionality
of NMDA modulation by group | mGluRs varies between studies. Whilst some studies
report that group | mGIuR activation augments NMDA activity (Fitzjohn et al., 1996;

Awad et al., 2000; Sylantyev et al., 2013), others report inhibition (Yu et al., 1997,
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Bertaso et al., 2010; Moutin et al., 2012). The emerging explanation for these opposing
outcomes is that it depends upon the relative involvement of long and short Homerl

proteins.

NMDA receptors are located within the PSD, whereas group | mGIluRs are typically
located at extrasynaptic and perisynaptic regions (Baude et al., 1993; Lujan et al., 1996)
and do not colocalize with NMDA receptors (Moutin et al., 2012). Instead, interactions
between the two glutamate receptors are mediated by a Homer-Shank-GKAP-PSD95
scaffold (Naisbitt et al., 1999; Tu et al., 1999). It has been suggested that mGIuRs use
this long Homer-containing scaffold to facilitate NMDA activity, supported by the
observation that the potentiation of NMDA receptor currents by group | mGIuR agonists
is blocked by postsynaptic transfection of Homerla (Sylantyev et al., 2013). Other
studies have similarly demonstrated a Homerla-dependent inhibition of NMDA
receptor activity, whilst showing that it is calcium-independent (Bertaso et al., 2010) and
requires the integrity of the EVH1 domain of Homerla (Sala et al., 2003), highlighting

further the functional importance of mGIuR-Homer interactions.

This model does not yet fully explain how group | mGluRs could promote the inhibition
of NMDA currents in the presence of Homerla, as reported by some studies using
sustained stimulation paradigms (Bertaso et al., 2010; Moutin et al., 2012). MGluR1a-
mediated Homerla-dependent inhibition of NMDA receptors gives rise to the co-
immunoprecipitation of GB-protein with NMDA NR1 subunits and is attenuated by
disrupting G-proteins (Bertaso et al., 2010). Moreover, these results could be imitated
by transfecting neurons with Shank3 mutants that are unable to bind Homer complexes,

but not by mutants unable to bind the GKAP-PSD95 complex (Bertaso et al., 2010). These
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data indicate that Homerla may release group | mGluRs from their perisynaptic
attachment to the scaffolding complex, permitting their translocation into the PSD and
physical inhibition of NMDA receptors via GBy subunits. This notion is supported by a
recent bioluminescence resonance energy transfer (BRET) study of -cultured
hippocampal neurons, which imaged spine-specific protein-protein interactions
between mGIluR5a and NMDA receptors only in the presence of Homerla, prompting an

inhibition of NMDA currents (Moutin et al., 2012).

Hence, group | mGIluRs regulate NMDA receptor activity. Whether that regulation is
facilitatory or inhibitory is determined by the mutually exclusive interaction with long or
short Homer proteins, respectively. Homerla-induced scaffold remodelling represents
a switch for mGIuR function upon synaptic stimulation that could be important for the

initiation of plasticity processes such as long-term potentiation or long-term depression.

1.4.6 Calcium Homeostasis

The majority of the proteins that Homer is known to interact with are involved in calcium
homeostasis, including mGluRs, IP3 receptors, TRPC channels, ryanodine receptors and
L-type voltage dependent calcium channels. Elevation in intracellular calcium in
dendritic spines modifies neuronal excitability, initiates signalling cascades and recruits
new membrane proteins, ultimately adjusting synaptic strength (Berridge, 1998; Yang

et al., 1999; Yeckel et al., 1999).

It has long been recognised that group | mGluRs regulate the activity of the calcium
releasing IP3 receptors on intracellular endoplasmic reticulum stores via Homer and
Shank protein scaffolds (Kawabata et al., 1998; Tu et al., 1998; Hwang et al., 2005; Sala

et al., 2005). In neocortex pyramidal neurons, intracellular injection of Homerla dose-
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dependently enhances spike-induced calcium increases through mGIuR-IP3 signalling
(Yamamoto et al., 2005). The same is not achieved by injection of Homerlb/c. However,
the maintenance of this Homerla-induced calcium augmentation depends instead on
elevated calcium influx through L-type voltage dependent calcium channels. It was
demonstrated that Homerla lowers the threshold for calcium spikes by facilitation of

the currents through these channels (Yamamoto et al., 2005).

Indeed, L-type voltage dependent Cay1.2 and Cay1.3 calcium channel subunits possess
Homer binding domains on their carboxyl termini (Olson et al., 2005; Huang et al., 2007).
A study of excitation-contraction coupling, which modelled calcium-induced calcium
release by ryanodine receptor 2 (RyR2) and Cay1.2 in human embryonic kidney (HEK)
cells, suggests that the communication between Cay1.2 at the cell surface and RyR2 on
endoplasmic reticulum is mediated through the Homer-calcium channel interaction
(Huang et al.,, 2007). Long Homerlb/c facilitates an interaction between RyR2 and
Cayl.2, which decreases the sensitivity of the cell to membrane depolarization-induced
calcium elevations, whereas Homerla disassembles the interaction, increasing the
sensitivity and efficiency of calcium-induced calcium release (Huang et al., 2007; Figure
1.5). These observations corroborate closely with those from neocortex pyramidal
neurons (Yamamoto et al., 2005), both illustrating how activity-induced Homer isoforms

permit a rise in intracellular calcium concentration.

The link between ryanodine receptors and L-type voltage gated calcium channels is not
the only occurrence of Homer1 facilitating the signal transduction between endoplasmic
reticulum and cell membrane proteins involved in calcium homeostasis. IP3 receptors

communicate with transient receptor potential canonical (TRPC) family cation channels
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within a complex assembled by Homer. Similarly to the regulation of L-type calcium
channels, the disassembly of this complex increases channel activity and calcium influx
(Yuan et al.,, 2003). TRPC-Homer-IP3R disassembly is regulated by calcium store
depletion and IP3-IP3R binding (Yuan et al., 2003, 2012; Kim et al., 2006), although
expression of Homerla similarly causes complex dissociation by interrupting the
coupling between long Homer isoforms and TRPC, permitting channel opening by
stromal interacting molecule 1 (STIM1; Yuan et al., 2003, 2012; Dionisio et al., 2015).
Homerla has also been reported to translocate TRPC complexes to the membrane,

where they are spontaneously active (Kim et al., 2006).

These studies collectively demonstrate that activity-induced Homer proteins
dynamically regulate the communication between calcium signalling proteins to achieve
the facilitation of calcium currents. Calcium elevations through NMDA and mGluR-
coupled signalling cascades are important components of spike-timing-dependent
synaptic plasticity and determinants of the directionality of changes in synaptic strength
(Kampa et al., 2006; Nevian and Sakmann, 2006). Therefore, the role of Homerla in

initiating calcium entry is highlighted as a key modulator of synaptic plasticity.
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Figure 1.5 The regulation of postsynaptic calcium homeostasis by Homer proteins. Long Homer proteins
(left) link calcium-regulating proteins into complexes by forming dimers through their carboxy-terminal
domains. Activity-induced short Homer proteins (right) act as dominant negative regulators of long Homer
complexes, disrupting the links between synaptic proteins and affecting the gating of calcium. A group |
mGIluR-dependent potentiation of NMDA receptors is facilitated by a long Homer-Shank-GKAP-PSD95
scaffold, which is dismantled by short Homers. Short Homer proteins may also elicit the agonist-
independent activation of group | mGIluRs. TRPC and L-VDCC channels form complexes with IP3Rs and
RyRs, respectively, through long Homer dimers, which limits the influx of calcium. The induction and
binding of short Homers disrupts these complexes, increasing channel activity and calcium influx. ER,
endoplasmic reticulum; GKAP, guanylate kinase-associated protein; IP3R, inositol 1,4,5-triphosphate
receptor; L-VDCC, L-type voltage-dependent calcium channel; mGIluR1/5, metabotropic glutamate
receptor 1/5; NMDA, N-methyl-D-aspartate; PLC, phospholipase C; PSD-95, postsynaptic density protein
95; RyR, ryanodine receptor; TRPC, transient receptor potential canonical channel.
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1.4.7 Functional Plasticity

| have discussed how activity-induced Homer protein is expressed during synaptic
plasticity and interacts with other PSD components responsible for bringing about
changes in synaptic strength; | now present the evidence that short Homers are
themselves functionally involved in synaptic plasticity. This work implicates Homerla
and Ania-3 in the local regulation of synaptic strength and the global scaling of synaptic

excitability.

Synaptic strength may be modified by the trafficking and phosphorylation of AMPA-type
glutamate receptors in the postsynaptic membrane, causing an adjustment of excitatory
postsynaptic currents (Bredt and Nicoll, 2003; Derkach et al., 2007). This process is in
part driven by group | mGIuR activation (Snyder et al., 2001; Kelly et al., 2009).
Overexpression of Homerla in hippocampal neurons can globally decrease surface
AMPA receptors (Sala et al., 2003; Hu et al., 2010; Rozov et al., 2012), reduce GIuA2
subunit tyrosine phosphorylation (Hu et al., 2010) and block the maintenance of long-
term potentiation (Celikel et al., 2007; Rozov et al., 2012). These effects are dependent
on group | mGIuR signalling, yet do not require the binding of glutamate to the receptors
(Hu et al., 2010). Indeed, Homerla has been shown to activate group | mGluRs
independently of glutamate (Ango et al., 2001; Hu et al., 2010). Conversely, knocking
out either the Homerl gene or the short Homer1l isoforms results in an up-regulation of
postsynaptic AMPA receptors and currents (Hu et al., 2010; Rozov et al., 2012). In
contrast, one study reported an increase in synaptic AMPA receptors following Homerla
overexpression (Hennou et al., 2003), which may reflect differences in experimental

protocols, whilst supporting the notion that scaffold remodelling can lead to the scaling
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up or down of synapses, depending on the nature of the stimulation. Van Keuren-Jensen
and Cline (2006) demonstrated in tadpole optic tectal neurons that the application of
group | mGIuR agonists to cells with a low Homerla/Homerlb ratio increased AMPA
currents, similarly to cells that had been removed from tadpoles after >12h of darkness.
Conversely, either the exogenous expression of Homerla, or Homerla induction
through visual stimulation for >4h, reversed the mGluR-mediated change in AMPA
currents (Van Keuren-Jensen and Cline, 2006). These studies clearly demonstrate the
involvement of Homerla in AMPA receptor regulation, whilst indicating a specific role

of the protein in the homeostatic scaling of synaptic strength.

The mechanism through which Homers regulate mGluR-mediated AMPA plasticity may
involve their coupling to dynamin 3 in endocytic zones (Gray et al., 2003). Long Homers
physically tether clathrin-positive endocytic zones near the PSD through interactions
with Shank and dynamin 3, to permit local cycling and recapture of AMPA receptors
(Gray et al., 2003; Zhang et al., 2007). Disruption of this link by the expression of
Homerla in hippocampal neurons frees the endocytic zones from the PSD, which leads
to a decrease in the number of postsynaptic membrane AMPA receptors (Lu et al.,
2007). Therefore, Homerla induction can remove the AMPA cycling capacity of dendritic

spines, regulating synaptic strengthening.

The long-term maintenance of synaptic strength for memory consolidation requires de
novo protein synthesis and scaffold remodelling over an extended period of time
following an initial synaptic event (Kandel, 2001; Lee et al., 2004). One of the intriguing
aspects of Homerla function is its expression following neuronal activity, which occurs

in conjunction with the expression of Arc, another IEG essential for memory
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consolidation (Vazdarjanova et al., 2002; Plath et al., 2006). Both are induced in the
same hippocampal neurons by exploration of a novel environment (Vazdarjanova et al.,
2002; Marrone et al., 2008), implying that their coordinated activity may be necessary
for forming a memory pertaining to that environment. Further work has examined the
recruitment of Homer1la to active synapses in order to select spines for plasticity. Okada
and colleagues (2009) demonstrated that soma-derived Homerla is recruited from
dendrites specifically into activated spines. This only occurred if NMDA receptors were
stimulated and required extracellular calcium and the nitric oxide-protein kinase G
signalling pathway. Trapping of Homerla into spines did not, however, require group |
mGIuR activation (Okada et al., 2009a). The recruitment of Homerla may therefore
represent a synaptic tag for subsequent spine remodelling and the targeting of de novo

plasticity-related proteins.

A few studies have evaluated the effect of manipulating the expression of short Homer
isoforms on learning and memory. Overexpression of Homerla in the hippocampus
impairs spatial working memory and spatial reference memory (Klugmann et al., 2005;
Celikel et al., 2007). Short form-specific Homerl knockout mice exhibit a deficit in cued
and contextual fear conditioning (Inoue et al., 2009a; Mahan et al., 2012). These mice
have normal memory acquisition and short term memory of contextual fear, but
impaired fear memory consolidation and memory retention, reminiscent of Arc
knockout mice (Plath et al., 2006), another IEG critical for regulating synaptic plasticity.
Interestingly, re-exposing short Homerl knockout mice to the context, and therefore
reactivating the fear memory, attenuated the conditioned response, indicating a deficit

in reconsolidation or memory updating (Inoue et al.,, 2009a). These studies form
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additional corroboration to the view that activity-induced Homer proteins are critical for
coordinating plasticity relevant to learning and memory. It should be noted that, since
both Homerla and Ania-3 are absent in these knockout models, delineation of their

respective contributions to fear memory consolidation is lacking.

1.4.8 Conclusions

Homerla is recruited to active dendritic spines upon stimulation and de novo Homerla
protein is synthesised somatically and transported to the PSD, thereby facilitating short-
and long-term scaffold remodelling for early and late phases of synaptic plasticity.
Primarily, its function is the dominant negative disruption of functional synaptic
architecture constructed by long Homer1 proteins, which can result in a switch of group
I mGluR function, receptor translocation or the accommodation of calcium entry. These
findings suggest that the role of short Homer proteins is to transiently destabilise the
PSD in order to permit scaling of the most currently or recently active synapses; or in
other words, to selectively facilitate the plasticity of excitatory synapses. Disruption of
Homerla and Ania-3 has implications for neurological disease and their manipulation

may represent a novel therapeutic approach.
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1.5 Experimental Plan

Synaptic plasticity is presented here as a critical point of convergence in schizophrenia
pathogenesis, particularly in relation to NMDA receptor and postsynaptic density
protein complexes. It is noted that this may mediate specific deficits in associative
learning processes. In this thesis, | further the investigation of the role of associative
learning in schizophrenia through studying the impact that genes and pathways
conferring risk to the disorder have on the consolidation, retrieval and extinction of

contextual fear memory. My aims were as follows.

e Determine whether genes associated with particular components of associative
learning are enriched in the genetic variants from patients with schizophrenia
and related disorders.

o Explore the effect of the NMDA antagonist and psychotomimetic, ketamine, on
the consolidation and extinction of contextual fear memory.

e Deduce the role of postsynaptic density Homerl proteins in associative fear

learning processes.
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Chapter 2: General Methodology

This chapter describes the general protocol for each method used in this thesis. Details
of the specific methodology used in each experiment is given within its respective

chapter.

2.1 Copy number variant enrichment analysis

Enrichment analyses are used to determine whether a gene set is overrepresented
within a reference gene list, compared to that which you would expect by chance. They
can also be used to compare the relative enrichment of a gene set in genetic mutations
from patients of a particular disease, relative to its enrichment in mutations from
healthy controls. For CNVs, this can be done using a logistic regression analysis that
regresses, for each CNV, case-control status of the patient on the number of genes from

the gene set that the CNV overlaps with.

2.1.1 Logistic regression analysis

Gene sets were formatted as tab-delimited text files containing the human Entrez ID for
each gene. CNV lists were annotated with CNV size, deletion or duplication, case-control
status, chip type (Affymetrix chip ID), CNV study name, number of genes hit by the CNV
and Entrez gene IDs. Using MATLAB (R2015a) or R (v 3.2.3), the number of genes in a
gene set overlapped by each CNV was counted. The logistic regression analysis was
performed using the general linear model (glm; binomial) function in R, as follows:

case-control status ~ gene set hits + CNV size + total genes in CNV + study

+ chip type
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P-values outputted by this analysis were converted to —log;q(P-value) X

sgn(Z-value).

2.1.2 Permutation correction

In order to remove the effect of any background enrichment in the gene sets, some
analyses were subjected to permutation correction. This adjusts the observed
enrichment P-value so that it is empirically determined by a distribution of P-values

obtained from randomly permuted gene sets.

Using MATLAB, all genes (after any filtering processes specific to the study) were
permuted many times (e.g. 1000). Following each permutation, the top N genes were
taken as a random gene set, where N is the size of the gene set used for the analysis
being corrected. Each gene set was subjected to a logistic regression analysis as
described above, producing a null distribution of P-values (or —logio(P-value)). An

empirical P-value is then calculated as follows:

fory =y, ..yy givenx

N

i=1Z 1 yisx

P= Oyl>x

where z = {

where y is the null distributed P-values and x is the observed P-value.

2.2 Common variant enrichment analysis

The enrichment of a gene set in common variants is done using whole genome data
analysis toolsets, such as PLINK and MAGMA. Due to the different statistical models
employed by each approach, they may yield different results when applied to the same

dataset.
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2.2.1 PLINK SNP analysis
Gene sets were converted to genomic locations using the genome build 37.3 sequence

file found at the NCBI FTP site:

(ftp://ftp.ncbi.nih.gov/genomes/MapView/Homo_sapiens/sequence/BUILD.37.3/initial

_release/seq_gene.md.gz).

1000 Genomes reference files (http://www.1000genomes.org) were used for linkage
disequilibrium calculations. Case-control SNPs were mapped to the gene set and the

4

enrichment probability calculated using Plink’s “--set-screen” function. Each analysis
yielded P-values from two levels of statistical stringency. P1 is an uncorrected P-value

and P2 is an empirical P-value corrected for the multiple SNPs within the set.

2.2.2 MAGMA SNP analysis
MAGMA (Multi-marker Analysis of GenoMic Annotation) uses a multiple regression
model and performs single gene analysis in conjunction with gene set analysis for added

flexibility.

Case-control SNP data was annotated with gene location using NCBI Build 37.3 gene
locations obtained from (http://ctg.cncr.nl/software/magma/aux_files/NCBI37.3.zip).
Then a gene-wide analysis was performed, using the 1000 Genomes reference files (as
above) for linkage disequilibrium calculations. Gene set analyses were performed using
the output from the gene-wide analysis. During this analysis, MAGMA executed a

correction for false discovery rate using 100,000 data permutations.
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2.3 The ethical use of animals in research
All experiments were conducted in accordance with the United Kingdom 1986 Animals
(Scientific Procedures) Act (Project licenses PPL 30/3135 and PPL 30/2236; Personal

license PIL 116A5E86C).

2.4 Contextual fear conditioning behavioural paradigms

2.4.1 Subjects

Subjects were adult male Lister Hooded rats from Charles River UK, weighing 250-350 g
(8-14 weeks old). Upon arrival, rats were housed in pairs in conventional cages in a
holding room maintained at 21°C on a 12h reversed light/dark cycle. All experiments
were conducted during the dark period. Food (chow) and water were freely available
and the cages were cleaned weekly. A cardboard tube was provided as environmental
enrichment. Rats were habituated to their home cages for at least 5 days prior to the
experiment start. Tails were labelled for identification using a permanent marker pen.

The handling of animals from each experimental group was ordered pseudorandomly.

2.4.2 Contextual fear conditioning, recall and extinction

The protocol described here is a well-established paradigm for studying associative long-
term memory in rodents (Lee et al., 2004; Barnes and Thomas, 2008), in which a rat
learns to associate a novel context with the receipt of an electric footshock. Rats were
transported from the holding room to the behaviour suite in dark transport boxes to
avoid exposing the animals to the light during their dark period. Rats were placed
individually into either conditioning context A or B. Conditioning contexts were 30.5 cm
X 24.1 cm x 29.2 cm chambers (Med Associates, UK) with 19 floor bars raised 1.6 cm

above a floor tray, all contained within a sound-attenuating cubicle 55.9 cm x 55.9 cm x
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35.6 cm. During conditioning trials, rats received a 2 second 0.5 mA footshock after 2
min context exposure. The footshock was administered through the floor bars and was
controlled by a Med-PC (version IV) Research Control and Data Acquisition System (Med
Associates). Rats were removed from the context 1 min after footshock and transported

back to their home cages.

Recall and extinction trials were conducted at the same time of day as the conditioning
trial. Rats were transported to the context in the same transport boxes. In recall trials,
rats were returned to the context for 2 min. In extinction trials, rats were returned to

the context for 10 min. Proof of concept experiments are presented in sections 4.2-4.3.

All periods of context exposure were recorded on video (JSP Electronics, China), using

Numeriscope software (Viewpoint, France), for behavioural analysis.

2.4.3 Quantification of freezing response

The freezing response of the animals was used as a metric of fear memory acquisition
and recall. Files containing video recordings of context exposures were randomised
programmatically in order to blind the experimenter to the experimental group of each
subject, thereby minimising subjectivity during analyses. Freezing behaviour was
defined as the complete and sudden cessation of movement and was recorded as a
binary variable every 10 sec (freezing / not freezing), starting from the time at which the
door to the conditioning context was closed. Percent freezing therefore represents the

proportion of samples in which the rat was observed freezing.
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2.5 Insitu hybridization
In situ hybridization is a method of localising and quantifying specific mRNA sequences
in fixed tissue sections by hybridising with labelled strands of complementary nucleotide

sequences (Figure 2.1).

2.5.1 Brain extraction, coronal sectioning and paraformaldehyde fixation

Rats were killed by CO, inhalation at the time point of interest. They were then
immediately decapitated and the brain was extracted and snap frozen on dry ice within
10 min of death. Brains were wrapped in Parafilm (Sigma-Aldrich, USA) and foil before

storage at -80°C until needed.

Microscope slides used for mounting coronal brain sections were prepared by baking
overnight at 180°C and allowing to cool before coating in poly-L lysine solution (2%). The
slides were dried and stored at 4°C until use. A custom MATLAB program was used to
design the arrangement of brain sections onto a library of microscope slides, so that
there was a maximum of 6 sections per slide, each from a different subject, with
pseudorandom subject selection and without position bias for any experimental group.
From each subject, 114 14 um coronal sections of the region of interest were cut using
a cryostat (Leica Biosystems, Germany) and mounted on a series of glass slides. Slides

were then racked into hollow glass slide racks for fixing and storage.

To fix the brain sections, slides were bathed in 4°C 4% paraformaldehyde / phosphate
buffer saline (PBS; 1.3 M NaCl, 70 mM disodium phosphate, 30 mM monosodium
phosphate) solution for 5 min, before washing in PBS (1 min) and 70% ethanol (4 min).
Slides were then stored in 95% ethanol at 4°C until use. A minimum of 2 weeks was

allowed for before performing in situ hybridization to allow for delipidation.
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2.5.2 Oligonucleotide probe design

Single-stranded oligonucleotide probes were designed to target unique mMmRNA
sequences. Due to the number of filtering steps required to identify a candidate
oligonucleotide probe, a tool was developed in MATLAB to do this programmatically.
Probes were designed to be only 45 base-pairs long to facilitate penetration into cells.
Optimisation steps included choosing probes with G/C:A/T ratios close to 1 and
excluding probes containing trains of the same nucleotide longer than 3. These steps
permit consistency in hybridization conditions and prevent excessive secondary folding

of the oligonucleotide.

On occasions where the probe is being designed to target a unique isoform, the probes
are ranked by their maximum homology with the other isoforms of the same gene to

allow identification of the most specific oligonucleotide probe.

2.5.3 5 end **S labelling of oligonucleotides

Oligonucleotide probes (Sigma-Aldrich) were radiolabelled with *>S for detection. To do
this, pure oligonucleotides were dissolved to 1 pg/ul in DEPC-treated phosphate buffer
before dilution to 5 ng/ul in DEPC-treated water. This was added to the radioisotope in
the following solution: 12.5% recombinant terminal deoxynucleotidyl transferase (rTDT)
enzyme (Promega, USA), 20.1% 5x TDT buffer (Promega), 16.7% 5 ng/ul oligonucleotide
probe, 12.5% >>S-dATP (87-day half-life; Perkin-Elmer). The solution was incubated at
35°C for 1 h before diluting 4.2X in DEPC-treated water. In order to extract the labelled
probe, the solution was spun for 2 min at 2000 rpm on a spin column consisting of a 1

ml syringe filled with Sephadex G-25 (Sigma-Aldrich) TNES (0.14 mM NaCl, 20 mM Tris,
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5 mM EDTA, 0.1% SDS) slurry. Dithiothreitol (DTT; Sigma-Aldrich) was added to 3.8% to

terminate the reaction, before storage at -20°C until use.

2.5.4 Hybridization of coronal brain sections

The specific activity of the labelled oligonucleotide probe was calculated by mixing a
sample of it with scintillation fluid at a ratio of 1:1000 and quantifying the disintegrations
per minute (dpm) using a liquid scintillation counter (Tri-Carb 2800 TR; Perkin-Elmer,
USA). Coronal brain sections representing the same region along the sagittal plane were

selected. Each slide of coronal brain sections was covered with a solution containing

200
Probe specific activity per pl

ul oligonucleotide probe, 100 ul HYB buffer (50% deionised

formamide, 20% 20X saline-sodium citrate buffer, 5% 0.5 M sodium phosphate, 1% 0.1
M sodium pyrophosphate, 10% 50X Denhardt’s solution, 5% 4 mg/ml acid-alkali
hydrolysed salmon sperm DNA, 2% 5 mg/ml polyadenylic acid, 0.1% 120 mg/ml heparin

and 10% dextran sulphate) and 2 pl DTT. Control (non-specific) slides were covered in

200
Probe specific activity per pl

the same solution with the addition of X4 ul 5 ng/ul

unlabelled oligonucleotide probe. A strip of Parafilm (Sigma-Aldrich) acted as a coverslip
on each slide, before incubation in a humid environment overnight at 42°C. Slides were
bathed in 1X saline-sodium citrate buffer (SSC) at room temperature to facilitate the
removal of the coverslips. The slides then underwent washes in 52°C 1X SSC (30 min),
52°C 1X SSC (30 min), room temperature 0.1X SSC (1 min), 70% ethanol (1 min) and 95%

ethanol (1 min).

2.5.5 Imaging and quantification of gene expression
When dry, labelled slides were arranged in a radiographic cassette, along with a **C

standard slide for calibration, sealed underneath a sheet of radiographic film (American
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Radiolabeled Chemicals, USA). The duration for which the slides were left against the
radiographic film depended on the intensity of the autoradiograph produced by the
oligonucleotide probe (typical variation from 3-30 days) and preliminary tests were
performed to optimize this duration. The film was developed using an EXOMAX x-ray
processor (PROTEC, Germany) and scanned to produce a digital greyscale image (Figure

2.1).

Autoradiographs of labelled brain sections were analysed using ImageJ (NIH). Analysis
was performed blind to the respective experimental groups. Densitometry was
calibrated using known radioactive quantities from the **C standards. Triplets of
intensity measurements were sampled from each region of interest, per hemisphere,
per section. For each subject, the intensity of signal within a brain region, representing

the quantity of mRNA expressed, was calculated as follows.

mRNA expression = ————7ns

where Sa and Sb are the densitometry values sampled from the specific signal of one
brain region in sections A and B of a subject (Figure 2.1) and ns is the densitometry value
acquired from the control (non-specific) section from the same subject. Expression

values for each brain region were normalized to the mean expression of the control

group.
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Non-specific
(background)

Specific A Specific B

Figure 2.1 In situ hybridization autoradiograph from coronal rat brain sections hybridized with
radiolabelled oligonucleotides specific to the Homerla mRNA sequence. The first and second columns are
experimental repeats, showing the specific binding of the oligonucleotide to its complimentary mRNA
sequence on two separate slides of brain sections. Sections in the third column have been hybridized with
an excess of unlabelled probe, giving the background signal, which is deducted from the specific signal
during quantification.
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2.6 Immunoblotting
Immunoblotting was used to quantify proteins from hippocampal tissue samples

obtained from behaving rats.

2.6.1 Tissue homogenisation and sample preparation

2.6.1.1 Preparation of whole hippocampal homogenates

Snap-frozen, micro-dissected hippocampi were stored at -80°C until preparation for
immunoblotting. For the preparation of whole hippocampal fractions, 30-100 mg
hippocampal tissue was homogenised with 4°C 10 ul/mg radioimmunoprecipitation
assay (RIPA) buffer (Thermo Fisher Scientific, USA) and protease inhibitors (Roche,
Germany), using a glass 3 ml pestle and mortar on ice. Homogenates were centrifuged
at 1200g for 20 min at room temperature to pellet and remove nuclei. Samples were

stored at -80°C until use.

2.6.1.2 Preparation of hippocampal synaptosomes

To prepare synaptosomal fractions of hippocampal tissue, 30-100 mg hippocampal
tissue was homogenised with 4°C Synaptic Protein Extraction Reagent (Syn-PER; Thermo
Fisher, USA) and protease inhibitors (Roche, Germany) using a glass 3 ml pestle and
mortar on ice. Homogenates were centrifuged at 1200g for 10 min at 4°C. The pellet was
discarded and the supernatant was further centrifuged at 15000g for 20 min at 4°C. The
supernatant, which contains the cytosolic fraction, was stored for reference. The pellet
was re-suspended in 1 ml/g (original hippocampal tissue) Syn-PER with protease

inhibitors, and re-homogenised, before storage at -80°C.
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2.6.1.3 Global protein quantification using the Bradford or BCA assay

Total protein concentration of samples homogenised in Syn-PER was calculated using
the Bradford assay. A concentration gradient of bovine serum albumin (BSA; Bio-Rad,
USA) was used to create a standard curve for reference. Samples were diluted 10X in
Syn-PER and mixed 1:50 with Bradford reagent (Bio-Rad) in a cuvette. Optical density

was determined at 595 nm.

Since the Bradford assay is sensitive to buffers containing strong detergents, total
protein concentration of samples homogenised in Radioimmunoprecipitation assay
(RIPA) buffer was determined using the bicinchoninic acid (BCA) assay (Pierce BCA
Protein Assay Kit; Thermo Fisher, USA). Samples were diluted 10X in RIPA, before being
added to BCA reagent mix 1:20 and incubated at 37°C for 30 min. Following incubation,
samples were cooled rapidly to room temperature and the optical density was

determined at 562 nm.

2.6.2 Western blot procedure

To separate the proteins, samples were subjected to gel electrophoresis in an
electrophoresis chamber (Bio-Rad). Prior to loading onto the gel, samples were diluted
to equal protein concentrations and boiled with 45% Laemmli sample buffer (Bio-Rad)
and 5% B-mercaptoethanol (Bio-Rad) at 96°C for 5 min. Samples containing 10-40 pg
protein were loaded into each well of a 12% precast polyacrylamide gel (Bio-Rad),
bordered by 5 ul prestained protein standards (Bio-Rad). Electrophoresis was run at 50V

for 10 min, followed by 150V for 40 min, or until the sample has traversed the gel.

Proteins were transferred to a nitrocellulose membrane (Bio-Rad), using a Trans-Blot

Turbo Transfer System (Bio-Rad). Membranes were blocked in a 5% milk (Amersham ECL
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Prime, GE Healthcare, UK) and Tris-buffered saline with Tween (TBST; 50 mM Tris, 150
mM NacCl, 0.05% Tween 20) solution for 1 h at room temperature. Primary antibodies
were diluted in 5% milk / TBST and incubated with the membrane overnight at 4°C. The
membrane was washed three times in TBST for 5 min, before incubating with secondary
fluorescent antibodies (LI-COR), diluted in 5% milk / TBST, for 1 hour at room
temperature. The membrane was washed a final three times in TBST (twice) and TBS
(once) for 5 min each. Protein bands were imaged using an Odyssey Clx Infrared Imaging

System (LI-COR).

2.6.3 Quantification of protein of interest

Typically, each membrane was probed with antibodies targeting the protein of interest
as well as a housekeeping gene, the expression of which is known to be unaffected by
the experiment manipulation, for normalisation and quality control. Western blots were
analysed using Image Studio (LI-COR). Relative protein quantities were calculated as

follows.

P, — pB;

Protein of interest in sample (arbitrary unit) = ———
H; — hB;

where each variable is a fluorescence intensity: P is protein of interest, H is
housekeeping gene, pB is the background surrounding the protein of interest, hB is the

background surrounding the housekeeping gene and i is the lane.

2.7 Intracerebral microinjection of substances

2.7.1 Surgical placement of indwelling cannula to the dorsal hippocampus
Rats were anaesthetised in an induction chamber using 5% isoflurane (Abbott, UK),

before the removal of fur on the top of the head and positioning of the animal in a
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stereotaxic frame (David Kopf, USA), where 2-3% isoflurane was continuously
administered via a gaseous mixture of oxygen (0.8 L/min) and nitrogen (0.4 L/min). A
midsagittal incision was made to expose the skull and two holes were drilled at the
following coordinates from Bregma: -3.5 mm anterior-posterior, £ 1.9 mm medio-
lateral. A bilateral guide cannula (22 gauge, 3.8 mm centre-to-centre, 3 mm below
pedestal; Plastics One, UK) was implanted targeting the dorsal hippocampus and
secured with screws and dental acrylic (Kemdent, UK). A dummy stylet (Plastics One)
was inserted into the cannula to prevent blockage. 0.02 ml 5 mg/ml Metacam was
administered subcutaneously approximately 10 min prior to the end of surgery. After
surgery, the rat was placed in a warm (22°C) recovery chamber for 30-60 min and given

a minimum 7 days recovery before testing.

2.7.2 Bilateral hippocampal infusion

To administer substances via intracerebral microinjection, the dummy stylets were
replaced with injector stylets (28 gauge, 4 mm; Plastics One) attached to two Hamilton
syringes (Hamilton, Switzerland) by polyethylene tubing, fixed to a syringe pump
(Harvard Apparatus, UK). Substances were infused at 1 pl/hemisphere at a rate of 0.5
ul/min. A further 2 min was allowed after infusion before removing the injectors to

permit sufficient diffusion of the solution into the tissues.

Each subject underwent a practice infusion session using sterile PBS at least 3 days prior

to testing, in order to habituate the animal to the process.

2.7.3 Histology

Nissl staining was performed on sections of brain tissue taken from rats used in surgical

procedures to verify the placement of cannulae and the site of infusion.
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14 um coronal sections were cut and fixed as described in section 2.5.1. Slides were then
washed as follows: distilled water (1 min), 0.1% Thionin (10 min), distilled water (1 min),
70% ethanol (1 min), 95% ethanol (1 min), 95% ethanol (1 min), 100% ethanol (1 min),
100% ethanol (1 min). Stained sections were bathed in Histoclear (National Diagnostics,
UK) for at least 30 min, before being dried and covered with DePeX mounting medium

(BDH Laboratory Supplies, UK) and a glass coverslip (Agar Scientific, UK).

Sections were imaged using a Leica DM2000LED microscope and the injection site was
identified by finding the location of the most ventral point of the implant. Local
inflammation and tissue damage was noted. Accurate bilateral dorsal hippocampal

infusion was a criterion for inclusion of a subject’s data in analysis.
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Chapter 3: The Enrichment of Learning-
Related Genes in Genetic Variants from
Patients with Schizophrenia and Related

Disorders

3.1 Introduction

The pathophysiology of schizophrenia is unknown, yet its high heritability implicates
inherited genetic variants in its aetiology (Sullivan et al., 2003). A major branch of
research seeks to identify genetic variants associated with the disorder through large-
scale genomic studies. In recent years, this approach has progressively revealed a
growing list of common variants, rare variants and structural variants that increase an
individual’s susceptibility to schizophrenia (Stefansson et al., 2008; Stone et al., 2008;
Kirov et al., 2012; Ripke et al., 2013, 2014, Rees et al., 2014a, 2014b; Pocklington et al.,
2015). Each genetic variant may contribute a relatively small component of risk, with
rare variants typically contributing more risk than common variants, but collectively they
can form a substantial burden that accounts for a large proportion of risk (Purcell et al.,
2009; Stefansson et al., 2009). Some progress has been made in subsequently linking
these genetic variants to individual genes and clustering affected genes into particular
functional pathways (Hall et al., 2015; Kotlar et al., 2015; Owen et al., 2016). However,
the insight from these analyses is limited by our current understanding of gene function

and is therefore at present too broad to be of sufficient value to therapeutic design.
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It is notable that many of the genetic variants linked to schizophrenia also increase risk
for the development of other disorders. For example, there is substantial overlap of the
risk conferred by schizophrenia-associated common variants to bipolar disorder and
major depressive disorder, and by schizophrenia-associated rare variants to intellectual
disability and autism spectrum disorder (Lee et al., 2013; Doherty and Owen, 2014). This
implies that there is substantial overlap between the molecular pathways involved in
the pathophysiology of these phenotypically-related disorders. However, the neural
circuits and cognitive domains that are consequently impaired may be very different

(Millan et al., 2012).

3.1.1 A convergence of susceptibility genes on learning pathways

Despite the complex genetics of schizophrenia, pathway analyses across studies have
found some points of convergence within the implicated genes. A predominant
molecular convergence is that of synaptic proteins, particularly those of the
postsynaptic density (Kirov et al., 2012; Fromer et al., 2014). Through analyses of
inherited and de novo CNVs from patients with schizophrenia, Kirov et al. (2012) found
an enrichment of members of the NMDA receptor complex, PSD-95 complex and
activity-regulated cytoskeleton-associated protein (ARC) signalling complex (Kirov et al.,
2012), all of which function at the synapse. Critically, these same protein complexes are
also enriched for small variants observed in exome sequencing studies (Fromer et al.,
2014; Purcell et al., 2014). A further group of genes, those targeted by fragile X mental
retardation protein (FMRP), were also implicated through exome sequencing (Fromer et
al., 2014; Purcell et al., 2014) and through the largest common variant study to date

(Ripke et al., 2014). FMRP regulates the translation of a number of synaptic proteins
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(Fernandez et al., 2013) through its interactions with CYFIP1, which has been individually
linked to schizophrenia through CNV studies (Stefansson et al., 2008; Kirov et al., 2012).
Common variant studies of the Psychiatric Genomics Consortium have revealed
associations with schizophrenia of several genes coding for synaptic proteins, including
clusters of genes coding for voltage-gated calcium channel subunits and glutamate

receptor subunits (Ripke et al., 2011, 2013, 2014).

Beyond the structural convergence of schizophrenia-associated genes at the synapse,
further functional patterns have been noted amongst these genes. Many of the
implicated synaptic proteins are key regulators of synaptic plasticity (Hall et al., 2015),
both of excitatory and inhibitory systems (Pocklington et al., 2015). Pocklington et al
(2015) explored the enrichment of 134 gene sets in patient CNVs from a large case-
control cohort. The gene sets were derived from functional data, mostly curated in the
Mouse Genome Informatics (MGI) Mammalian Phenotype database, and all related to
aspects of brain function and development. As well as replicating previous findings, such
as the overrepresentation of the NMDA receptor and PSD-95 complexes in patient CNVs,
they also show that genes associated with particular plasticity processes, including long-
term potentiation, contextual conditioning and associative learning, are enriched within
CNVs from sufferers of schizophrenia (Pocklington et al., 2015). These findings are
consistent with clinical studies showing deficits in associative-type learning in
schizophrenia, which is thought to contribute to the manifestation of positive and
cognitive symptoms (Serra et al., 2001; Corlett et al., 2009; Hall et al., 2009). However,

there are multiple components to associative learning (Barnes et al., 2012; Maren et al.,
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2013), and it is thus far unclear which precise learning processes are affected by

schizophrenia-associated CNVs.

3.1.2 Differential regulation of consolidation, retrieval and extinction of aversive

memory
Associative learning, and its constitutive components, has been studied in detail,
particularly in relation to hippocampal processing of contextual fear memory (Barnes et
al., 2012; Maren et al., 2013; Scholz et al., 2016). Such studies have shown that the
consolidation, retrieval and extinction of contextual fear memory are dependent on
distinct patterns of de novo gene expression, thereby recruiting different families of
proteins to facilitate the particular memory process (Duvarci et al., 2008; Mamiya et al.,
2009; Barnes et al., 2012; Scholz et al., 2016). Like memory consolidation, memory
extinction is an active form of new learning, which occurs upon the prolonged or
repeated exposure to a conditioned stimulus in the absence of a previously associated
unconditioned stimulus, and results in dominance over the former associative memory
(Bouton, 2004). Using microarrays to quantify gene expression in CA1 following fear
memory consolidation, retrieval and extinction in rats, Scholz et al. (2016) were able to
create gene sets associated with each learning stage and explore their respective
molecular pathways. This data therefore provides a framework for further investigating
the enrichment of associative learning-related genes in genetic variants from patients

with psychiatric disorders.

Using gene sets obtained from the Scholz et al. (2016) study, | examined the hypothesis
that genetic variants from patients with schizophrenia and related disorders are

selectively located within genes related to specific components of associative learning.
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Specifically, |1 used gene set enrichment analysis to investigate whether genes
differentially expressed following the consolidation, retrieval or extinction of contextual
fear are enriched in CNVs from patients with schizophrenia, autism, intellectual disability

or ADHD, or in the SNPs from patients with schizophrenia.

3.2 The enrichment of learning-related genes in schizophrenia-

associated CNVs

3.2.1 Methods

The general methodology for enrichment analyses and contextual fear conditioning can
be found in sections 2.1-2.4. The in vivo gene expression data used in this chapter was
generated from experiments published in Barnes et al (2012) and (Scholz et al., 2016).
Three independent expression datasets were generated representing genes regulated
in rat CA1 associated with the consolidation, retrieval and extinction of contextual fear
memory. Section 3.2.1.1, below, describes the methods employed in these previous

studies.

3.2.1.1 The generation of learning-related gene expression data — previous studies

In brief, adult male Lister Hooded rats individually underwent contextual fear
conditioning (see General Methods 2.4). In the consolidation protocol, awake rats (N =
8) received bilateral microinfusions of either brain-derived neurotrophic factor (BDNF)
antisense (5’-TCTTCCCCTTTTAATGGT-3’) or missense oligonucleotides (5 -
ATACTTTCTGTTCTTGCC-3’) into the dorsal hippocampus (1 pl, 2 nmol/ul) via chronically
implicated steel cannula, 90 min prior to the conditioning trial. The knockdown of
hippocampal BDNF levels via antisense administration blocks the consolidation of

contextual fear memory (Lee et al., 2004), therefore generating a control group. In the
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retrieval protocol, rats were replaced into the same context 48 hours after conditioning
for a short recall trial (2 min). They (N = 8) received bilateral microinfusions via chronic
indwelling cannulae targeting the dorsal hippocampus of either Zif268 antisense (5’-
GGTAGTTGTCCATGGTGG-3’) or missense oligonucleotides (5'-GTGTTCGGTAGGGTGTCA-
3’; 1 pl, 2 nmol/ul), 90 min prior to the short recall trial. Reducing hippocampal Zif268
levels using antisense impairs the post-retrieval memory processes that serve to
maintain the expression of contextual fear memory (Lee et al., 2004; Trent et al., 2015).
To generate the extinction dataset, rats were pre-exposed to two different novel
contexts (Context A or Context B) over 3 days (10 min / day), prior to conditioning in
either Context A or Context B. 48 hours later, rats underwent a long recall trial (10 min)
in either the conditioned context (N = 6) or the unconditioned context. Those placed in
the conditioned context exhibit a progressively decreased freezing response over the
duration of the long recall trial, as, in the absence of the unconditioned stimulus, the
association between the context and the footshock is extinguished, creating the

extinction group.

All rats were killed by CO; inhalation 2 h after either the conditioning or recall trials and
the dorsal CA1 region of the hippocampus dissected and snap frozen prior to gene
expression analysis. Microarray analysis was performed using Affymetrix Rat Genome
Array 230.2 (Thermo Fisher Scientific, US). Individual differential gene expression
datasets associated with the consolidation, retrieval and extinction of contextual fear
memory were generated using two normalisation methods: Microarray Suite 5 (MAS5)

and Robust Multi-array Average (RMA). These normalisation methods each yielded a P-
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value per probe set, representing the probability of differential expression compared to

the respective consolidation, retrieval and extinction control groups.

3.2.1.2 Extracting consolidation-, retrieval- and extinction-related gene sets

The initial step in the analysis was to extract gene sets from the microarray data
associated with contextual fear memory consolidation, retrieval and extinction. Using
Affymetrix Rat Genome Array 230.2 resources, probe sets that did not target a unique
coding gene were filtered from the dataset. To permit comparison with human mutation
data, rat Entrez gene IDs were converted to human homologs through the HomoloGene
ID index (Box 3.1), obtained from the Mouse Genome Informatics (MGI) Vertebrate
Homology table (http://www.informatics.jax.org/homology.shtml). Genes that do not

have a unique human homolog according to this database were thus excluded.

Genes were then ranked by the significance of their differential expression. For each
probe set, MAS5 and RMA P-values were combined using Fisher’'s method, so that each
probe set was represented by a single P-value. For genes targeted by more than one
probe set, these P-values were further combined using Simes P-value correction (Python
3.5.1, “StatsModels” package), thereby giving one P-value per gene. For consolidation,
retrieval and extinction, genes could then be ranked by this P-value, with smaller values

representing a stronger association with the particular learning phase.

In primary analyses, the top 5% learning-related genes (representing 607 genes from the
consolidation, retrieval and extinction ranked data sets) were used as the gene set. In
subsequent analyses, gene sets were generated from the top 1, 2, 5, 10, 15, 20 and 25%

of learning-related genes, equating to 121, 243, 607, 1214, 1822, 2429 and 3036 genes
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respectively. For single gene analyses, each gene from the top 5% of the learning-related

genes was considered separate sets.
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Box 3.1: HomoloGene ID

Not all human genes are present in the rat genome, just as not all rat genes are
present in the human genome. For those that do have corresponding homologs, the
precise sequence of the gene may vary and therefore its function, and that of any
proteins it codes for, could differ. Hence when converting genes across species, it is
crucial that controls are put in place to ensure that identified homologs are likely to
be functionally identical.

The HomoloGene ID is a numerical index for labelling genetic homologs across
several species (including human, rat, mouse, chimpanzee, rhesus macaque, dog,
cattle and zebrafish), created by the National Center for Biotechnology Information
(NCBI). The input for HomoloGene comes from comparing both the gene sequence
and protein structure, permitting the additional comparison of distance metrics
such as molecular distance and Ka/Ks ratio. An algorithm is applied that uses
thresholds of bits per position and Ks values to filter out unlikely orthologs and group
together true homologs.
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3.2.1.3 Collating patient CNV data and quality control

CNV data from patients with schizophrenia and healthy controls were compiled from
multiple large-scale studies, to reduce any bias incurred from the demographics of any
one cohort. Data from three European datasets was used: the Molecular genetics of
Schizophrenia (MGS, dbGAP phs000167.v1.p1 and phs000021.v3.p2), the International
Schizophrenia Consortium (ISC) and a UK study of schizophrenic patients taking
clozapine (CLOZUK; Stone et al., 2008; Levinson et al., 2011; Rees et al., 2014; Details of
genotyping: Stone et al., 2008; Levinson et al., 2011; Rees et al., 2014a; Pocklington et
al., 2015). Control subjects for the CLOZUK cohort contains data obtained from The
Genetic Architecture of Smoking and Smoking Cessation (dbGAP phs000404.v1.pl);
Genetic Epidemiology of Refractive Error in the KORA Study (dbGAP phs000303.v1.p1);
High-Density SNP Association Analysis of Melanoma (dbGAP phs000187.v1.p1). In total,
this dataset contains CNVs from 11917 schizophrenia cases and 16416 control subjects.
CNVs from patients with melanoma were obtained from a Study of Melanoma Risk in
Australia and the United Kingdom (n = 2416 following QC). 6335 control subjects were
obtained from The Genetic Epidemiology of COPD (COPDGene, dbGAP
phs000179.v3.p2); A Genome-Wide Association Study of Fuchs' Endothelial Corneal
Dystrophy (FECD, dbGAP phs000421.v1.p); California Pacific Medical Center Research
Breast Health Cohort (dbGAP phs000395.v1.pl); National Blood Donors Cohort

(Wellcome Trust Case Control Consortium 2).

Each CNV was annotated with genes using the corresponding human genome reference
assembly (MGS: Build 36, ISC: Build 35, CLOZUK: Build 37). Only protein coding genes

were included in the annotation, as defined by the “Homosapiens_geneinfo.txt” file
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within the genome reference assembly files. The resulting CNV dataset was subjected to
quality control. This involved filtering out CNVs smaller than 100 kb, covered by fewer
than 15 probes or having a frequency greater than 1%. These steps are consistent with
recent approaches to base analyses on large, rare and reliable CNVs (Szatkiewicz et al.,

2014a; Pocklington et al., 2015).

3.2.1.4 Logistic regression analysis

Enrichment analyses were performed for each learning-related gene set, comparing the
number of consolidation-, retrieval- and extinction-related genes that overlap with CNVs
from patients or healthy controls (Pocklington et al., 2015). This was done using the
following logistic regression analysis:

case-control status ~ gene set hits + CNV size + total genes in CNV + study
+ chip type

where “case-control status” is a binary variable that can be either 0 (control) or 1 (case),
“gene set hits” is the number of times a CNV overlaps a gene from the gene set and
“CNV size” (base pairs), “total genes in CNV”, “study” (i.e. CLOZUK, MGS or ISC) and “chip

type” (Affymetrix chip ID) are covariates.

P-values obtained from primary analyses (top 5% learning-related genes) were adjusted
by Bonferroni correction for multiple testing. P-values from secondary analyses (top 1-
25%) were adjusted by permutation correction. P-values from single-gene analyses were

uncorrected.

3.2.1.5 Permutation Correction
Null distributions of P-values for each gene set size were generated by permuting all

genes 2000 times, each time taking the top 1, 2, 5, 10, 15, 20 and 25% (giving a total of
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14000 randomised gene sets) and analysing these gene sets by logistic regression
analysis. Empirical enrichment P-values were calculated from these null distributions by
finding the proportion of P-values within the null distribution greater than the observed

P-value (General Methods 2.1.2).

3.2.2 Results

The consolidation, retrieval and extinction of contextual fear memory induced the
expression of distinct groups of genes, with only chance levels of overlap between the
top 5% of each learning condition in Fisher’s exact test (consolidation vs retrieval P=0.85,
consolidation vs extinction P=0.39, retrieval vs extinction P=0.29; Figure 3.1). Top 5%
gene sets encompassed genes with differential expression P-values < 0.012

(consolidation), P < 0.021 (retrieval) and P < 0.032 (extinction).

In primary logistic regression analyses, using a gene set comprised of the top 5%
learning-related genes, there was a marked enrichment of extinction-related genes in
patient CNVs (P = 3.9 X 10 Bonferroni corrected), but not consolidation- or retrieval-
related genes (consolidation: P = 0.31; retrieval: P = 0.23; Bonferroni corrected; Figure

3.2).

The enrichment of extinction-related genes was observed in duplication CNVs and
deletion CNVs separately. The top 5% extinction-related genes were enriched in both
CNV types (deletions: P = 0.0034, duplications: P = 0.042, Bonferroni corrected; Figure
3.1b and c). No enrichment of the top 5% consolidation- or retrieval-related genes was

observed in deletions or duplications.

By expanding the analysis over a range of gene set sizes (top 1-25%), the statistical

association of the learning-related gene set with case CNVs increased with the size of
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the gene set (Figure 3.3a-c). Plotting the enrichment of randomly permuted gene sets
of the same sizes confirmed that the strength of the enrichment was proportional to
gene set size (Figure 3.3d). This may be due to a background enrichment from all genes
convertible from rat to human homologs. Hence, the permuted gene sets were used to
correct the observed enrichment P-values. Following permutation correction, only the
top 1%, 2% and 5% extinction-related genes yielded a significant enrichment in
schizophrenia-associated CNVs (Figure 3.3g), whilst all sizes of consolidation- and

retrieval-related gene sets showed no enrichment (Figure 3.3e and f).

Since this CNV dataset is made up of CNVs from three separate studies (MGS, ISC and
CLOZUK), the existence of this finding in each independent cohort was investigated.
Interestingly, the same enrichment of extinction-related genes in patient CNVs was
present in each of the CNV datasets (Table 3.1). These results suggest that CNVs which
increase an individual’s susceptibility to developing schizophrenia impact selectively on

genes involved in the extinction of associative fear memories.

To test the specificity of these findings to schizophrenia-associated CNVs, a control
analysis was performed observing the enrichment of each learning-related gene set in
the CNVs of patients with melanoma. Using logistic regression analysis, no enrichment
of consolidation-, retrieval- or extinction-related genes in melanoma-associated CNVs
was measured (consolidation P = 0.59; retrieval P = 1.0; extinction P = 1.0; Bonferroni-

corrected; Table 3.2).

In order to explore this association between extinction-regulated genes and
schizophrenia CNVs further and to identify specific genes driving the association, the

contribution of individual genes was assessed. Single-gene logistic regression analysis
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was performed on each extinction-related gene from the top 5%. The statistical
association of a gene with extinction was a significant predictor of the gene’s enrichment
in CNVs of patients with schizophrenia (R* = 0.087, F(1,141)=13.49, P=0.0003; Figure 3.4).
Even within the top 1% extinction-related genes, this association was maintained (R =

0.15, F(1,29) = 5.3, P = 0.029; Figure 3.4, inset).

A number of the genes contributing to this enrichment have already been implicated in
schizophrenia through CNV studies (Table 3.3): MFI2, CLDN5, ATP10A, SNRPN, CGNL1
and PDZK1 (Goodbourn et al.,, 2014; Rees et al., 2014a, 2014b). A further three
extinction-related genes have been implicated through genome-wide association

studies: ERCC4, GALNT10 and SLC39A8 (Ripke et al., 2014).
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Figure 3.1 Distinct groups of genes are associated with different components of fear memory processing.
Represented here is the overlap of the top 5% genes by significance of differential expression in the CA1
region of the hippocampus two hours after each learning phase. Only one gene was common to all three
gene sets (ICOS). The degree of overlap is no greater than chance levels (consolidation vs retrieval P =0.85,
consolidation vs extinction P = 0.39, retrieval vs extinction P = 0.29 in Fisher’s exact test).

75



The Enrichment of Learning-Related Genes in Genetic Variants from Patients with
Schizophrenia and Related Disorders

a b . c -
AllCNVs Deletions Duplications

4.0 4.0 4.0
3.0 3.0 3.0

= ) )

o o o

~ 2.0 ~ 2.0 ~ 2.0

o o o

° 2 2

-
o
)
o
o
)
o
o
)

0.0- 0.0-

0.0~
Retrieval Extinction Consol Retrieval Extinction Consol Retrieval Extinction

Consol

Figure 3.2 Extinction-related genes are enriched in CNVs from patients with schizophrenia. (a) The top
5% genes differentially expressed following fear extinction, but not consolidation (Consol) or retrieval,
are overrepresented in schizophrenia CNVs vs control CNVs (P = 3.9 X 10’4). Bars represent -logqo(P-
value) after logistic regression enrichment analysis and Bonferroni P-value correction. (b) Deletions
from schizophrenic patients alone show an overrepresentation of fear extinction-related genes (P =
0.0034, Bonferroni corrected). (c) The enrichment of fear extinction-related genes in duplications from
schizophrenic patients is significant (P = 0.042, Bonferroni corrected) yet weaker than in deletions. (a-
c) Dotted line represents a P=0.05 threshold for statistical significance
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Figure 3.3 Secondary CNV enrichment analyses performed over the top 1, 2, 5, 10, 15, 20 and 25% genes
associated with consolidation, retrieval and extinction of fear memory. Points represent -log;o(P-value) X
sgn(Z-value). (a-c) Prior to P-value correction, enrichment becomes more significant with gene set size. (d)
The statistical association of a gene set with case CNVs was proportional to the gene set size. All genes
were permuted 2000 times, each time yielding random gene sets from the top 1-25%. This data was used
to correct P-values obtained from the secondary analyses of the experiment. Boxplots display the
minimum, first quartile, median, third quartile and maximum -logio(P-value) X sgn(Z-value) following
logistic regression analyses. (e-g) Enrichment of the top 1-25% learning-related genes following P-value
adjustment by permutation correction. Only the top 1-5% extinction-related gene sets are enriched in
schizophrenia-related CNVs. (d-g) Dotted line represents a P=0.05 threshold for statistical significance.
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Extinction gene CLOZUK GAIN ISC
set P P P
Top 1% 0.00067 0.029 0.041
Top 2% 0.0056 0.11 0.043
Top 5% 0.00030 0.18 0.11

Table 3.1 The enrichment of extinction-related genes in schizophrenia patient CNVs exists in each cohort
independently. The top 1, 2 and 5% extinction-related genes were analysed for enrichment in each CNV
dataset using logistic regression analysis. Sample sizes: CLOZUK 6,307 cases, 10,675 controls; MGS 2,215
cases, 2,556 controls; ISC 3,395 cases, 3,185 controls.
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Gene set All CNVs Deletions Duplications
P Padj P Padj P Padj
Consolidation 0.20 0.59 0.62 1.0 0.17 0.50
Retrieval 0.50 1.0 0.34 1.0 0.68 1.0
Extinction 0.75 1.0 0.09 0.28 0.56 1.0

Table 3.2 No learning-related gene sets were enriched in the CNVs of patients with melanoma. The top
5% learning-related genes were subjected to enrichment analysis in melanoma CNVs from the CLOZUK2
control dataset, using logistic regression analysis. Displayed are uncorrected and Bonferroni-corrected
(P,qj) P-values representing the association between consolidation-, retrieval- and extinction-related
genes and all melanoma CNVs, as well as deletions and duplications separately.
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Figure 3.4 Within the top 5% extinction-related genes, those more strongly associated with extinction
learning are also more enriched in schizophrenia case CNVs (R2 =0.087, F(1,141) = 13.49, P = 0.0003). This is
also true within the top 1% extinction-related genes (R2 =0.15, F129)=5.3, P=0.029; inset). Dots represent
-logip(P-value) of the significance of differential expression following extinction learning regressed against
-logip(P-value) X sgn(Z-value) of the enrichment in case CNVs following single-gene logistic regression
analysis. Outliers, which were excluded from analysis, are displayed in blue. Genes that gave no
contribution to the model were excluded from this analysis and are not displayed.
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Gene Gene Gene Region Mutation Extinction Case Control CNV enrich
symbol ID name type P hits hits P
ATP10A 57194 ATPase class V type 10A 15g11.2-13.3 Duplication 0.007 10 1 0.4
CGNL1 84952 Paracingulin 15¢g21.3 Duplication 0.001 52 29 0.0001
CLDN5 7122 Claudin 5 22ql1.2 Deletion 0.002 47 14 0.2

MFI12 4241 Melanotransferrin 3929 Deletion 0.00005 10 1 0.04
PDZK1 5174 PDZ domain containing 1 1921.1 Del / Dup 0.004 66 57 0.1
SNRPN  663g  -mall nuclear ribonucleoprotein- o010 5 435 pyjication 0.03 11 2 0.6

associated protein N
ERCC4 2072 Excision repair cross- 16p13.12 SNP 0.004 0 0 NA
complementation group 4
GALNT10 55568 Polypeptide N- 5p33.2 SNP 0.00009 1 0 0.89
acetylgalactosaminyltransferase 10
SLC39A8 64116 Solute carrier family 39 member 8 4924 SNP 0.03 0 0 NA
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3.3 Comparing the enrichment of learning-related genes in CNVs from

patients with schizophrenia, autism, ADHD and intellectual disability
3.3.1 Methods
Gene sets relating to consolidation, retrieval and extinction were unchanged from

above.

3.3.1.1 Collating patient CNV data and quality control

Autism-associated CNVs (2446 cases, 2640 controls) were obtained from the Autism
Genome Project (Pinto et al., 2014). Intellectual disability-associated CNVs were
obtained from two sources: 15767 cases from Signature Genomic Laboratories (Cooper
et al.,, 2011) and 15749 cases from International Standards for Cytogenomic Arrays
consortium (Kaminsky et al., 2011). The latter source contained CNVs associated with
various intellectual and developmental disabilities, from which 608 CNVs from patients
whose Subject Phenotype contained the words “Intellectual disability” were selected.
Control CNVs for the intellectual disability analyses were taken from the MGS, ISC and
CLOZUK control cohorts (16416 controls). ADHD-associated CNVs (1508 cases, 3057
controls) were obtained from the International Multi-Centre for ADHD Genetics (IMAGE)
2 project and a UK Cardiff Study (Thapar et al., 2015). CNVs were annotated (Pinto: Build
36, Cooper and Kaminsky: Builds 36/37, ADHD: Build 36) and subjected to quality control

and filtering as above.

3.3.2 Results
CNV datasets from patients with ADHD, autism, schizophrenia and intellectual disability
were subjected to the same filtering and quality control procedures, as described in the

methods. Past studies have shown variations in CNV frequencies and sizes among
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patients with different psychiatric diseases (Malhotra and Sebat, 2012). Therefore, to
make a comparison of these CNV datasets, the CNV size distributions for each disorder
were examined (Figure 3.5). CNVs from patients with intellectual disability were on
average much larger than CNVs from control subjects (P < 2.2 x 10'®, independent
Mann-Whitney U test; Figure 3.5). Moreover, the frequency of large CNVs (>1 Mbp) was
significantly greater in intellectual-disability CNVs compared to controls (P < 2.2 X 107°,
Binomial test). These observations are in keeping with previous studies (Girirajan et al.,

2011), although may also be a reflection of the CNV detection methods.

The top 1-25% learning-related gene sets were subjected to logistic regression against
each CNV dataset. In order to correct the P-values obtained from these analyses, the
same 14000 permutation-generated gene sets were tested for enrichment in the CNVs
associated with each disorder, giving distributions of P-values that were used for
permutation correction. The top 1-25% consolidation-, retrieval- and extinction-related
genes showed no enrichment in CNVs from patients with ADHD, autism or intellectual
disability (P > 0.05 following permutation correction in all instances; Figure 3.6). The only
significant enrichment observed was that of the top 1-5% extinction-related genesin the

CNVs of patients with schizophrenia (Figure 3.6), as described previously (Figure 3.3).
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Figure 3.5 The size distribution of CNVs from patients with different psychiatric diseases. CNVs associated
with intellectual disability (ID) are considerably larger than those from healthy control subjects or patients
with ADHD, autism and schizophrenia. Control CNVs were taken from the ISC, MGS and CLOZUK control
subjects. CNV size is plotted on a logarithmic scale following the exclusion of CNVs < 100 kb. It should be
noted that variations in the CNV identification methods between CNV datasets may influence the
distribution of observed CNV sizes.
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Figure 3.6 The enrichment of learning-related genes in the CNVs of patients with different psychiatric
diseases. Only the top 1-5% extinction-related gene sets are enriched in schizophrenia-related CNVs. For
each CNV dataset, enrichment analysis was performed over the top 1, 2, 5, 10, 15, 20 and 25% genes
associated with consolidation, retrieval and extinction of fear memory. Points represent -log10(P-value)
x sgn(Z-value) following permutation correction. Dotted lines represents a P=0.05 threshold for statistical
significance.
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3.4  The enrichment of learning-related genes in schizophrenia-

associated common variants

3.41 Methods

Two different analysis methods were used to investigate the enrichment of learning-
related genes in schizophrenia-associated common variants: PLINK and MAGMA. For all
analyses, gene sets were the top 1, 2, 5, 10, 15, 20 and 25% consolidation-, retrieval-

and extinction-related genes.

3.4.1.1 Sample

SNP data from schizophrenia patients and controls was obtained from the Psychiatric
GWAS Consortium (PGC) repository. The sample includes cases and controls from UK,
Ireland, US, Bulgaria, Portugal, Sweden, Germany, Denmark, Norway, The Netherlands

and Australia, with a total of 34,241 cases and 45,604 controls.

3.4.1.2 PLINK enrichment analysis

The SNPs were filtered to exclude those with an imputation score < 0.8, a minor allele
frequency < 1% and those within the major histocompatibility complex (MHC) region.
Consolidation-, retrieval- and extinction-related genes were converted to genomic
locations using the genome build 37.3 seq_gene37.3.md file. 1000 Genomes reference
files (http://www.1000genomes.org) were used for linkage disequilibrium calculations.
Plink’s “--extract” function was used to reduce the genome reference data to regions
covered by genes analysed in the microarray. The “--set-screen” function mapped the
case-control SNPs to each gene set and calculated the enrichment probability. Each
analysis yielded 2 P-values: P; and P,. P, is obtained following a more stringent

correction. In order to correct the P-values produced by this analysis, 1000 gene sets of
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random size, consisting of genes randomly selected from the full microarray, were
subjected to PLINK enrichment analysis, using a supercomputer. For each of the two
levels of P-value stringency, a curve was fitted to the output from these analyses
representing the expected P-value for a gene set hit by a given number of SNPs, which

was used to adjust the observed P-values.

3.4.1.3 MAGMA enrichment analysis

MAGMA (Multi-marker Analysis of GenoMic Annotation) is a gene set analysis tool
developed more recently than PLINK, and provides improved statistical power and
speed (de Leeuw et al.,, 2015). The analysis uses a multiple regression model and
performs single gene analysis in conjunction with the gene set analyses for added

flexibility.

Case-control SNP data was annotated with gene location using NCBI Build 37.3 gene
locations. Then followed a gene-wide analysis, using the 1000 Genomes reference files
(as above) for linkage disequilibrium calculations. The gene set analysis was performed
using the output from the gene-wide analysis. During this analysis, MAGMA executed a

correction for false discovery rate using 100,000 data permutations.

3.4.2 Results
Common variant enrichment analysis performed using PLINK revealed that gene sets hit
by a greater number of SNPs tended to yield a lower P-value (Figure 3.7a-d). P-values
obtained from permuted gene sets fit the following models, where n is the number of
SNPs within genes from a gene set.

—log;o(P;) = 0.0031n%58>

—log;0(P,) = 0.009n0-4045
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However, there was high variability in the P-values obtained from smaller gene sets
(Figure 3.7d). These models were used to correct the enrichment P-values. After
correction, there was no significant enrichment of SNPs from patients with
schizophrenia in the top 5% genes associated with consolidation, retrieval or extinction

of contextual fear (Figure 3.7).

Results obtained from the MAGMA common variant enrichment analysis were
consistent with those observations from PLINK. No learning-related gene set had a

significant enrichment of patient SNPs (Figure 3.8).
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Figure 3.7 PLINK common variant enrichment analysis of the top 1-25% genes associated with
consolidation, retrieval and extinction of fear memory. Gene set size is proportional to the number of SNPs
hit by it. Data represented by -logio(P1) and -logio(P,). (a-c) Enrichment analysis output prior to
permutation correction. (d) Permutation analysis output. 1000 gene sets of random sizes were selected

from randomly permuted genes. (e-g) Permutation-corrected enrichment values. Dotted lines represent
a P=0.05 threshold for statistical significance.
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Figure 3.8 MAGMA common variant enrichment analysis of the top 1-25% consolidation-, retrieval- and

extinction-related genes. No significant enrichment of any gene set was observed. Data represented by -
log10(P). Dotted lines represent a P=0.05 threshold for statistical significance.
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3.5 Discussion

The results herein show that CNVs from patients with schizophrenia selectively impact
on genes related to extinction learning, implying that these structural variants may
confer vulnerability to the disorder by effecting molecular pathways involved in
inhibitory-type learning and thereby contributing to psychotic symptoms characteristic
of schizophrenia. This relationship was observed in schizophrenia-associated CNVs only;
no enrichment of consolidation-, retrieval- or extinction-related genes was observed in
CNVs from patients with autism, ADHD or intellectual disability, or in common variants

from patients with schizophrenia.

The link between extinction-related genes in hippocampal CA1l and schizophrenia
highlighted in this study is consistent with previous work showing that patients exhibit
impaired extinction of fear associations (Holt et al., 2009) and furthers the hypothesis
that altered associative- and, specifically, inhibitory-type learning contributes to the
manifestation of schizophrenia (Serra et al., 2001; Millan et al., 2012). It also
corroborates past evidence reporting irregular hippocampal responses to fearful stimuli
(Schobel et al., 2009), heightened activation of CA1 (Holt et al., 2012; Talati et al., 2014)

and CA1 synaptic pathology (Matosin et al., 2016) in the disorder.

These results extend past studies linking genes involved in synaptic plasticity, associative
learning and contextual conditioning to CNVs from patients with schizophrenia (Kirov et
al., 2012; Pocklington et al., 2015). In contrast to these previous studies, which rely on
documented annotation of individual genes, the current analysis used gene sets derived
from experimental quantification by microarray. This permits the integration of genes

into the analysis whose function is poorly understood and overcomes the knowledge
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bias associated with traditional pathway analyses. However, this approach is vulnerable
to false positives, due to the multiple testing involved in the microarray method, and
incorporates only a select set of genes expressed at a certain time point (2 h) from a

certain brain region (CA1).

The enrichment of extinction-related genes in case CNVs was observed both in the
combined schizophrenia CNV dataset from three European case-control cohorts, and in
each cohort individually, thereby providing internal replication and reinforcement of the
main finding. Compared with the CLOZUK cohort the enrichment was less significant in
GAIN and ISC cohorts, and the top 5% extinction gene set (used for primary analyses)
was not significantly enriched in case CNVs, although this is unsurprising due to the
smaller sample size of the GAIN and ISC case-control groups. Interestingly, within both
the top 5% and top 1% gene sets, the association of individual genes with extinction
learning was related to its single gene enrichment in case CNVs, whereby those more
strongly associated with extinction learning were also more enriched in CNVs from
patients with schizophrenia. This suggests that the main finding extends beyond the
principle gene sets analyses to the single gene level. It should be noted, however, that
the potential co-localisation of multiple genes from the same gene set within the same

CNVs may bias this single gene relationship.

Extinction-related genes were enriched in case CNVs when deletions and duplications
were analysed together and when they were analysed separately, implying that both
structural variants impinge on extinction learning in schizophrenia. However, since the
enrichment was most significant in deletions, these variants may contribute the most to

inhibitory learning impairments. The same learning-related gene sets were also tested
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for enrichment in deletions and duplications from patients with melanoma. There was
no enrichment of consolidation-, retrieval- or extinction-related genes in these variants
when analysed together or separately. This result supports the view that the enrichment
of extinction-related genes in schizophrenia-associated CNVs is disease-specific and

unlikely to be a reflection of the general properties of disease-linked CNVs.

Prior to permutation correction, observed P-values were inflated by the size of the gene
set used in the analysis. This was confirmed by the generation and analysis of 14000
randomly permuted gene sets, which were used to resolve the influence of gene set size.
The cause of the statistical inflation is likely a background enrichment within those genes
which were possible to convert to human homologs for inclusion in the gene set
enrichment analyses. Hence, larger gene sets incorporated more of this background
signal and tended to yield smaller P-values. Those genes which were possible to convert
to human homologs are sufficiently homologous due to conservation over evolution.
Since schizophrenia-related alleles are enriched in mutation-intolerant genes (Pardifias
et al.,, 2016), a background enrichment may have emerged from increasing the
concentration of mutation-intolerant genes in the available dataset during the

conversion of rat to human homologs.

I did not find a relationship between learning-related genes and CNVs from patients with
autism, ADHD or intellectual disability, suggesting that the enrichment observed in
schizophrenia-related CNVs does not extend to these related psychiatric disorders. This
is interesting, considering the shared genetic risk and overlapping phenotypes between
these disorders (Lee et al., 2013; Doherty and Owen, 2014), and implies that despite the

shared genetic risk, these disorders are segregated by clusters of genetic variants
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impacting on specific cognitive processes. Indeed, the link between associative learning
/ fear memory and schizophrenia does not extend to autism, ADHD and intellectual
disability in the existing literature (Hall et al., 2009; Holt et al., 2009, 2012; Pollard et al.,
2012). Still, care should be taken when comparing the results from these cross-disorder
CNV-enrichment analyses since the sample sizes varied considerably. Furthermore,
different CNV identification methods were used in each study, which affects the
reliability of CNV calling over the range of CNV sizes. Whilst the CNV identification
methods were matched between cases and controls of the same analysis where
possible, this was not true for the intellectual disability CNV cohort, since a matching

control cohort did not exist, which may have created bias in the enrichment analysis.

A number of extinction-related genes driving the enrichment in schizophrenia-
associated CNVs are situated within loci recurrently implicated in schizophrenia. One of
the strongest contributors was the gene Claudin-5 (CLDN5), which lies within the
recurrent CNV located at 22q11.2 and is a component of tight junctions (Escudero-
Esparza et al., 2012). Interestingly, another extinction-related gene was Paracingulin
(CGNL1) previously implicated in schizophrenia through duplications (Levinson et al.,
2011; Rees et al., 2014a). Paracingulin protein is also a component of tight junctions and
adherens junctions where it interacts with Rho GTPases and actin filaments (Paschoud
et al., 2012). Its role in the central nervous system, however, is yet to be explored.
Indeed, gene ontology analysis revealed an enrichment of genes involved in cell

adhesions in the extinction-related gene set (Scholz et al., 2016).

There was no enrichment of extinction-related genes in common variants, as

determined by two independent analysis methods, suggesting that these genetic
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variants do not confer vulnerability to schizophrenia by influencing molecular pathways
responsible for extinction learning. It is perhaps not surprising that the same gene set is
not associated with both CNVs and common variants. With the exception of some broad
functional annotations, such as NMDA receptor signalling, abnormal behaviour and
immune function, the overlap between pathways implicated in schizophrenia through
each type of genetic variant is minimal at present (Harrison, 2015). Furthermore,
common variants individually confer less risk than rare variants and are less reliably
attributed to specific genes (Fromer et al., 2014; Purcell et al., 2014). Still, several of the
genes linked to schizophrenia through common variants are involved in plasticity
processes (Ripke et al., 2014) and further investigation of common variants in genes

associated with specific types of learning and memory is warranted.

Through the integration of human genetic data with gene expression data from model
organisms, these experiments build upon previous functional studies to yield a novel
insight into the link between associative learning and schizophrenia. These results imply
that CNVs may confer risk for schizophrenia by impairing extinction learning, therefore
contributing to the development of cognitive symptoms and the persistence of
delusional beliefs. The findings have implications for the role of other types of inhibitory
learning in schizophrenia and corroborate current hypotheses linking inhibitory-type

learning processes to the disorder
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Chapter 4: Associative Learning by

Contextual Fear Conditioning

4.1 Introduction

Altered associative learning and related plasticity processes have been linked to
schizophrenia through genomic studies (Ripke et al., 2014; Pocklington et al., 2015) and
have been proposed to contribute to the manifestation of positive symptoms (Serra et
al., 2001; Corlett et al., 2009; Fletcher and Frith, 2009; Hall et al., 2009). This chapter
employs the contextual fear memory paradigm in order to explore components of

associative learning in the context of psychiatric disease.

4.1.1 Contextual fear conditioning and extinction learning

Fear conditioning is an evolutionarily-conserved behaviour, making it a suitably
translational paradigm for studying the regulation and dysregulation of aversive
associative memories (Milad and Quirk, 2012). Associative learning by fear conditioning
has been extensively studied for over a century and its psychology has been well
characterised (McGaugh, 1966; Maren et al., 2013). As described in the Chapter 3, three
distinct component processes of learning can be discerned by the paradigm:
consolidation of the fear memory, maintenance of the memory after retrieval
(“reconsolidation”) and memory extinction (Pedreira and Maldonado, 2003; Lee et al.,
2004). We also know that each process is accompanied by the de novo expression of
distinct sets of genes (Duvarci et al., 2008; Mamiya et al., 2009; Barnes et al., 2012;

Scholz et al., 2016).
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Both the consolidation and extinction of a fear memory are considered forms of new
learning (Ochs, 1968), yet relate to behaviourally antagonistic components of Pavlovian
conditioning (Pavlov, 1927). Consolidation is the time-delimited process that stabilizes
an association between a neutral stimulus (conditioning stimulus, CS) and an event
(unconditioned stimulus, US) such as an aversive footshock association when these
stimuli are contiguous, so that presentation of the CS elicits a conditioned fear response.
Extinction of conditioned fear typically occurs when the subject is re-exposed to the CS
in the absence of the US repeatedly or for an extended period of time. Extinction results
in the loss of the conditioned response. Importantly, however, since the consolidated
CS-US association can be recovered after extinction, by re-exposure to the US, for
example, such studies indicate that extinction is new learning itself, which inhibits
expression of the original memory rather than erasing it (Ochs, 1968; Rescorla and Heth,
1975; Bouton, 1993; Gale et al., 2004). Poor retrieval of the extinction memory, if not
due to reinstatement of the conditioned fear memory, may be due to a pathological
process impairing the extinction mechanisms or the recall of the CS-no US extinction

memory (Quirk and Mueller, 2008).

The potential to study consolidation, retrieval and extinction processes independently
in rodents using single trials makes fear conditioning a reliable and clinically relevant
behavioural paradigm. Such features also make the paradigm amenable to the
administration of pharmacological agents, lending it potential for the creation of models

of diseases characterised by impairments in fear learning.
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4.1.2 NMDA receptors in contextual fear memory and inhibitory learning

Glutamate is one of the neurotransmitter systems most frequently associated with the
aetiology of schizophrenia, along with dopamine and GABA. One of the strongest
sources of evidence for a role of NMDA-type glutamate receptors in schizophrenia is the
observation that NMDA antagonists, such as phencyclidine (PCP) and ketamine, induce
psychotic and cognitive symptoms characteristic of the disorder in healthy humans and
worsen the symptoms of schizophrenia patients (Javitt and Zukin, 1991; Krystal et al.,
1994; Newcomer et al., 1999). For this reason, PCP and ketamine have been used
extensively in the generation of animal models of schizophrenia. Some work has been
done to test the effect of these NMDA antagonists on components of associative
learning, although the results have been largely inconclusive and it has principally been
directed at cued tone-shock, amygdala-mediated learning, rather than single trial

contextual fear conditioning mediated by the hippocampus.

Using rats, Pietersen et al. (2006) found that pre-training ketamine (16 mg/kg,
subcutaneous) blocked fear conditioning to a tone-shock CS-US pairing and abolished
the induction of amygdalar cFos expression (Pietersen et al., 2006). Conversely, others
have found that pre-training ketamine at a lower dose (8 mg/kg, subcutaneous) or post-
training with high-doses (four injections of 100/50/50/50 mg/kg spaced at 60 min
intervals, intramuscular / intraperitoneal) had no effect on cued fear conditioning
(Bolton et al.,, 2012; Groeber Travis et al., 2015). However, ketamine (8 mg/kg,
subcutaneous) or microinfusion of another NMDA antagonist, 2-amino-5-
phosphonovaleric acid (APV), to the prefrontal cortex profoundly impaired conditioned

response in a more complex trace conditioning protocol (Gilmartin and Helmstetter,
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2010; Bolton et al., 2012). Bolton et al. (2012) also reported that a decrease in simple
contextual fear conditioning by ketamine was not statistically significant. It is likely that
some of the discrepancy between these studies can be explained by dose variations or

complexity of the behavioural conditioning task.

A small volume of literature exists investigating the effect of NMDA receptor
manipulation on inhibitory fear learning, including extinction. High-dose ketamine
administration in rats following multiple extinction trials of cued fear conditioning had
no effect on subsequent freezing responses (Groeber Travis et al., 2015), while post-
extinction training PCP dose-dependently impaired the extinction of cued fear memory
(Pollard et al., 2012). Interestingly, pre-administration of an NMDA receptor partial
agonist, b-cycloserine, dose-dependently facilitated the extinction of cued fear
conditioning (Walker et al., 2002). Further evidence suggests that NMDA antagonism by
ketamine (25 mg/kg, intraperitoneal) or MK-801 can inhibit a second type of inhibitory
fear learning known as latent inhibition (Razoux et al., 2007; Traverso et al., 2012).
Latent inhibition is a process whereby extensive prior exposure to the CS in absence of
the US, before pairing of the two, masks their association upon pairing. It is plausible
that ketamine acts to broadly impair inhibitory-type learning, which could be a major

contributor to its psychotomimetic effects.

The amygdala is central to the expression of conditioned fear responses, through its
projections to the hypothalamus, periaqueductal grey and other brainstem regions
(Applegate et al., 1982; Pitkdanen et al., 1997). Conversely, the hippocampus is
responsible for the contextual gating of fear conditioning to an explicit conditioned

stimulus (Ji and Maren, 2007; Radulovic and Tronson, 2010; Tronson et al., 2012)
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through direct projections to the amygdala via the pre-limbic and infralimbic cortical
areas (Hugues and Garcia, 2007). Hence, the hippocampus is able to modulate fear
learning and fear responses. Since context representations are an essential component
of information retrieval and logical inference (Maren et al., 2013), altered hippocampal
functioning may contribute to inappropriate associative learning, which in humans could
translate to delusions and paranoia characteristic of schizophrenia. Indeed, substantial
evidence implicates hippocampal abnormalities and impaired contextual processing in
schizophrenia (Taylor et al., 2012). Here, | measured the effects of pre- and post-training
ketamine (8 mg/kg and 25 mg/kg, intraperitoneal) on the consolidation and extinction
of contextual fear memory in rats to determine the sensitivity of excitatory and

inhibitory associations, respectively, to ketamine.

4.2  Generating context-specific fear memory
4.2.1 Methods
General methodology used for contextual fear conditioning experiments is described at

length in section 2.4.

Adult Lister hooded rats (275-325 g) were individually exposed to one of two novel but
distinct contexts (Context A or Context B) for a 3 min conditioning training trial. Rats
received a single scrambled footshock (0.5 mA for 2 sec) 2 min after being placed in the

novel context. Rats were then returned to the home cages.

Contextual fear memory and the specificity of the memory was assessed by exposing
the rats to either the same context within which the animal was conditioned, or a

different context (n = 6 per group), during a short recall trial (2 min), 48 h later. Freezing
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behaviour was recorded and assessed pre- and post-shock during the conditioning

training and during the recall trial, as an index of fear behaviour.

4.2.2 Results

Application of footshock increased the freezing response relative to baseline (Pre US)
levels (F1,32) = 480.4, P < 0.001, repeated measures RM ANOVA; Figure 4.1). Returning
the rat to the same context 48 h later induced an increase in conditioned freezing
behaviour comparable to Post US freezing (P = 0.61, paired t-test; Figure 4.1),
demonstrating the recall of a conditioned fear memory. If the rat was placed into a
different context to where the animal was conditioned, the freezing compared to the
post-US response was reduced (P < 0.01, paired t-test; Figure 4.1). Thus, this behavioural

paradigm results in fear memory recall and expression in the conditioned context only.
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Figure 4.1 Contextual fear conditioning (CFC) to a footshock (unconditioned stimulus, US). Recall of the
associative memory generated by CS-US pairing is specific to the context within which the animals is
conditioned and can be extinguished be a long recall trial (10 min), but not a short recall trial (2 min). Rats
placed into a novel context received a 0.5 mA footshock. Conditioning and recall trials were 48 hours apart.
Freezing was sampled every 10 sec. During the extinction trial, percent freezing was calculated in 2 min
bins (Ext 2-Ext 10). Data represented by mean + SEM of percent freezing response. n = 6-12.
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4.3  Extinction of contextual fear memory

4.3.1 Methods

Adult Lister hooded rats (n = 6) were fear conditioned as above. Forty-eight h later, rats
were returned into the same context for a long recall extinction training trial (10 min) in
the absence of the US. To test for the extinction (loss of the conditioned response), rats
were returned to the conditioning-extinction context for a 2 min recall test, 48 h after

extinction training. Freezing behaviour was recorded as previously.

4.3.2 Results

Separate cohorts of fear-conditioned rats were replaced into the conditioned context
for either a short recall trial (2 min) or a long recall trial (10 min). Within the long recall
trial, the freezing response decreased over time (F(2.8s9, 31.45) = 22.21, P < 0.0001, RM
ANOVA; Figure 4.1). In a subsequent recall trial, 48 hours later, the freezing response
was substantially reduced compared to the conditioned response (first 2 min of
extinction training, Ext 2; P < 0.0001, t-test), which represents extinction of the CS-US
association by the long recall trial. The short recall trial did not produce extinction (P =

0.192, t-test; Figure 4.1).

4.4  Investigating the effect of ketamine on the consolidation of

contextual fear memory

441 Methods

Adu