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Abstract

Genome wide association studies have provided evidence for a significant association
between ZNF804A (zinc finger protein 804A) - specifically the intronic single nucleotide
polymorphism (SNP) rs1344706 - and schizophrenia, but little is known about the function
of the gene or the effects of the SNP. By studying post-mortem human brain tissue, |
characterised ZNF804A immunoreactivity in adult and foetal human brain and
investigated effects of diagnosis and rs1344706 genotype on ZNF804A mRNA and protein
expression. Secondly, I looked in a large sample of healthy volunteers (n=922) at the
effects of rs1344706 on brain structure using volumetry and voxel based morphometry
(VBM). Furthermore, | recruited healthy volunteers who were either homozygous for the
risk allele or homozygous for the non-risk allele (n=50). They participated in
magnetoencephalography (MEG) and magnetic resonance (MR) sessions in which brain
activity was measured during a working memory task, a visual processing task, and rest.
Using magnetic resonance spectroscopy, also neurotransmitter levels were assessed. The
experiments conducted for this thesis showed for the first time that ZNF804A
immunoreactivity can be detected in both foetal and adult human brain and that it is mainly
localised to layer Il pyramidal cells, with a granular subcellular distribution throughout
the cytoplasm. No effect of rs1344706 on mRNA and protein expression was found. In our
structural MRI study, rs1344706 did not affect macroscopic brain structure as measured by
volumetry and VBM, and given the large sample size, this seems a convincing negative.
However, we did find that rs1344706 alters prefrontal-hippocampal connectivity, with
increased connectivity being observed in risk homozygotes. Additionally, using MEG, we
found an effect of ZNF804A genotype on hippocampal connectivity in the theta band (4-
8Hz), with non-risk homozygotes displaying more connectivity. This finding provides a
first clue as to the mechanisms that might underlie the previously observed effects of
rs1344706 on prefrontal-hippocampal connectivity. Future studies will need to elucidate
the actual function of the ZNF804A protein, in order to bridge the gap between the

molecular and neuroimaging findings described in this thesis.
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Chapter 1 - Introduction
1.1 Schizophrenia

Schizophrenia is a complex and debilitating psychotic illness which is poorly
understood and only partially treatable. It results in high mortality and continues to impose
a heavy burden on sufferers and carers. Usually presenting during adolescence or early
adulthood, schizophrenia affects about 1% of the population (Freedman, 2003) and leads
to significant direct and indirect health costs worldwide. It consists of a varied range of
symptoms, which are usually divided into positive and negative symptoms (Berrios, 1985).
The positive symptoms consist of thoughts and sensations not usually experienced by
healthy people but which are present in schizophrenia, and include hallucinations,
delusions, and disorganisation of thought and behaviour (Arango & Carpenter, 2011). The
negative symptoms, including avolition, alogia, apathy, asociality, anhedonia, and blunted
affect, lead to a loss of normal function; these are usually more resistant to treatment
(Andreasen, 1995). Additionally, patients with schizophrenia suffer from a range of
cognitive dysfunctions, with many of the negative symptoms being cognitive in nature.
Impairment is particularly marked in the domains of working memory, executive function,
and attention (Censits et al., 1997; Aleman et al., 1999; Bilder et al., 2000; Freedman &
Brown, 2011; Barch & Ceaser, 2012). These impairments are found in medication-free
first-episode patients (Saykin et al., 1994; Censits et al., 1997; Bilder et al., 2000) and may
even precede disease onset (Hambrecht et al., 2002; Gschwandtner et al., 2003).

There are two widely used classification systems for the diagnosis of
schizophrenia: 1) the Diagnostic and Statistical Manual, of which a new version has
appeared recently (DSM-5, American Association of Psychiatry, 2013); however, the brain
collections used in this thesis were still classified using the previous version (DSM-1V,

American Association of Psychiatry, 1994) and 2) the International Classification of



Disease (ICD-10; World Health Organisation, 1992). Although these two classification
systems are similar and both base the diagnosis on positive and negative symptoms, the
DSM classification requires a longer duration of illness and deterioration of function and is
therefore a narrower definition than that of the ICD-10. According to the DSM criteria, at
least two of the previously discussed symptoms must be present for six months, including
at least one month of active symptoms, for schizophrenia to be diagnosed.

Schizophrenia is highly heterogeneous both in terms of symptoms and course
(Huber, 1997; Arango & Carpenter, 2011). Despite the development of classification
systems to diagnose schizophrenia, the validity of the diagnosis is unknown and the
discovery of biological markers for schizophrenia remains a research goal. Therefore,
despite some new pharmacological and psychological treatments, there has been no
significant improvement in therapy or outcome, and no realistic prospects for prevention.
Greater understanding of the aetiology and neurobiology of schizophrenia is essential if
this is to change. Identifying schizophrenia-associated genetic loci is likely to present one
of the most valuable approaches for elucidating the pathogenesis of the disease, thus in the
future paving the way to establishing new diagnostic markers for schizophrenia and novel

therapies that target the relevant biological processes (O'Connell et al., 2011).

1.2 Neuropathology and aetiology

Several neuropathological changes have been identified in schizophrenia. These
changes represent subtle differences observed between schizophrenia and control groups,
rather than overt diagnostic pathology. Main findings at a macroscopic level for
schizophrenia to date include: enlarged lateral and third ventricles of the brain, decreased
brain size, decreased brain weight, decreased cortical volume, and decreased grey matter

volume (Lawrie & Pantelis, 2011). The reduction in brain volume is particularly marked in



the hippocampus, amygdala, parahippocampus, superior temporal gyrus, frontal cortex,
and thalamus (Nelson et al., 1998; Wright et al., 1999; Wright et al., 2000; Halliday,
2001). These structural changes at the macroscopic level indicate that there must be
histological and molecular alterations in schizophrenia.

At the microscopic level many findings remain unconfirmed, but some more robust
changes have been reported for the hippocampal formation and dorsolateral prefrontal
cortex (Harrison et al., 2011). There is now reasonably good evidence for smaller neurons,
a decrease in pyramidal neuron dendritic spines, a decrease in cortical and hippocampal
synaptic markers, abnormal gene expression in GABA interneurons, fewer
oligodendrocytes, and abnormalities of white matter (Harrison, 1999; Harrison &
Weinberger, 2005). Reports have varied as to whether these pathological changes are
progressive (Weinberger & McClure, 2002), but imaging studies indicate that
abnormalities are present at the onset of the disease, and post-mortem findings do not seem
to correlate with duration of illness. Furthermore, post-mortem studies of the brains of
schizophrenia patients do not typically show the signs of a neurodegenerative disorder
such as neurofibrillary tangles, amyloid plaques, or Lewy bodies, and there is no evidence
of gliosis, which would indicate inflammation or injury in the brain (Weinberger &
McClure, 2002; Harrison, 2005). The absence of such pathology provides support for the
theory that schizophrenia is a developmental disorder (Harrison & Weinberger, 2005).

The contemporary view of schizophrenia as a neurodevelopmental disorder was
developed in the mid-1980s (Murray & Lewis, 1987; Weinberger, 1987). The hypothesis
postulates that a form of early developmental pathology interacts with normal brain
maturation processes, occurring much later, to cause schizophrenia (Weinberger, 1987).
This hypothesis has a strong supportive body of evidence. Neuropathological markers

present in schizophrenia suggest abnormal development, whereas changes that would



suggest neurodegenerative processes are absent (Harrison, 1999). Furthermore, obstetric
complications (Geddes et al., 1999; Cannon et al., 2002), pre- and perinatal viral infections
(Tsuang, 2000), winter birth (Davies et al., 2003), and prenatal malnutrition (Susser et al.,
1998) have been associated with schizophrenia. Genes important for neurodevelopment
have also been found to be associated with schizophrenia (Harrison & Owen, 2003;
Rapoport et al., 2005; Owen et al., 2009). Given that it is now widely accepted that
developmental processes are at least partially responsible for causing schizophrenia (Lewis
& Levitt, 2002), it is important that schizophrenia-associated genetic loci are also

investigated in terms of their effects on and during development.

1.3 Genetics of schizophrenia

One of the few indisputable facts about the aetiology of schizophrenia is that it is
highly heritable — about 80% (Cardno et al., 1999; Sullivan et al., 2003). This 80%
heritability has been estimated based on the level of concordance in the occurrence of
schizophrenia in monozygotic twins compared to dizygotic twins, as both sets of twins will
share the same environment and so the difference in concordance between them should be
predominantly due to genetic factors. Early studies (Kallmann, 1946; Slater & Shields,
1953) comparing monozygotic twins and dizygotic twins brought up in the same family
found significantly higher rates of concordance amongst monozygotic compared to
dizygotic twins. Based on all European studies carried out between 1921 and 1987, it was
reported that the identical twin of a patient with schizophrenia has a 48% chance of having
schizophrenia, whereas the non-identical twin of a schizophrenia patient has a 17% chance
of also suffering from schizophrenia (Gottesman, 1991). This indicates that there is a
strong genetic component to the disorder, but that genes are not the only causative factor.

Additionally, adoption studies of schizophrenia have helped to establish and



confirm the significant role of genetic factors in the aetiology of the disorder (Ingraham &
Kety, 2000). These studies have shown that the adopted children of parents with
schizophrenia are more vulnerable to develop such disorders themselves than adopted
children from unaffected parents, with adopted children from healthy parents not being
more likely to develop schizophrenia than the general population (Heston, 1966; Rosenthal
etal., 1971; Wender et al., 1974; Tienari, 1991). However, it should be noted that in the
heritability estimates based on twin and adoption studies, prenatal and perinatal factors
may also be contributing, since these cannot be distinguished from genetic factors.
Despite the strong genetic component, no locus has been unequivocally associated
with schizophrenia. Various strategies have been adopted to try and find the genes that
confer susceptibility to schizophrenia. A relatively straightforward strategy is to take
advantage of rare examples in which there is a highly penetrant genetic form of the
disease. An example of this is a Scottish family in which a translocation between
chromosomes 1 and 11 was found to be the cause of psychiatric disorders. Examination of
the region of the genome affected by this translocation led to the identification of the
schizophrenia susceptibility gene Disrupted In Schizophrenia 1 (DISC1) (Millar et al.,
2000), which is thought to be a multifunctional protein which is particularly involved in
regulation of the cytoskeleton (Ross et al., 2006; Chubb et al., 2008). Examining cases
such as these can prove useful as the highly penetrant nature of the disease in these cases
simplifies the identification of the genetic basis of the disease. However, this is only true
for a small minority of cases, and little is known about the involvement of these factors in
schizophrenia susceptibility in the general population. In the case of DISC1, subsequent
linkage and association studies have provided support for a role of the affected region of

chromosome 1 and of the DISC1 gene in the general population (Chubb et al., 2008).



A more common approach to finding genes for disorders is to use linkage studies,
in which DNA from members of families with a history of schizophrenia is used to
determine which regions of the genome are common to affected individuals but not shared
by their unaffected relatives. The literature is complex and results inconsistent (partly
because the method was designed for Mendelian disorders, partly because the genetic
architecture of schizophrenia is complex), but an extensive meta-analysis of linkage
studies indicates that regions of chromosomes 1, 2q, 3q, 44, 59, 8p, and 10q are likely to
be linked with schizophrenia (Ng et al., 2009). A linkage finding can then be used as the
start of a fine mapping and genetic association study within the region to identify the genes
and variants responsible for the linkage signal. This was the strategy used, for example, for
the discovery of Neuregulin 1 as a schizophrenia risk gene (Stefansson et al., 2002).
However, linkage studies have poor power for detecting common alleles that have low
penetrance (Hirschhorn & Daly, 2005).

Genetic association studies investigate whether a genetic variant is more common
in cases than controls. Until recently, such studies were limited to a few genes at a time,
and this choice was made either on the basis of linkage or because there was reason to
suspect that a gene might be involved in the disorder, the so-called candidate-gene
approach. Therefore, little progress was made in identifying the genes, or the genetic
architecture, underlying this heritability. However, developments in the field of genetics
have made it possible to study hundreds of thousands of single nucleotide polymorphisms
(SNPs) across the genome at once, in genome-wide association studies (GWAS). These
studies use similar methods to older association studies, but have no prior hypothesis of
the possible location of the susceptibility genes and examine a large number of SNPs

throughout the genome. GWAS studies are a relatively novel method, and the first



significant genome-wide association was reported in 2008 by O'Donovan et al. (2008).
This study will be discussed in more detail in section 1.5.

Another genetic factor implicated in susceptibility to schizophrenia is the copy
number variation (CNV) (Potash et al., 2008; Walsh et al., 2008). CNVs occur when a
section of the genome is deleted or duplicated, resulting in an abnormal number of copies
of a section of the DNA. CNVs seem to be present in everyone's genome, but several
recent studies have shown that CNVs anywhere in the genome can increase risk of
schizophrenia. These can be either inherited or de novo mutations (Walsh et al., 2008).
There are high levels of negative selection operating against schizophrenia associated
CNVs, but the rate of de novo CNV mutation is increased in cases when compared with
controls (Rees et al., 2012). The CNV field is developing rapidly, with estimates
suggesting that 2% of schizophrenia cases may be attributable to CNVs at 1g21.1,
15g13.3, and 22q11 alone, but this is a very provisional figure (Bassett et al., 2010).

One thing that is clear is that the genetic risk is not inherited in a Mendelian
manner, with the risk of schizophrenia in most people being conferred by the combination
of the effects of several genes. The current view on risk genes for schizophrenia can be
seen in Figure 1.1. As discussed, there are some CNVs of high penetrance, but these are
very rare. In the majority of cases, the risk is conferred by many SNPs of very small effect
(Rodriguez-Murillo et al., 2012), making identification of risk polymorphisms a

challenging endeavour.
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Figure 1.1: The graph represents the relationship between allele frequency and effect size. Rare
CNVs generally have large effects and substantially increase the risk of schizophrenia. However,
in the majority of cases, common SNPs of small effect increase the risk of schizophrenia. Taken

from Rodriguez-Murillo et al., 2011.

1.4 Intermediate phenotypes

Despite advances in genetics research, links between polymorphisms and disorders
have remained weak (Gottesmann & Shields, 1972; Malhotra & Goldman, 1999). This is
perhaps not surprising, given the polygenic nature of the disorder as well as the complexity
of the phenotype. To address these issues, researchers started to focus on intermediate
phenotypes or endophenotypes. The term endophenotype was used by Gottesman and
Shields (1973) to describe a trait that is thought to be intermediate on the chain of causality
from gene to disease. Endophenotypes were seen as internal phenotypes that provide a
means of identifying the downstream facets of clinical phenotypes as well as the upstream
consequences of genes (therefore also called intermediate phenotypes). Endophenotypes

were thought to represent simpler clues to genetic underpinnings than the disease itself,



enabling the psychiatric diagnoses to be decomposed or deconstructed, which can result in
more straightforward genetic analysis. These endophenotypes could be
neurophysiological, biochemical, endocrinological, neuroanatomical, cognitive, or
neuropsychological in nature (Gottesman & Gould, 2003). Nowadays, this approach is not
only used to establish the link between gene and disease. Because hypothesis-free GWAS
studies show associations with genes we know very little about, it provides a way of
elucidating and understanding the neurobiological pathways in which these genes are

involved.
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Figure 1.2: Depicts the pathway between gene and disease. Genetic variation can lead to the
translation of different proteins, which can cause differences in brain structure or function, which
may lead to differences in cognitive functioning. These alterations could underlie
psychopathology. Brain measures lie on the pathway between gene and disease, and can therefore
be studied as intermediate phenotypes. Taken from Green et al., 2008.

The principle of studying intermediate phenotypes is depicted in Figure 1.2. There

are many steps in between genes and disorders, some of which depicted here (Green et al.,
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2008). First, the genes will be transcribed and translated, with some polymorphisms
leading to changes in gene transcription and translation. Different proteins might in turn
lead to differences in brain structure or brain function. These changes could lead to
differences in cognitive function and, in more extreme cases, lead to psychopathology. All
these intermediate steps could theoretically be linked to the risk gene and need to be
studied in order to fully understand the pathway between gene and disease. An integrated
systems approach, using intermediate phenotypes from several biological levels, is needed
to provide convergent evidence implicating specific pathophysiological mechanisms.

For this intermediate phenotype approach to work, plausible intermediate
phenotypes need to be identified and studied. Gottesman and Gould (2003) based on
Gershon and Goldin (1986) proposed several criteria: 1) the endophenotype is associated
with the illness in the population; 2) the endophenotype is heritable; 3) the endophenotype
is primarily state-independent (i.e. manifests itself whether or not illness is active); 4)
within families, endophenotype and illness co-segregate; and 5) the endophenotype found
in affected family members is found in non-affected family members at a higher rate than
in the general population. In the next section, | will discuss two intermediate phenotype

approaches that are relevant to this thesis.

1.5 Genetic neuroimaging and genetic neuropathology

The field where the intermediate phenotype approach has been most successful is
neuroimaging, where it has even led to the development of a new field known as imaging
genetics (Hariri & Weinberger, 2003) or genetic neuroimaging (de Geus et al., 2008). It
has been said that the use of neuroimaging has led to a conceptual change in the way
biological endophenotypes are viewed and has given access to a previously inaccessible

level of biological characterization and validation of genetic effects (Meyer-Lindenberg &
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Weinberger, 2006). Brain activity and structure lie on the pathway in between genes and
behaviour and are considered key intermediates in bridging the gap between the two
(Green et al., 2008). Imaging measures are seen as being closer to the gene than behaviour,
and are hypothesised to depend on fewer genes than behaviour itself. Therefore, it should
be easier to detect the effects of genes on brain measures than on behaviour. The greater
penetrance of the gene at the level of the brain is also thought to make it possible to see
effects in smaller sample sizes and it has been shown that current methods for data analysis
with their correction procedures control well for the chance of false discoveries (Meyer-
Lindenberg et al., 2008). Behavioural differences are not necessary to detect the effect of
the gene and brain activity is less affected by strategy than, for example, behaviour. This
makes it a more objective measure of the gene effect (Hariri & Weinberger, 2003). Many
genetic neuroimaging studies have been carried out in the last decade and even though
several findings have not been replicated, meta-analyses have shown robust associations
between variation in COMT and prefrontal function (Mier et al., 2010) and between a 5-
HTTLPR polymorphism and amygdala activation (Munafo et al., 2008), demonstrating the
validity of the approach. In the future, this approach could have the potential to improve
predictive testing of schizophrenia in the at-risk population and may offer early
intervention and novel targets for therapeutic interventions (Redpath et al., 2013).

Another important method for elucidating the effects of putative risk genes is the
study of their expression in post-mortem human tissue. In the past, case-control studies in
post-mortem human brains using molecular methods have led to insight in several
neuropathological changes that occur in schizophrenia (Weinberger et al., 1983; Kleinman
et al., 1988; Harrison, 1999). Nowadays, similar molecular methods can be used to provide
clues to possible mechanisms through which schizophrenia susceptibility genes and

polymorphisms might operate (Harrison, 1996; Harrison & Weinberger, 2005). This
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approach focuses on how allelic variation in risk-associated genes affects expression and
function of mMRNA and proteins (Kleinman et al., 2011). Using mRNA and protein
expression as intermediate phenotypes provides a phenotype that is as close to the gene of
interest as possible. The studies can be carried out in healthy brains, overcoming to some
extent the confounding effects of studying brains from subjects with schizophrenia. Given
the developmental nature of schizophrenia, the effects of genes can and should also be
assessed in foetal human tissue (Colantuoni et al., 2011). Additionally, the expression of
risk genes can be studied in both cases and controls. Many variants associated with
schizophrenia to date, including the variant that will be discussed in this thesis, are non-
coding SNPs, making it likely that the disease association arises because the SNP affects
some facet of gene expression. Testing this hypothesis in human brain tissue is crucial,
because the critical events may not occur in other tissues or species (Kleinman et al.,
2011).

For this thesis, both genetic neuroimaging and genetic neuropathology methods
were used in an attempt to elucidate the neurobiological pathway between risk gene

ZNF804A and schizophrenia.

1.6 ZNF804A

As mentioned in section 1.3, developments in the field of genetics have made it
possible to carry out hypothesis-free GWAS studies, where hundred-thousands of SNPs
can be tested for association with schizophrenia. In 2008, these finally provided strong
(genome-wide significant) evidence for genetic association to several loci. The case was
statistically most compelling for a gene called ZNF804A (zinc finger protein 804A), at
2032.1 (p = 1.61 x 107). A schematic of the gene can be seen in Figure 1.3. Association

was originally reported in 2008 by O’Donovan et al. in a sample of 479 cases and 2973
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controls and significant loci were tested in 16726 additional subjects. This association was
replicated and extended by the International Schizophrenia Consortium (2009), Riley et al.
(2010), Steinberg et al. (2011), and Zhang et al. (2011b). Williams et al. (2011) conducted
a meta-analysis of >21,000 cases and 38,000 controls and reported an odds ratio (OR) of
1.10 [1.07-1.14], p=2.5x10"** for schizophrenia, and OR 1.11, p=4x10™ for schizophrenia
and bipolar disorder combined. No differential association on the basis of family history or
sex was reported (Riley et al., 2010). Importantly, the associations remained significant

genome-wide after exclusion of the discovery sample.
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Figure 1.3: Schematic of ZNF804A locus, gene, and full-length transcript. Exons are coloured (E1:
blue, E2: green, E3: purple, E4: red), introns in grey.

Not only was rs1344706 in ZNF804A the first SNP to show genome-wide
significant association with schizophrenia, the ZNF804A findings are notable for three
other reasons. First, there is little ambiguity as to the gene concerned. Second, the genetic
signal appears to come almost entirely from a single, intragenic SNP, rs1344706, or
possibly a haplotype including it (Riley et al., 2010), since fine mapping and sequencing
has effectively excluded the presence of any other common (MAF>0.1) or coding variants
(Williams et al., 2011). Furthermore, Dwyer et al. (2010) have shown that there are no rare
(frequency ~0.001%) coding variants in ZNF804A associated with schizophrenia. Third,
all the studies find the same directionality of effect, with the adenosine (A) substitution of
the cytosine (C) being the risk variant. While I will always refer to A and C in this thesis,

some studies determined the genotype based on the other DNA strand and refer to T as the
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risk allele and G as the non-risk allele. The risk allele is the more common variant in the
population (MAF = ~0.4). These three considerations meant that it could be reasonably
assumed that there is genuine association of ZNF804A with schizophrenia, and that the risk
arises primarily from rs1344706. This made the biology of ZNF804A, and the functionality

of rs1344706, critical issues.

1.7 ZNF804A biology

When | started my DPhil project, very little was known about the neurobiological
pathways in which ZNF804A might be involved or what the effect of variation at
rs1344706 could be. In this section, I will discuss what was known at the time to explain
what information my research questions and hypotheses were based on. | will discuss more
recent findings (from 2010 onward) in the relevant chapters.

Given the gene's zinc finger protein domain, it was thought that the ZNF804A gene
would encode a transcription factor of the classical C2H2 type (Brayer & Segal, 2008;
Tadepally et al., 2008). It may therefore have a role as a regulator of gene expression,
although such proteins may also be involved in recognition of mMRNAs and proteins
(Gamsjaeger et al., 2007). However, there are no close homologues reported in the genome
or proteome, and only one other C2H2 zinc finger protein gene that has a single zinc
binding domain, hindering attempts to predict ZNF804A function. Chung et al. (2010)
found that the mouse homologue of ZNF804A is a downstream target of Hoxc8, which has
a role in development, suggesting possible effects of ZNF804A during development. There
was a lack of data as to the expression of ZNF804A, with no reports of its mMRNA or
encoding protein distribution in human brain.

SNP rs1344706 is intronic (in intron 2), and thus non-coding. This means that the

most likely mechanism for this SNP to have an effect would be via alteration of some
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parameter of transcription or translation, which would affect the amount or distribution of
the protein. The limited available data did not show a clear effect of rs1344706 on
ZNF804A mRNA expression in adult brain (Riley et al., 2010; Williams et al., 2011), with
Riley et al. reporting increased expression for the risk allele, but Williams et al. not
replicating this finding. No studies had yet attempted to detect ZNF804A protein in human
brain, which is predicted to consist of 1209 amino acids with a molecular weight of 137

kDa.

1.8 ZNF804A neuroimaging and behaviour

As discussed in section 1.4, genetic neuroimaging methods are often used to
increase understanding of an association between a gene and a disorder. The first study
assessing the effects of ZNF804A genotype on human brain function used an N-back
working memory task to probe dorsolateral prefrontal cortex (DLPFC) function as well as
functional connectivity (Esslinger et al., 2009). The authors reported increased functional
connectivity between the DLPFC and hippocampus and decreased interhemispheric
prefrontal coupling in healthy subjects carrying the risk allele. No effect of ZNF804A
genotype on activity in the DLPFC was found. These findings have since been replicated,
as will be discussed in chapter 6. A second genetic neuroimaging study investigating the
effects of ZNF804A genotype employed a theory-of-mind task, and found aberrant
connectivity between frontal and temporo-parietal regions (Walter et al., 2011). Together,
these first results from studies looking at the effects of rs1344706 on brain activity indicate
network dysfunctions caused by altered connectivity. This is in line with studies reporting
altered connectivity in schizophrenia patients (Meyer-Lindenberg et al., 2001; Meyer-
Lindenberg et al., 2005; Repovs & Barch, 2012). Another study used structural magnetic

resonance imaging (sMRI) to examine whether rs1344706 impacts upon brain structure.
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Lencz et al. (2010) showed in 39 healthy volunteers that carriers of the risk allele (A) of
rs1344706 had significantly larger total white matter but reduced grey matter volumes in
several regions comprising the ‘default mode network’, suggesting possible effects of
ZNF804A genotype on structural connectivity.

Several studies looked at associations between ZNF804A genotype and behaviour.
The study by Lencz et al. (2010), which found effects on brain structure, also reported that
risk allele carriers were impaired on a visuomotor task. Walters et al. (2010) found the risk
allele to generally affect cognitive performance in patients with schizophrenia, but not in
control subjects. Interestingly, in the two independent samples they studied, the risk allele
actually led to improved performance in patients. Hashimoto et al. (2010) also found no
effect of ZNF804A genotype in healthy controls, but reported that the risk allele was
associated with decreased performance on a visual memory task in patients with
schizophrenia. One study assessed the relationship between ZNF804A and clinical
symptomatology and showed a modest association between the risk allele and clinical
symptoms, particularly the number and severity of lifetime manic episodes (Cummings et
al., 2010). These studies provided initial clues about the effects of ZNF804A genotype on
cognition and symptomatology, but more studies are needed to strengthen the results and

resolve inconsistent findings.

1.9 Research questions

ZNF804A was the first gene to show genome-wide significant association with
schizophrenia and the first genetic neuroimaging study of ZNF804A showed that
rs1344706 affects functional connectivity in human brain. This makes ZNF804A an
important candidate gene, but more research was and is required to understand the

association with schizophrenia. The main goal of this thesis was to investigate the
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neurobiological pathways in human brain that ZNF804A is involved in and to look at the
effects of risk SNP rs1344706 on these, in order to elucidate the association between
ZNF804A and schizophrenia. To this end, | used both a genetic neuropathology and a
genetic neuroimaging approach.

The first part of my thesis attempts to characterise ZNF804A expression in
human brain and establish how this is affected by diagnosis and by genotype. In
chapter 2, I show for the first time that ZNF804A immunoreactivity can be detected in
both adult and foetal human brain and begin to characterise the regional and cellular
expression of ZNF804A in human brain. We studied ZNF804A immunoreactivity with
western blots and immunohistochemistry, using a commercially available antibody. Part of
this chapter discusses validation of this antibody for use in human brain. In chapter 3, |
compare ZNF804A mRNA and protein expression in schizophrenia with expression in
healthy controls, and between risk and non-risk allele carriers at rs1344706.

The second question | address is whether ZNF804A genotype affects brain
structure in a large sample of 922 healthy young adults using both volumetry and
voxel-based morphometry. In collaboration with the Donders institute (Nijmegen, the
Netherlands) we investigated a large structural MRI dataset of 922 volunteers to assess
effects of ZNF804A genotype on macroscopic brain structure. These results are discussed
in chapter 4.

In the third part of my thesis, | assess the functional correlates of rs1344706
genotype in the living human brain using MEG and MR methods. The basic design
was to recruit and scan healthy volunteers who are homozygous at rs1344706 (n=25 vs.
n=25) and compare them, using various imaging techniques. The purpose of the
multimodal scanning experiments was twofold: first, and primarily, to provide convergent

and multifaceted evidence about the impact of ZNF804A genotype on brain structure and
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function. Secondly, to show the extent to which these different indices correlate within
subjects, which is of broad relevance to multimodal neuroimaging. In chapter 5, | describe
the imaging modalities and discuss the methods we developed to link the results from our
magnetoencephalography (MEG), functional magnetic resonance imaging (fMRI), and
magnetic resonance spectroscopy (MRS) experiments based on activity in occipital
regions. In chapter 6, | then apply these methods to measure prefrontal function and to
assess the effect of risk SNP rs1344706 on prefrontal function as measured by MEG,
fMRI, and MRS. In chapter 7, | apply recently developed resting state analysis methods for
MEG based on independent component analysis (ICA) to study the effects of ZNF804A
genotype on resting state networks in healthy volunteers. Finally, in chapter 8, I discuss the

findings of this thesis and their implications.
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Chapter 2 - Expression of ZNF804A protein in human brain
2.1 Introduction
2.1.1 ZNF804A expression

As discussed in chapter 1, ZNF804A was the first gene to show genome wide
significant association with schizophrenia, but very little is known about the
neurobiological pathways ZNF804A is involved in. It is of importance to understand its
biology, given that the link between a risk gene and a disease can only be understood by
studying the mechanisms by which the risk is conferred. As mentioned in section 1.4,
MRNA and protein expression are the intermediate phenotypes closest to the gene, and
studying this in human brain is crucial, given that expression in other species or systems
might differ. Furthermore, studying the pathways that putative schizophrenia risk genes are
involved in might aid to the understanding of the molecular mechanisms that lead to
schizophrenia.

Therefore, a key first step in understanding the neurobiology of ZNF804A is to
establish its expression in the brain, but so far only mRNA expression has been studied. It
has been shown that the gene is transcribed in human brain and mRNA can be detected in
the DLPFC (Riley et al., 2010) and in frontal, temporal, and parietal regions (Williams et
al., 2011), but to date there are no reports of ZNF804A protein expression and distribution
in human brain. Although there is no reason to expect that ZNF804A would not be
translated, positive evidence should be acquired. This is of importance, because it is the
protein that would actually impact on neurobiological processes involved in schizophrenia.
Additionally, providing evidence for ZNF804A immunoreactivity would allow the study
of protein expression, distribution, and eventually function, in human brain. Documenting
the neuroanatomical distribution of ZNF804A will reveal whether it is expressed in brain

regions affected in schizophrenia, and the potential pathways it may influence.
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2.1.2 ZNF804A protein

Based on the sequence of ZNF804A, the ZNF804A protein is predicted to contain
zinc ion and DNA binding domains (O'Donovan et al., 2008). It contains no other strong
sequence motifs and there seem to be no close homologues to other proteins. Based on its
zinc finger domain, the gene was called zinc finger protein 804A. A zinc finger is a small
peptide domain with a special secondary structure stabilized by a zinc ion bound to the Cys
and His residues of the finger. Differential use of the two residues gives rise to several
types of zinc fingers, with the ZNF804A finger being a C2H2 arrangement (luchi, 2001).
C2H2-type domains were originally identified as DNA binding molecules with a role in
transcription, but proteins with this zinc-finger domain are now known to interact with
many other types of molecules (Gamsjaeger et al., 2007). Therefore, ZNF804A might
function as a transcription factor, or might have other roles interacting with mRNA or
protein. Only one other C2H2 zinc finger protein gene with a single zinc binding domain
has been reported, GAGA factor, which does bind to DNA (Pedone et al., 1996). This lack
of information on single zinc fingers makes it difficult to predict the function of ZNF804A.
Should it be true that ZNF804A functions as a transcription factor, then it is likely that
ZNF804A protein would be localised to the nucleus (Vaquerizas et al., 2009), although
examples have been described where transcription factors are located in the cytoplasm and
relocate to the nucleus in response to the appropriate signal (Whiteside & Goodbourn,
1993).

In this chapter, I describe and discuss the measurement of ZNF804A
immunoreactivity in human brain. We purchased a commercially available antibody, but
given that no reports on this antibody were available in the literature, it was first necessary
to validate it using bacterial and mammalian cells expressing ZNF804A. Having done so, |

then used western blotting to demonstrate the presence of ZNF804A immunoreactivity in

20



adult human brain, foetal human brain, and lymphoblast cells. Finally,
immunohistochemistry was used to study the cell types expressing ZNF804A and its sub-

cellular distribution.

2.2 Methods
2.2.1 Human tissue

Human tissue was provided by several different research institutes and brain banks.
Human anterior cingulate cortex tissue and human inferior parietal lobule tissue were
obtained from the Stanley Medical Research Institute Inferior Parietal Lobule brain
collection in the USA. Human superior temporal gyrus separated into grey and white
matter was provided by the Australian Brain Donor Programs NSW Tissue Resource
Centre. More details about these collections will be given in chapter 3 (3.2.1). Sections
from several human brain regions, both adult and infant, came from the National Institute
of Mental Health, Bethesda, USA and from the Oxford brain bank at the John Radcliffe
Hospital. Foetal tissue was provided by the Lieber Institute for Brain Development,
Baltimore, USA. Lymphoblast cell lines came from the National Institute of Mental
Health. These were collected and transformed as described previously (Sei et al., 2007).

Ethical approval for this work was provided by Oxfordshire NHS REC B (002.040).

2.2.2 Antibody validation

For characterization of the protein, an anti-ZNF804A antibody was obtained from
Santa Cruz (D14, sc-241170). This is a goat polyclonal antibody raised against a peptide
mapping within an internal region of ZNF804A of human origin. To validate the antibody,
a commercially available plasmid construct of ZNF804A with a green fluorescent protein

(GFP) tag (Origene, USA) was cloned in competent bacteria (KRX cells, Promega UK)
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according to the manufacturer’s recommendations. The ZNF804A-GFP bacteria were
grown overnight in the appropriate growth media (10ml), and the basal expression of the
ZNF804-GFP recombinant protein in cells was confirmed by fluorescent microscopy the
following day. Further synthesis of ZNF804A-GFP protein in cells was achieved by
adding 0.1% rhamnose to the bacterial culture (manufacturer’s recommendations), and
leaving the cells for 16 hours at room temperature. Cloning was carried out by Dr. Phil
Burnet.

A sample of cultured bacteria (1ml) was pelleted in a microfuge tube, and rinsed
once with PBS. The pellet was resuspended (1:5, w:v) in RIPA buffer containing protease
inhibitor and frozen on dry ice for 2min. The sample was thawed and placed in the bead
homogeniser to extract protein. The cells were centrifuged for 2min and replaced on the
dry ice. This freeze-thaw extraction procedure was repeated five times. Protein
concentration was measured with a Bradford assay, described as part of the western blot
procedure.

Additionally, we obtained human embryonic kidney (HEK293) cells which had
been transfected with a ZNF804A construct from Dr B. Maher, Lieber Institute for Brain
Development. The cells had been transfected as described in Girgenti et al. (2012) and

protein was extracted as above.

2.2.3 Western blotting

Western blotting can be used to determine the presence of immunoreactivity of an
antibody in a particular sample. With this method, the proteins are first separated by size
using gel electrophoresis, because smaller proteins are able to move faster through the gel

towards the anode. The proteins are then transferred to a membrane and incubated with an
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antibody specific to the protein of interest, so that the binding of this antibody can be
visualised.

Protein was extracted using RIPA buffer (Thermo-Fisher), with protease inhibitor
(Roche, Welwyn Garden City, UK) to reduce protein degradation. Approximately 1ml of
buffer containing protease inhibitor was added for every 0.1g of tissue and extractions
were done with a bead homogenizer. Protein concentration of extracts was determined by
Bradford assay. Bradford reagent changes colour in the presence of protein, and the optical
density can be quantified to determine the amount of protein in each sample. Nine bovine
serum albumin (BSA) protein standards ranging from 0.9ug/ul to Opg/ul were used to
determine the concentration of the samples. Extracts and standards were diluted 1:19 in
1M NaOH. 5ul of each sample was loaded into a 96—well plate in duplicate along with
250ul Bradford Reagent (Sigma-Aldrich) in each well and incubated at room temperature
for 5 minutes. Absorbance was read at 595nm and 450nm using a SpectraMax 190 plate
reader and Softmax Pro 4.0 software (both Molecular Devices, Wokingham, UK). The
protein content of each sample was determined in relation to the protein standards.

Protein was separated by size using sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) using pre-cast gels. Before gel electrophoresis, 3ul of
loading buffer was added to each sample. Approximately 100 volts was passed through the
gels until the samples had travelled sufficient distance to separate the proteins, which took
typically around 90 minutes. The gels used were any kD pre-cast gels (Bio-Rad Mini-
Protein TGX Gels) containing either 10 or 15 wells. To estimate the size of the protein, a
Kaleidoscope Precision Plus Protein Standard (Bio-Rad) ladder was used in each gel.
Protein samples were transblotted onto polyvinylidene fluoride (PVDF) membranes

(Immobilon-P, Millipore, Watford, UK) overnight at 25 volts.
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The PVDF membranes were dried for 15 minutes and then soaked in blocking
buffer (2% milk in PBS with 0.1% Tween20) for 1 hour at room temperature. The gels
were probed with the primary antibody, diluted to 1:250 or 1:500 in blocking buffer, for 1
hour at room temperature. Following three 15 minute washes in PBS containing 0.1%
Tween20 (PBS-Tw), the membranes were incubated for 30 minutes with donkey anti-goat
secondary antibody horseradish peroxidase (HRP) conjugate diluted to 1/15000 in
blocking buffer, followed by a further three 15 minute washes in PBS-Tw. Antibody
binding was visualised by electrochemiluminescence (ECL), which produces light in a
reaction catalysed by the HRP on the secondary antibody, using an ECL Plus Western
Blotting Detection System and Hyperfilm ECL (both GE Healthcare).

As further controls to show specificity, we repeated this protocol with a second
ZNF804A antibody (Santa Cruz, P13, sc-241173) using a concentration of 1:200 in
blocking buffer. Additionally, we used a commercially available blocking peptide (D14p,

sc-241170P) to ensure that blocking the primary antibody would abolish the signal.

2.2.4 Immunohistochemistry

Immunohistochemistry uses antibodies to detect and visualise the location of a
protein antigen in tissue sections. Frozen, paraffin-embedded formalin-fixed, and formalin-
fixed free-floating sections were all pre-treated in the appropriate manner. The free-
floating sections were washed in phosphate-buffered saline (PBS) and heated at 90°C in a
waterbath while in citrate-based Vector Antigen Unmaking Solution (Vector laboratories)
for 30 minutes and cooled for 20 minutes. These sections will be discussed in more detail
in chapter 3. Slide-mounted paraffin-embedded sections were pretreated by overnight
incubation in xylene followed by rehydration in alcohol (100%, 95%; 70%, 1 minute each)

followed by a minute in dH20, before being heated at 90°C in a waterbath while in citrate-
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based Vector Antigen Unmaking Solution (Vector laboratories) for 30 minutes and cooled
for 20 minutes. Frozen sections were fixed in 4% paraformaldehyde in PBS for 5 minutes
before being washed in dH20 for 5 minutes. Tissue sections were dehydrated in increasing
concentrations of alcohol (70%, 95%, and 100%, 1 minute each). The slides were placed in
solution of 3% hydrogen peroxide (VWR) in methanol for 30 minutes. The slides were
then rehydrated by placing them in decreasing concentrations of alcohol (100%, 95%, and
70%, 1 minute each) followed by a 1 minute in dH20 and 2x5min washes in PBS.

For all types of sections, non-specific binding sites were blocked by incubation
with 5% normal rabbit serum in PBS with 0.3% Triton X-100 (PBS-T) for 1 hour at room
temperature. The sections were then rinsed in PBS and incubated at 4°C for 72 hours with
the primary antibody (D14, Santa Cruz) diluted to 1/1000 for the free-floating sections and
overnight with the primary antibody diluted to 1/100 for the slide-mounted fixed and
frozen sections in solution of 1% normal rabbit serum and PBS-T. The sections were then
washed in PBS (3x10min) and bound antibody was visualised using the Vectastain elite
ABC kit (Vector Laboratories). The ABC kit detects binding of the primary antibody using
an avidin and biotinylated HRP macromolecular complex which produces a coloured
product localised to the biotinylated secondary antibody. The sections were incubated in a
solution of PBS-T with 1% rabbit anti-goat secondary antibody and 1% normal rabbit
serum for one hour at room temperature and washed in PBS (3x10 minutes). The sections
were then incubated in a solution made up of 1% of each of reagents A and B in PBS-T for
1 hour at room temperature, washed in PBS (3x10 minutes), and developed by immersion
in a filtered solution of 0.025% diaminobenzidine (DAB) and 0.00018% hydrogen
peroxide in PBS for ten minutes. DAB acts as the substrate for the colour-change reaction.

For Nissl staining, sections were stained with 0.75% cresyl violet and dehydrated through
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increasing concentrations of alcohol. Coverslips were placed over the slides, fixed in place

with DPX.

2.3 Results
2.3.1 Antibody validation

Basal expression of the ZNF804-GFP recombinant protein in cells was confirmed
by fluorescent microscopy. Figure 2.1 shows a microscopic image of bacteria containing

ZNF804A tagged with GFP (left). Synthesis of ZNF804A-GFP protein in cells was

achieved by adding 0.1% rhamnose to the bacterial culture (Figure 2.1, right).

Figure 2.1: Images obtained with fluorescent microscopy showing bacteria expressing ZNF804A
tagged with GFP. The left image shows the bacteria that have not been induced, while the right
image shows bacteria induced with 0.1% rhamnose.

Figure 2.2 shows immunoreactivity in extract from bacteria and cells expressing
ZNF804A. The upper part of the image shows that the antibody detects immunoreactivity
in bacteria expressing ZNF804A (lane 1), while it does not detect immunoreactivity in
bacteria expressing GFP only (lane 2). The middle image shows an increase in signal when
more protein is added (from left to right: 3ug/6ug/12ug) and shows bands of greater
intensity when expression of ZNF804A is induced (+ vs -). The lower image shows that
there is immunoreactivity in the extract from the HEK cells transfected with the ZNF804A

construct (lane 1), but not in the extract from HEK cells expressing GFP only (lane 2). The
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bands can be detected between 100 kDa and 150 kDa, which is in line with the predicted
weight of the ZNF804A protein (136 kDa). These western blots together indicate that the

antibody specifically detects ZNF804A immunoreactivity.
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Figure 2.2: The upper part of the image shows that the antibody detects immunoreactivity in
extract from bacteria expressing ZNF804A (left band), while it does not detect immunoreactivity in
extract from bacteria expressing GFP only. The middle image shows an increase in signal when
more protein is added (from left to right: 3pg/6pg/12ug) and shows bands of greater intensity when
expression of ZNF804A is induced (+ vs -). The lower part of the image shows that there is
immunoreactivity with extract from the HEK cells transfected with the ZNF804A construct, but not
with extract from HEK cells expressing GFP only. Arrows show the molecular weight as indicated
by the ladder.

2.3.2 Western blotting

After the validation steps described above, which showed immunoreactivity in
extract from both bacteria and HEK cells transfected with ZNF804A, we carried out
several western blot experiments in human tissue. Figure 2.3 shows a small western blot
containing protein extracted from HEK cells transfected with ZNF804A (lane 1), HEK
cells transfected with only GFP (lane 2), foetal human brain tissue (lane 3) and adult
human ACC tissue (lane 4). The HEK cell lanes again confirm the validity of the antibody,
because HEK cells transfected with ZNF804A give a clear band of around 140 kDa,
whereas no band appeared for control cells transfected with GFP. Importantly, on this

same blot, immunoreactive bands of a similar size appeared for foetal and adult human
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brain tissue, demonstrating that ZNF804A immunoreactivity is present in both foetal brain

and adult brain and has the molecular weight predicted for ZNF804A.
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Figure 2.3: Western blot, containing protein from HEK cells transfected with ZNF804A (lane 1),
HEK cells transfected with GFP (lane 2), foetal human tissue (lane 3), and adult human ACC (lane
4), probed with ZNF804A antibody (D14). Arrows indicate the sizes (kDa) provided by a
Kaleidoscope Precision Plus Protein Standard ladder. A band was observed around the expected
molecular weight of ~136 kDa.

A larger blot, depicted in Figure 2.4, containing protein extracted from the HEK
cells transfected with ZNF804A (lane 1), foetal brain tissue (lanes 2/3/4), adult human
STG tissue (lanes 5/6) and adult human ACC tissue (lanes 7/8) shows a similar pattern,
confirming the presence of a similar size immunoreactive band in both adult and foetal
brain. On this blot a smaller second band became visible for some cases (lanes 7 and 8),
which was not detected on the blot displayed in Figure 2.3.
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Figure 2.4: Western blot, containing protein from HEK cells transfected with ZNF804A (lane 1),
foetal brain tissue (lanes 2/3/4), adult human STG (lanes 5/6), and adult human ACC (lanes 7/8),
probed with ZNF804A antibody (D14). Arrows indicate the sizes (kDa) provided by a
Kaleidoscope Precision Plus Protein Standard ladder.

An additional blot was carried out to confirm these observations and characterise
tissues in which ZNF804A immunoreactivity could be detected. This blot contained

protein from human STG grey matter (lanes 1/2/3), human STG white matter (lanes 4/5/6),
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human ACC (lanes 7/8), and lymphoblast cells (lane 9), shown in Figure 2.5. For all these
types of tissue it was possible to detect ZNF804A immunoreactivity. On this blot, two
immunoreactive bands were seen in human ACC and STG extracts, which were observed
just below 150 kDa and just below 100 kDa. For the lymphoblasts, one immunoreactive

band was visible (lane 9) between the two bands observed in human brain tissue.
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Figure 2.5: Western blot, containing protein from STG grey matter (lanes 1/2/3), STG white matter
(lanes 4/5/6), adult human ACC (lanes 7/8), and human lymphoblast cells (lane 9), probed with
ZNF804A antibody (D14). Arrows indicate the sizes (kDa) provided by a Kaleidoscope Precision
Plus Protein Standard ladder.

When we pre-incubated the primary antibody with its blocking peptide, no signal
was observed on the western blots. Additionally, we loaded a gel with the exact same
samples as the gel depicted in Figure 2.5, but probed it with another ZNF804A antibody
(Santa Cruz, P13) which is directed against the c-terminal of the protein. In this case
similar but fainter bands appeared (data not shown), again confirming that ZNF804A

immunoreactivity can be detected in human brain and human lymphoblast cells.

2.3.3 Immunohistochemistry

Immunohistochemistry experiments with the same antibody as used for the western
blot study (Santa Cruz, D14) were carried out on frozen, paraffin-embedded formalin-
fixed, and formalin-fixed free-floating tissue sections from different regions of the human
brain. The pattern of staining was very consistent, with mainly pyramidal neurons in layer

I11 providing evidence for the presence of ZNF804A. The first row of Figure 2.6 shows
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that ZNF804A immunoreactivity could be detected in all three types of tissue. Staining of
paraffin-embedded and free-floating sections looked very similar (2.6A and 2.6B), while
the quality of the tissue and staining was not as good for frozen tissue (2.6C). Therefore,
frozen tissue was only used when staining hippocampal sections, because no other
hippocampal tissue was available.

The first and second rows of Figure 2.6 together show that ZNF804A
immunoreactivity can be detected throughout the cortical areas studied. Image 2.6A
depicts a section taken from the superior temporal gyrus of an adult human brain,
indicating the presence of ZNF804A in the temporal lobe. Image 2.6B shows an inferior
parietal lobule section, showing the presence of ZNF804A in the parietal lobe. In the
second row, image 2.6D shows a cell in the hippocampus stained with the ZNF804A
antibody and counterstained with a Nissl stain at a high magnification. Image 2.6E shows
staining of neurons in the frontal lobe, whereas image 2.6F depicts staining (at a lower
magnification) in occipital regions.

The third row of Figure 2.6 shows the laminar localization of the cells that were
stained by the ZNF804A antibody. Staining was consistently found in pyramidal cells,
which are mainly localised to layer 111 and layer V of the cortex. Some staining of
pyramidal neurons in layer V was found, but the majority of cells that contained ZNF804A
immunoreactivity were found in layer 111 of the cortex. Image 2.6G shows a counterstained
section at low magnification, where ZNF804A staining (in brown) is mainly seen in layer
I11. Also images 2.6H and 2.61 show a clear band of stained pyramidal cells, here on

sections probed with the ZNF804A antibody only.
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Figure 2.6: Microscopic immunohistochemistry images of human brain sections showing staining of
pyramidal cells in layer I11. A) paraffin-embedded STG section B) free-floating IPL section C) frozen STG
section D) frozen hippocampal section with counterstain E) paraffin-embedded prefrontal section F) paraffin-
embedded occipital section G) paraffin-embedded STG section with counterstain H) free-floating IPL section
1) free-floating IPL section J) free-floating IPL section K) paraffin-embedded STG section L) paraffin-
embedded STG section with counterstain M) paraffin-embedded frontal section from infant N) paraffin-
embedded frontal section from infant O) paraffin-embedded control section. Scales have been indicated in
the lower right corner.
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Row four (Figure 2.6J-K) shows the pattern of ZNF804A immunoreactivity in
three individual pyramidal neurons at a high magnification. These images again underline
the clear staining of pyramidal neurons, but also allow a closer look at the pattern of
staining within the cell. Staining can be seen throughout the cytoplasm, and has a slightly
granular structure, as can be observed in pictures 2.6J and 2.6K. Interestingly, if anything,
there seems to be less staining in the nucleus of the cells than throughout the cytoplasm.
This is particularly clear in image 2.6L, which shows a pyramidal cell stained with the
ZNF804A antibody and counterstained with a Nissl stain.

The last row (Figure 2.6) shows immunoreactivity in infant tissue. The tissue was
taken from the frontal lobe of an infant who died 3 hours after birth. Also in this case,
staining can be seen in pyramidal neurons (2.6M), some of which were not yet fully
developed (2.6N). ZNF804A already seems to be present throughout the cell, with a
similar pattern of granular staining throughout the cytoplasm. Finally, image 2.60 shows a
control section that underwent the same immunohistochemistry procedure as described in

section 2.2.4, but without incubation with the primary antibody.

2.4 Discussion

Based on the western blot studies, it can be concluded that 1) an antibody is
available which specifically detects ZNF804A in human cells and transfected bacteria. 2)
ZNF804A immunoreactivity can be detected in adult grey and white matter, foetal brain
tissue, and lymphoblast cells. 3) There are either one or two bands detected.

The immunohistochemistry results show that: 4) ZNF804A immunoreactivity can
be detected with this antibody in frozen, paraffin-embedded formalin-fixed, and formalin-
fixed free-floating tissue. 5) ZNF804A is mainly localised to layer 111 pyramidal cells. 6)

In cerebral cortex, ZNF804A is present throughout the cytoplasm of these cells, and if
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anything, staining is less prominent in the cell nucleus. 7) This pattern is true in all brain
regions studied, and in adult as well as infant brain.

Two results require further clarification. First of all, whereas some western blots
provided evidence for the presence of only one band, other blots clearly showed two
bands, indicating there might be one or two isoforms of the ZNF804A protein. In both
cases, the exact same experimental protocol was used, making it difficult to pinpoint why
this difference might arise. A possible explanation is that some property of the reagents
that were used had changed. Given that the western blots experiments were carried out at
different time points, new gels and a new aliquot of the ZNF804A antibody had been
obtained. Even though the antibody supposedly came from the same batch, it is not
impossible that it did not react with the ZNF804A protein in the same way. In Figure 2.4
there is a hint of a second band, but this band is somewhat lower than the second band in
Figure 2.5, making it hard to predict the real weight of this second band. Further
experiments, possibly with a different ZNF804A antibody, will have to resolve this.
However, most importantly, we did detect an immunoreactive band at 136 kDa, and
provided convincing evidence that this band represents ZNF804A immunoreactivity. In
chapter 8 of this thesis, I will discuss the possibility of there being two bands and the
implications of this in more detail.

Secondly, the immunohistochemistry experiments showed a very clear and
consistent pattern of staining that was mainly limited to pyramidal cells. However, on the
western blots, it was equally clear that ZNF804A immunoreactivity can be detected in
white matter (Figure 2.5). The possibility that our white matter samples did contain grey
matter including pyramidal cells should be considered, but in the next chapter I will study
ZNF804A mRNA and also detect mRNA in white matter. This means that it is likely that

ZNF804A protein is present in white matter, possibly in the axons of pyramidal cells or
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outside of pyramidal neurons. Future studies will have to clarify where in white matter
ZNF804A protein can be found, and why our initial immunohistochemistry studies were
unable to detect it. For instance, it is possible that the epitope recognised by the antibody is
not accessible in the white matter, and more stringent immunohistochemical methods
might be required to retrieve it.

Since the completion of the present analyses, two other studies have used the same
Santa Cruz D14 antibody to detect ZNF804A immunoreactivity. Umeda-Yano et al. (2013)
carried out a western blot on HEK cells overexpressing exogenous ZNF804A. As in our
experiment, they were able to detect ZNF804A and showed one clear band with a fainter
band underneath, leaving the discussion about the number of isoforms open. Girgenti et al.
(2012) subcloned human ZNF804A into rat neural progenitor cells. Using ZNF804A
protein obtained from these cells, they carried out a western blot experiment showing one
clear band at 136 kDa. Using the D14 anti-ZNF804A antibody, they carried out
immunohistochemistry experiments on these cells as well as on rat cortical progenitor cells
in vivo. They found that ZNF804A immunoreactivity is localised to the nucleus of neural
progenitor cells in culture and in vivo. There could be several reasons why their
immunohistochemistry findings are not in line with ours. First of all, they studied a
different species, having taken progenitor cells from rat embryos. Secondly, they looked at
prenatal tissue, whereas our experiments were carried out on adult or postnatal infant
tissue. We did try to address these issues by carrying out immunohistochemistry
experiments with tissue at the earliest developmental stage we could obtain (3 hours
postnatal), but these experiments showed the same pattern of staining as the adult brains.
We also carried out some immunohistochemistry on mouse tissue (data not shown) and

still found staining throughout the cytoplasm. Therefore, it might be a combination of

34



species and developmental stage that leads to these different findings. Alternatively,
ZNF804A might only be localised to the nucleus during very early development.

The staining observed throughout the cytoplasm appeared granular (Figure 2.6J-K).
A similar kind of granular structure can be observed in immunohistochemistry studies
staining the ribosome, which led us to hypothesise that ZNF804A might be associated with
the ribosome. Therefore, we attempted double-labelling studies with an anti-ribosomal
antibody, and saw a comparable pattern of granular staining, but no clear overlap of the
staining patterns (data not shown). Hence, we were unable to identify the organelles that
ZNF804A is associated with. However, the spread of ZNF804A throughout the cytoplasm
suggests roles beyond those of a transcription factor. Given its zinc finger domain, it could
for example bind to mMRNA and have a role in alternative splicing (Ladomery & Dellaire,
2002; Plambeck et al., 2003).

Furthermore, it is of particular interest that ZNF804A immunoreactivity was
primarily detected in layer 111 pyramidal cells. Pyramidal neurons in layer 111 are
responsible for sending axonal projections to other parts of the cortex and are suspected to
be of particular relevance to the pathophysiology of schizophrenia, given their long-range
cortico-cortical projections (Lewis et al., 2003). Some morphological abnormalities have
been reported in brains of schizophrenia patients, with both Garey et al. (1998) and Glantz
and Lewis (2000) showing decreased dendritic spine density in layer 111 pyramidal neurons
in the DLPFC. In line with this, studies have reported decreases in synaptophysin, a
marker of axon terminals, in several brain regions (Eastwood et al., 1995; Glantz & Lewis,
1997), as well as decreased neuropil space (Selemon & Goldman-Rakic, 1999). Other
neuropathological studies of schizophrenia have shown that the size of layer 111 pyramidal
cells decreases in schizophrenia, both in the DLPFC (Rajkowska et al., 1998; Pierri et al.,

2001) and in the STG (Sweet et al., 2003). Another study has reported elevated neuronal
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density in prefrontal area 46 in brains from schizophrenia patients (Selemon et al., 1998).
What should be noted is the important role of layer 111 pyramidal cells in connectivity.
Esslinger et al. (2009) reported in a first neuroimaging study of ZNF804A that rs1344706
affects functional connectivity between the DLPFC and several other brain regions. The
finding that ZNF804A is found in the cells responsible for long-range connectivity
provides a first clue as to the neurobiological pathway via which ZNF804A might affect

functional connectivity in the brain.
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Chapter 3 - Genotype and diagnosis effects on expression of
ZNF804A mRNA and protein

3.1 Introduction
3.1.1 Effect of rs1344706 on ZNF804A expression

In the previous chapter, it was shown that ZNF804A immunoreactivity can be
detected in both adult and foetal human brain and that it is mainly localised to layer 111
pyramidal neurons. The next important question is whether variation at rs1344706 affects
MRNA and protein expression in human brain. Genetic variation can affect disease
susceptibility in several ways. If the variation is in a coding region, it can change the
structure of the encoded protein by causing an amino-acid substitution or frame-shift
mutation. Alternatively, genetic variation can alter the expression of the gene by altering
some parameter of transcription or translation and thereby the amount or distribution of the
protein (Harrison & Weinberger, 2005). Whereas the effect of an intronic SNP such as
rs1344706 cannot occur via the former mechanism, it can affect expression of the gene.

Given the absence of a known coding variant in linkage disequilibrium with
rs1344706, rs1344706 might affect expression of ZNF804A directly. Two studies already
investigated whether the rs1344706 allele affects mMRNA expression in human brain.
Findings were inconsistent, because whereas Riley et al. (2010) reported that the risk allele
Is associated with an increase in mMRNA in the DLPFC, the findings of Williams et al.
(2011) suggested that effects on expression might occur through additional regulatory
variants at the ZNF804A locus. Riley et al. (2010) also carried out a bioinformatics
analysis, which indicated that the alleles lead to differential prediction of the presence of
binding sites for two different brain-expressed transcription factors, thereby providing a
possible explanation as to how an allelic difference in mMRNA expression might arise.
Given the lack of conclusive evidence, this chapter investigates the effect of rs1344706 on
MRNA expression levels, and for the first time, on protein expression in human brain.
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3.1.2 Effect of diagnosis on ZNF804A expression

Additionally, it is of interest to investigate whether ZNF804A mRNA and protein
expression levels are associated with a diagnosis of schizophrenia. If ZNF804A expression
levels would be found to be altered in the brains of schizophrenia patients, this would
demonstrate possible involvement in the pathophysiology of the disease independent of the
risk allele. Several studies investigating the effects of schizophrenia risk genes have
studied whether expression differed between cases and controls (Law et al., 2006;
Sartorius et al., 2008; Bristow et al., 2009). So far, only the study by Riley et al. (2010) has
compared ZNF804A mRNA expression levels in schizophrenia patients and controls, and
found somewhat increased expression levels in the brains of schizophrenia patients, but
this difference did not reach statistical significance. Therefore, this question remains to be
answered.

Studying ZNF804A expression in brain tissue obtained from both schizophrenia
patients and healthy controls also allows the study of genotype x diagnosis interactions.
However, should we find an effect of rs1344706 in one group only, this would not
necessarily be easy to interpret. On the one hand, it may indicate an epistatic or gene—
environment interaction that is present in the schizophrenia group more than in control
subjects (or more in the control than schizophrenia group) and thus is worthy of further
study. On the other hand, if a genetic effect on expression is seen in patients only, it may
cast doubt on the robustness of the result, because one might expect a true genetic effect on
gene expression to be seen in the healthy brain as well. An effect only in patients may
reflect a genetic effect not on risk per se, but on something that is an illness-related
epiphenomena, such as for example medication effects (Kleinman et al., 2011). Therefore,

further experiments would be required to assess possible explanations.
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3.1.3 Experiments to investigate effects of rs1344706 and diagnosis

In this chapter, I will first describe three quantitative polymerase chain reaction
(gPCR) studies that were carried out to further investigate the effect of rs1344706, as well
as diagnosis, on ZNF804A mRNA expression. The first of these was carried out on
lymphoblast cell lines. Lymphoblast cell lines provide a useful model for investigating
genetic or diagnostic differences in gene expression, as they reflect the genetic makeup of
the individual from which the cell line was derived, but the influence of external factors
such as anti-psychotic medication, substance abuse, and smoking will be removed as all
cell lines will be grown under the same conditions. This means that any differences
observed between groups should be due to genetic factors. Previous studies investigating
schizophrenia risk genes have identified changes in expression in lymphoblast cell lines
associated with genotype and diagnosis (Liu et al., 2007; Sei et al., 2007; Slonimsky et al.,
2010).

Two other gPCR studies were carried out on superior temporal gyrus (STG) tissue.
The STG, which contains the auditory cortex, is one of the structures that is most
consistently reported by neuroimaging studies to be altered in schizophrenia (Shapleske et
al., 1999; Shenton et al., 2001). Also post-mortem studies have reported a decrease in
volume of the STG, as well as disruption of the normal asymmetry (Heckers, 1997), with
both grey and white matter volume in the STG being significantly reduced (Highley et al.,
1999). Two recent studies of the planum temporale of the superior temporal gyrus in
schizophrenia have revealed reduced cortical thickness that was especially prominent in
the upper layers, and was not accompanied by obvious changes in neuron density or size
(Smiley et al., 2009; 2011). The Australian brain collection from which we obtained STG
samples contains tissue separated into grey and white matter, and other studies looking at

the expression of schizophrenia risk genes have shown that changes might be limited to or
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more prominent in grey or white matter (Ghose et al., 2008; Mitkus et al., 2008; Habl et
al., 2009; Morris et al., 2009; Habl et al., 2012). Given that not much is known about the
expression of ZNF804A and inconsistent results have been reported by studies not
distinguishing between grey and white matter, we decided to carry out our RT-qPCR
experiments in grey and white matter separately. The tissue used in this study has been
shown to be suitable for use in gPCR experiments (Weickert et al., 2010).

In addition to the ZNF804A transcript analysis, this chapter will assess the effects
of rs1344706 and diagnosis on ZNF804A protein by using immunohistochemistry to
estimate the densities and morphologies of cells containing ZNF804A immunoreactivity.
This approach was chosen because limited frozen material was available and the signal in
the western blotting experiments was variable, making it difficult to carry out quantitative
comparisons. Instead, we carried out an immunohistochemistry study on free-floating
inferior parietal lobule sections, which had shown very clear staining patterns in pilot
studies (see chapter 2). In schizophrenia, neuroimaging experiments have found that the
IPL has reduced cortical thickness (Narr et al., 2005; Schultz et al., 2010;
Venkatasubramanian et al., 2011), and altered functional activation (Spence et al., 1997,
Franck et al., 2002; Schnell et al., 2008) mainly during tasks assessing sensory integration,
body image, concept of self, and executive function (Torrey, 2007). Several schizophrenia
risk genes have also been found to be associated with altered activation of the IPL
(Chakirova et al., 2011; Thimm et al., 2011). Very few post-mortem studies have looked at
the effect of a schizophrenia diagnosis on the parietal lobe (Pakkenberg, 1993; Ongur et
al., 1998). However, a recent study using tissue from the same brain collection (Smiley et
al., 2012) did assess thickness and volume of the upper and lower cortical layers as well as
neuron density and size in inferior parietal lobule sections and found no differences

between schizophrenia patients and controls.
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3.2 Methods

3.2.1 Human tissue

Several of the brain series mentioned in section 2.2.1 were used for the experiments
described in this chapter. One RT-gPCR experiment was carried out using the lymphoblast
cell lines obtained from the National Institute of Health, Bethesda, USA. Lymphoblast cell
lines were available from 22 schizophrenia patients (13 male, 9 female) and 39 control
subjects (18 male, 21 female). All subjects were Caucasian. Lymphocytes collected from
subjects were transformed by infection with Epstein-Barr virus to produce the lymphoblast
cell lines. The lymphocytes were collected and transformed as described previously (Sei et
al., 2007). Two more RT-gPCR experiments were carried out on grey matter and white
matter taken from adult human STG, obtained from the Australian Brain Donor Programs
NSW Tissue Resource Centre (Weickert et al., 2010). Demographics of this series can be
found in Table 3.1. The second brain series, used for immunohistochemistry, came from
the Stanley Medical Research Institute, who provided free-floating sections of inferior
parietal lobe tissue from men with schizophrenia and male controls
(www.stanleyresearch.org/dnn/Default.aspx?tabid=199; Table 3.2). For this series, after
brief formalin fixation of the cerebral hemisphere, 3-5 cm coronal slabs were cut,
formalin-fixed for 3-15 weeks, and stored in buffered 30% sucrose. All blocks containing
inferior parietal lobe were serially cryostat-sectioned at 60um. Pilot studies showed no
differences in ZNF804A immunoreactivity rostro-caudally across the inferior parietal
lobule, and the studies were carried out on sections (three per subject, blind to group)

randomly taken from the most rostral block.
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Table 3.1: Demographics for schizophrenia and control group from the Australian brain collection,

mean (SEM).

Control Schizophrenia
Sex M:F 30:7 24:13
Age (y) 51.1(2.3) 51.3(2.4)
Brain pH 6.52 (0.05) 6.44 (0.04)
RIN 7.3 (0.09) 7.3(0.1)
Post-mortem interval (h) 24.8 (1.8) 28.9 (2.3)
Storage time (months) 69.6 (7.0) 79.9 (6.1)
Brain weight (gr) 1446 (21) 1394 (27)
Genotype (CC,CAAA) 6, 14, 17 6, 21, 10

Table 3.2: Demographics for schizophrenia and control group from the Stanley inferior parietal
lobule series, mean (SEM). All subjects were males.

Control Schizophrenia
Number 23 24
Age (y) 44.3 (2.0) 39.8 (2.2)
Brain pH 6.67 (0.04) 6.53 (0.05)
Post-mortem interval (h) 24.7 (2.3) 29.1(2.4)
Hemisphere (L,R) 13,10 14,10
Storage time (months) 119 (5) 117 (5)
Brain weight (gr) 1479 (12) 1469 (11)
Genotype (AA, C carriers) | 6, 17 10, 14

3.2.2 RT-gPCR

Quantitative reverse transcription polymerase chain reaction (RT-gPCR) allows
investigation of the presence and quantity of expression of MRNA. The mRNA is first
reverse transcribed to create cDNA, after which specific cDNA sequences of interest are
detected by complementary primers and can be amplified using thermal cycling. More of
the target cONA will be produced with each cycle, resulting in exponential amplification

of the target sequence which can be visualised through the detection of a fluorescent
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reporter using RT-gPCR. The number of cycles it takes to reach a certain threshold allows
quantitative comparison of the amount of mMRNA present in the samples.

For the experiments reported here, tissue was homogenised in Tri-reagent (Sigma-
Aldrich), with approximately a 1:10 ratio of tissue to Tri-reagent. 200ul of chloroform was
then added for every 1ml of Tri reagent, and samples were vortexed and left at room
temperature for 10 minutes before being spun at 14,000rpm in a bench-top centrifuge for
15 minutes. The top phase of the solution containing the RNA was collected and placed
into a fresh tube along with an equal volume of isopropanol to precipitate the RNA. After
an overnight incubation at -20°C, the solution was centrifuged at 14,000rpm for 10
minutes to form a pellet of the precipitated RNA. The supernatant was discarded and the
pellet washed twice in 70% ethanol. The pellet was then left to dry at room temperature for
ten minutes before being re-suspended in nuclease free water. The final concentration of
RNA was measured using a NanoDrop ND-1000 Spectrophotometer and NanoDrop 3.0.1
software (NanoDrop Technologies, Delaware, USA).

For the next step, the samples underwent reverse transcription into cONA, which
was carried out as follows: 2ug RNA was DNase treated by heating at 37°C for 30 minutes
followed by 10 minutes at 70°C with 1 unit RNase-free DNase and 24 units ribonuclease
inhibitor (both Promega) added to each sample. The DNase treatment was used to remove
genomic DNA to ensure that cDNA rather than genomic DNA was amplified in the
subsequent gPCR studies. The resulting DNase free RNA was then reverse transcribed by
heating at 42°C for 1 hour followed by 10 minutes at 70°C with 30ng oligo dT (20xTTP),
200 units M-MLYV reverse transcriptase, 24 units ribonuclease inhibitor, and 0.5mM of
each dNTP (ATP, CTP, GTP, and TTP) added to each sample.

In the final qPCR step, it is measured how many PCR cycles it takes for the level

of fluorescence in each reaction well to reach a threshold, so that the amount of the target
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cDNA present can be estimated by comparing the threshold cycle (Ct) of each well to a
standard curve made up of known cDNA quantities. TagMan probes, which were used for
these experiments, are complementary to a sequence within the target cDNA and located
between the target sequences of the primers used for amplification. The probe consists of a
fluorescent tag and a non-fluorescent quencher which prevents the fluorescence being
released while the probe is intact. During the amplification phase the probe will bind to the
target sequence and will be broken down by the exonuclease activity of the Taq
polymerase enzyme as the cDNA is amplified. The breakdown of the probe causes the
fluorescent tag to be released into the solution, which allows this fluorescence to be
detected.

The quantity of mMRNA was measured by qPCR in human lymphoblast cells (n=61)
and in grey and white matter taken from human STG tissue (n=74). ZNF804A and two
Housekeeping genes (B2M and TFRC) were quantified using TagMan Universal PCR
Master Mix and specific Tagman probes for these genes (Applied Biosystems, ZNF804A:
assay Hs00290118 s1; B-2-microglobulin (B2M): assay Hs99999907_m1; transferrin
receptor (TFRC): assay Hs00951094 _m1). For the lymphoblast cells, we additionally used
Housekeeping genes hypoxanthine phosphoribosyltransferase 1 (HPRT1, assay
Hs02800695_m1) and glucuronidase beta (GUSB, assay Hs00939627_m1). Each reaction
contained 60ng of cDNA, which was found in pilot studies to be the optimal concentration
of cDNA. Each plate included a standard curve ranging from 400 to 3ng cDNA which was
made up of a pool of cDNA samples from the tissue being measured. Each sample was
loaded in triplicate on all plates. The qPCR conditions were: initial denaturing step of 10
minutes at 95°C, followed by 40 cycles of 15 seconds denaturing at 95°C and 60 seconds
of primer annealing/extension at 60°C. Samples were quantified using a standard curve

and SDS v2.2.2 software with a 7900HT gqPCR system (Applied Biosystems).
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3.2.3 Immunostaining and quantification methods

This quantitative immunohistochemistry experiment was carried out together with
a medical student, whose FHS (final honours school) project I supervised. For staining of
the IPL sections, we used the same methods as described in section 2.2.4. In brief, the
sections were pre-treated by being heated in a waterbath at 90°C while immersed in VVector
Antigen Unmaking Solution. Non-specific binding sites were blocked by incubation with
5% normal rabbit serum in PBS with 0.3% Triton X-100 (PBS-T) for 1 hour at room
temperature. Sections were incubated at 4°C for 72 hours with the primary antibody
diluted to 1/1000 in a solution of 1% normal rabbit serum and PBS-T. Bound antibody was
visualised using the Vectastain elite ABC kit (Vector Laboratories). The sections were
incubated in a solution of PBS-T with 1% secondary antibody and 1% normal rabbit serum
for 1 hour at room temperature and washed in PBS (3x10 minutes). Lastly, they were
incubated in a solution made up of 1% of each of reagents A and B in PBS-T for 1 hour at
room temperature, washed in PBS (3x10 minutes), and developed by immersion in a
filtered solution of 0.025% diaminobenzidine (DAB) and 0.00018% hydrogen peroxide in
PBS for ten minutes.

Given our finding, discussed in chapter 2, that staining was most prominent in
layer 111, we focused our quantitative analyses on layer 111 pyramidal neurons. Adjacent
Nissl stained sections were available to aid identification of the layers. To estimate the
density of ZNF804A immunoreactive neurons, an Olympus Prior BX50 optical imaging
microscope was used with the CAST grid system. A counting frame of ~35,000um? was
generated and placed over a representative part of the section, always containing layer 3
only. At x40 magnification, a field sampler systematically moved across the box to allow
systematic counting of the cells within the counting frame. Criteria for counting a cell

were: 1) that it could be brought into focus, 2) that there was clear immunostaining, 3) that
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the cell was pyramidal-shaped, 4) that the cell resided within layer 111 (Law and Harrison,
2003). Cells were included when they touched the left or upper border of the frame, but
not if they were in contact with the right or lower border. The shape, size, and staining
intensity of ZNF804A-immunoreactive lamina 11 pyramidal neurons were measured using
a Nikon Eclipse E600 microscope linked to an MCID Elite 7.0 image analysis system, by
manually tracing around the perimeter of the pyramidal neuron soma (n=50 neurons per
case). Shape was quantified by way of the ‘fcircle’ function. Increasing 'fcircle' values
indicate objects that are increasingly circular in shape. This same method for measuring
shape, size, and staining intensity has also been reported in Gittins and Harrison (2004)
and Gittins and Harrison (2011). Inter-rater reliability was r>0.9 for all parameters. We
also measured the depth of the grey matter and depth of lamina Il1, and the final section
thickness (Z-axis); none of these indices differed between diagnostic or genotype groups
(data not shown). Because of the small sample size, C carriers were grouped together and

compared to AA homozygotes for the immunohistochemical analyses.

3.2.4 Genotyping of samples

The human STG samples used for the gPCR study had been genotyped by the
Australian brain bank. In order to genotype the cases from which IPL sections were taken,
we obtained additional cerebellar tissue. DNA was extracted using a similar procedure as
described for the RNA extraction in section 3.2.2. All samples were then treated with
RNase prior to genotyping. Genotyping for each sample was undertaken using a
‘Tagman©’ genotyping assay (C__ 2834835 _10) and the 7900HT gPCR system (Applied
Biosystems). Samples were loaded in duplicate. The Tagman®© probe was complementary
to the part of the sequence that contains rs1344706, and the assay contained both forward

and reverse primers spanning the site of the rs1344706 SNP. Two fluorescent labelled
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probes were present, each specific to one of the alleles of the rs1344706 SNP. The probe
targeting the A allele was labelled with VIC fluorescence, while the probe targeting the C
allele was labelled with FAM fluorescence, each of which emitted fluorescence at distinct
wavelengths. As a result of the different fluorescence emitted by each probe, the genotype
of each sample could be determined by measuring the wavelength of fluorescence
released. If only VIC was detected then the case was homozygous for the A allele, if FAM
was detected the case was homozygous for the C allele, and if both FAM and VIC were

detected the case was heterozygous.

3.2.5 Statistical analysis

All statistical analyses were carried out by Prof Paul Harrison, because | remained
blind to genotype and diagnosis throughout the experiments. All statistical analyses were
carried out using SPSS 20. All data were normally distributed and therefore parametric
tests were used (ANOVA and post-hoc t-tests). Possible effects of age of onset, duration of
illness, brain pH, freezer storage time, and post-mortem interval (PMI) were investigated

using Pearson’s coefficient. A p-value < .05 was considered to be significant.

3.3 Results
3.3.1 RT-gPCR

Our gPCR studies demonstrated that ZNF804A mRNA is detectable in
lymphoblast cells, grey matter, and white matter. Figure 3.1 shows the amplification
graphs for the STG grey matter and STG white matter. The plots show that STG grey
matter mRNA reaches the amplification threshold at around 30 cycles, while amplification
of white matter mRNA on average reaches the threshold around 32 cycles, indicating that

ZNF804A mRNA is slightly more abundant in grey matter.
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Figure 3.1: qPCR amplification plots showing amplification of STG grey matter mRNA (right)

reaching the threshold around 30 cycles, while amplification of white matter mRNA (left) was

more variable and on average reached the threshold around 32 cycles, indicating that ZNF804A
MRNA is more abundant in grey matter.

Grey matter data were normalised to Housekeeping genes B2M and TFRC (see
methods), while for white matter there was a difference between diagnostic groups in B2M
MRNA abundance and therefore we only normalised to TFRC. This seemed an acceptable
solution because there is no conclusive evidence that the use of multiple reference
transcripts results in better normalization than one reference gene (Tunbridge et al., 2011).
Furthermore, limited mRNA was available for these experiments. The lymphoblast data
were normalised to the geometric mean of Housekeeping genes TFRC, HPRT1, and
GUSB.

The results of these experiments can be seen in Table 3.3. None of the g°PCR
experiments showed an effect of rs1344706 genotype or diagnosis, indicating that there are
no differences in ZNF804A mRNA between schizophrenia patients and healthy controls,
nor between risk and non-risk carriers. (Lymphoblast cells: effect of diagnosis p=.73,
effect of genotype p=.28, genotype x diagnosis interaction p=.59; Grey matter: effect of
diagnosis p=.53, effect of genotype p=.35, genotype x diagnosis interaction p=.37; White
matter: effect of diagnosis p=.54, effect of genotype p=.82, genotype x diagnosis
interaction p=.49).
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Table 3.3: mRNA results showing no differences between diagnostic groups or between the three
genotype groups, mean (SEM).

Schizophrenia | Control CcC CA AA

N=37 N=37 N=12 N=35 N=27
Grey matter ZNF/ 0.53 0.59 0.53 0.56 0.56
(HKG mean) (0.09) (0.03) (0.09) (0.03) (0.04)
White matter ZNF/ | 1.50 1.31 1.49 1.58 1.12
TFRC (0.19) (0.16) (0.40) (0.22) (0.13)

N=22 N=39 N=14 N=28 N=19
Lymphoblasts ZNF/ | .680 634 .649 745 513
(HKG mean) (.106) (.077) (.132) (.102) (.362)

3.3.2 Immunohistochemistry

We did not observe associations between any of the measured parameters (Table

3.4) and age, PMI, pH, or brainweight. Similarly, in the schizophrenia group, potential

confounding factors such as duration of illness, age of onset, and cumulative medication

exposure did not correlate with any of the parameters of interest. Therefore, no

confounding factors were taken into account in the remaining analyses.

Comparisons between schizophrenia patients and healthy controls revealed no

difference in mean neuronal size (p=.525), mean neuronal shape (p=.946), neuronal

density (p=.579) or staining intensity (p=.618) of ZNF804A immunoreactive cells in layer

I11. Likewise, the risk allele had no effect on the mean neuronal size (p=.271), mean

neuronal shape (p=.489), neuronal density (p=.642), or staining intensity (p=.896) . There

were also no interactions between diagnosis and genotype: mean neuronal size (p=.899),

mean neuronal shape (p=.263), neuronal density (p=.178), or staining intensity (p=.093).
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Table 3.4: ZNF804A immunoreactivity in layer 111 pyramidal neurons of the inferior parietal lobe.
There are no main effects of diagnosis, genotype, nor interactions between them, on any of the
parameters, mean (SEM).

Controls Schizophrenia | AA C-carriers

N=23 N=24 N=16 N=31
Neural density (mm? 46.5 (2.6) 42.0 (3.0) 429 (3.7) | 44.9(2.3)
Neuronal size (pm? 249 (9) 242 (7) 254 (11) 241.1 (6)
Neuronal shape (a.u.) .676 (.017) 673 (.015) .684 (.023) |.670(.012)
Staining intensity (a.u.) | 0.25 (0.01) 0.26 (0.01) 0.26 (0.02) | 0.25 (0.01)

3.4 Discussion

The results from the RT-qPCR studies described in this chapter indicate that the
variation at rs1344706 does not impact on ZNF804A mRNA expression, at least in
lymphoblast cell lines and grey and white matter of the superior temporal gyrus. In line
with this, also our immunohistochemistry study carried out on IPL sections did not show
any effects of rs1344706 on neuronal shape, size, neural density, or staining intensity.
Additionally, we did not detect any differences between schizophrenia patients and
controls, nor any interactions between genotype and diagnosis, in both the RT-gPCR
studies and in the immunohistochemistry study.

The studies reported here are relatively small, leaving open the possibility that we
did not have the power to detect any effects rs1344706 might have. Alternatively,
rs1344706 might affect expression in other brain regions. However, no studies to date have
provided clear evidence that rs1344706 exerts its effects by altering expression of
ZNF804A in adult brain. As mentioned previously, the initial finding by Riley et al. (2010)
of increased mMRNA being associated with the risk allele were not replicated by Williams
et al. (2011). Williams et al. did not use RT-gPCR but investigated effects on expression
by studying differences in allelic expression in rs1344706 heterozygotes. Both they and

Buonocore et al. (2010) found an allelic effect on expression, but in both studies the allelic
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expression imbalance was observed in homozygotes as well, indicating that the differences
in expression were most likely due to regulatory variants other than rs1344706. Hill and
Bray (2011) used this same technique and showed allelic differences in nuclear protein
binding for the two alleles, but the identity of the proteins that bind to the sequence
containing rs1344706 remained unknown. Another SNP in ZNF804A, rs7597593, has been
associated with mRNA levels in females (Zhang et al., 2011a).

Recent studies investigating ZNF804A do imply that the gene is likely to be
functional. To investigate the role of ZNF804A, Hill et al. (2012) knocked down ZNF804A
in human neural progenitor cells and found that it altered the expression of genes involved
in cell adhesion, suggesting a role for ZNF804A in processes such as neural migration,
neurite outgrowth, and synapse formation. Girgenti et al. (2012) demonstrated that
overexpression of ZNF804A results in a significant increase in transcript levels of PRSS16
and COMT, and a statistically significant decrease in transcript levels of PDE4B and
DRD2. Furthermore they showed, using chromatin immunoprecipitation assays, that both
epitope-tagged and endogenous ZNF804A directly interacts with the promoter regions of
PRSS16 and COMT, suggesting a direct upregulation of their transcription by ZNF804A.
Another study looking at the effects of ZNF804A overexpression reported upregulation of
ANKRD1, INHBE, PIK3AP1, and DDITS3, as well as downregulation of CLIC2, MGAM,
and BIRC3. Several of these genes are related to transforming growth factor-f signaling,
which plays an important role in cell growth and differentiation (Umeda-Yano et al.,
2013). ZNF804A has also been shown to be a target for another major schizophrenia risk
gene, miR-137 (Kim et al., 2012).

Furthermore, several studies looking at ZNF804A have now indicated that the gene
and SNP might have effects during development. Pedrosa et al. (2011), studying induced

pluripotent stem cells derived from schizophrenia patients, found that early differentiating
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neurons express ZNF804A mRNA, while Lin et al. (2011) demonstrated a change in
expression of ZNF804A during the transition from pluripotent stem cell to differentiating
neuron. One of most informative studies about ZNF804A and its importance during
development was carried out by Hill and Bray (2012). They studied the effect of
rs1344706 on ZNF804A mRNA expression in adult DLPFC, hippocampus and substantia
nigra tissue, as well as foetal human tissue from the first and second trimester of gestation.
They found no effects in any of the adult brain regions, but did report an effect during the
second trimester of gestation, with the risk allele being associated with lower mRNA
expression.

Several explanations for the lack of effect of rs1344706 on expression remain
open: 1) the SNP might have its effect during development and therefore the effects cannot
be detected in adult brain. This would be in line with the findings of Hill and Bray (2012).
2) there is another, as yet unknown, isoform of ZNF804A and rs1344706 has its effects on
this isoform. This has been shown to be true for other schizophrenia risk genes (Kleinman
et al., 2011). A novel mRNA variant of ZNF804A has already been described (Okada et
al., 2012), but it was more common in lymphoblast cells than brain, could not be detected
in all cases, and no difference between cases and controls was found. 3) There is no effect
of rs1344706 on expression, and any functional effect occurs via another, yet unknown,
polymorphism which is in fact responsible for the association of ZNF804A with

schizophrenia. I will discuss these possibilities in more detail in chapter 8.
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Chapter 4 - The effect of ZNF804A genotype on macroscopic
brain structure

4.1 Introduction
4.1.1 Schizophrenia and brain structure

Whereas the two previous chapters described experiments investigating ZNF804A
at the microscopic level, this chapter will investigate whether ZNF804A genotype affects
macroscopic brain structure, using structural MRI. Macroscopic brain structure is a
phenotype that has been shown to be heritable (Thompson et al., 2001), with brain
structure being increasingly similar in subjects with increasing genetic affinity. Unaffected
relatives of schizophrenics do show some of the structural changes associated with the
disorder, albeit to a lesser extent, suggesting that a proportion of the structural
neuropathology associated with schizophrenia is a result of genetic liability (Sharma et al.,
1998). However, investigation of monozygotic twins discordant for schizophrenia has
revealed that in almost all cases the affected twin shows greater structural abnormalities
than their sibling (Suddath et al., 1990). These findings suggest that the structural changes
in schizophrenia exist even after the effect of genetic background is controlled for and that
they are associated with the expression of the disease phenotype and not just the
underlying genetic background (Harrison, 1999). The fact that this phenotype is heritable,
co-segregates with the disease, but is present in unaffected family members at a higher rate
than in the general population, makes it a possible intermediate phenotype in the study of
schizophrenia risk genes (Gottesman & Gould, 2003).

Although case-control differences will not be assessed in this chapter, previously
observed differences between cases and controls do provide clues about the brain regions
where effects of schizophrenia risk genes might be observed. In this regard, there are
several macroscopic brain changes in schizophrenia which have been replicated and

confirmed by meta-analysis. Schizophrenia is associated with an enlargement of the lateral
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and third ventricles and a reduction in total brain volume of around 3% (Ward et al., 1996;
Wright et al., 2000), which reflects a decrease in brain weight (Harrison et al., 2003). The
best replicated findings are brain volume reductions of around 5% in prefrontal and
temporal regions (Lawrie & Abukmeil, 1998). Whole brain grey matter volume is reduced
by approximately 3-4% compared to white matter in structural magnetic resonance
Imaging studies, with generally the anterior cingulate cortex, superior temporal gyrus, and
medial temporal regions including the hippocampus and amygdala showing substantial
reductions (Gaser et al., 1999; Job et al., 2002; Fornito et al., 2009). Additionally, there
may be a reduction in the normal asymmetry of the cerebral hemispheres in schizophrenia

(reviewed in Harrison, 1999).

4.1.2 ZNF804A and brain structure

At the start of this study, three other studies had been published assessing the
effects of variation in schizophrenia risk gene ZNF804A genotype on brain structure. The
first of these studies was carried out by Lencz et al. (2010), who looked at the effect of
rs1344706 on brain structure in 39 healthy volunteers. Structural MRI scans were acquired
using a 1.5T scanner and differences in total brain volume, grey matter (GM), and white
matter (WM) volume were assessed based on segmentation, whereas voxel-wise
comparisons were carried out to detect differences in specific brain regions. They found
that double risk carriers had larger WM volumes, with no effect on GM or total brain
volume being detected. Additionally, the voxel-wise analysis revealed that regions
including the angular gyrus, parahippocampal gyrus, posterior cingulate, inferior frontal
gyrus, inferior temporal gyrus, and cerebellum were significantly smaller in subjects
homozygous for the risk allele, which was interpreted as showing possible alterations of

default-mode network structures.
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The second study was published by Donohoe et al. (2011), who looked at the effect
of ZNF804A genotype in a sample of 70 schizophrenia patients and 38 healthy volunteers.
They compared subjects homozygous for the risk allele with C carriers using voxel based
morphometry (VBM) looking at whole brain volumes and specifically at the DLPFC,
hippocampus, and amygdala. No effect of the risk SNP was found in the healthy
participants, but in patients with schizophrenia they reported that double risk carriers had
larger grey matter volumes, which was particularly pronounced in the hippocampus. These
findings were seen as supporting the theory that ZNF804A delineates a schizophrenia
subtype characterised by relatively intact grey matter volume. The third study (\Voineskos
etal., 2011) also looked at the effect of the risk SNP in healthy volunteers (n=62), but
measured cortical thickness and white matter tract integrity using SMRI and diffusion
tensor imaging (DTI) scans. Comparing subjects homozygous for the A allele with C
carriers, they found no effects of variation in ZNF804A on white matter integrity. They did
report an effect on cortical thickness, with this parameter showing a reduction in the STG,
ACC, and PCC of double risk carriers compared to carriers of the C allele. Together, these
studies provide mixed evidence about the effects of rs1344706 on brain structure. Given

the small sample sizes of the studies, all findings remain to be replicated.

4.1.3 Methods for assessing brain structure

Traditionally, differences in brain structure had to be assessed by manually tracing
around the volume of interest based on anatomical landmarks, which was usually done by
several experienced raters. Nevertheless, there was still the risk of measurement error and
subjectivity (Lawrie & Pantelis, 2011). Nowadays, many automated ways exist to estimate
the volume of a structure of interest and provide quantification of its size. For this study,

automated volumetry as implemented in the FIRST module (version 1.2) of FSL (version
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4.1) (http://www.fmrib.ox.ac.uk/fsl/first/) was used (Smith et al., 2004). It uses a Bayesian
model constructed from manually segmented images to segment subcortical brain
structures (Patenaude et al., 2011). A second method that was used to assess possible
differences in brain structure is voxel based morphometry. The method was developed by
Ashburner and Friston (2000) and rather than comparing whole volumes, brains are
compared at the voxel level. In short, structural scans are transformed into a common
space, then segmented into grey and white matter, and the average images for the different
groups are compared on a voxel by voxel basis. Studies and reviews comparing volumetry
with a VBM approach have shown that these generally lead to comparable results
(MclIntosh & Lawrie, 2004).

Data used for this study came from the Brain Imaging Genetics (BIG) database
from the Donders Institute for Brain, Cognition and Behaviour of the Radboud University
Nijmegen, The Netherlands (Franke et al., 2010). This database contains a large number of
subjects for whom both a structural MRI scan and extensive genetic information are
available. The scans have been acquired on both 1.5T and 3T scanners, which has led to
the availability of two large (>400 subjects) independent cohorts. These two large
independent cohorts allow investigation of the question of interest within one cohort, with
the second group functioning as replication cohort (Bralten et al., 2011a). Volumetric
measurements of several subcortical structures are available as part of the database, which
have allowed several studies to detect effects of risk genes of brain structure (Bralten et al.,
2011a; van der Heijden et al., 2013). Other studies have used VBM on the available scans
to detect effects of their genes of interest (Bralten et al., 2011b; Gerritsen et al., 2011). For
this study, we looked at both cohorts and used the volumetry measurements as well as
VBM analyses to investigate the effects of ZNF804A genotype on macroscopic brain

structure. Given that structural scans, genetic information, and volumetric measurements
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were available, sections 4.2.1 to 4.2.4 describe procedures that had been carried out before
| started this project. The results described in this chapter have been published (Cousijn et
al., 2012), but are not exactly identical to the results described in the paper. In this chapter,
| describe a somewhat larger sample (922 vs. 892 participants) and only analyses that were

carried out for rs1344706, whereas the paper assesses 266 SNPs in ZNF804A.

4.2 Methods
4.2.1 Sample description

Structural MRI data were collected from 922 healthy, highly educated adults of
Caucasian origin between 18 and 35 years of age (mean age 22.8, all right-handed, 58.4%
female), with no self-reported neurological or psychiatric history. The study was approved
by the regional medical ethics committee (CMO Arnhem-Nijmegen) and all participants

gave written informed consent.

4.2.2 Genotyping

Genetic analyses were performed at the Department of Human Genetics of the
Radboud University Nijmegen Medical Centre. DNA was isolated from saliva using
Oragene containers (DNA Genotek, Ottawa, Ontario, Canada) according to the protocol
supplied by the manufacturer. Affymetrix GeneChip SNP 6.0 arrays (Affymetrix Inc.,
Santa Clara, CA, USA) were used for genome-wide genotyping of SNPs as described
before (Franke et al., 2010). The call rate threshold was set at 90% for the arrays.
Participants were excluded from the analysis if the call rate per participant was lower than

95%.
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4.2.3 Neuroimaging procedures

MRI data were acquired at the Donders Centre for Cognitive Neuroimaging.
Images were acquired at 1.5 Tesla Siemens Sonata and Avanto scanners (Siemens,
Erlangen, Germany) for 437 participants, using small variations to a standard T1-weighted
3D MPRAGE sequence (TR 2300ms, Tl 1100ms, TE 3.03ms, 192 sagittal slices, field of
view 256mm). These variations included a TR/TI/TE/slices of 2730/1000/2.95/176,
2250/850/2.95/176, 2250/850/3.93/176, 2250/850/3.68/176, and the use of GRAPPA
parallel imaging with an acceleration factor of 2. For a group of 485 participants images
were acquired at 3 Tesla Siemens Trio and TrioTim scanners (Siemens, Erlangen,
Germany), using small variations to a standard T1-weighted 3D MPRAGE sequence (TR
2300ms, T1 1100ms, TE 3.93ms, 192 sagittal slices, field of view 256mm. These
variations included a TR/TI/TE/slices of 2300/1100/3.03/192, 2300/1100/2.92/192,
2300/1100/2.96/192, 2300/1100/2.99/192, 1940/1100/3.93/176, 1960/1100/4.58/176, and
the use of GRAPPA parallel imaging with an acceleration factor of 2. Slight variations in
these imaging parameters have been shown not to affect the reliability of morphometric

results (Jovicich et al., 2009).

4.2.4 Brain segmentation

All T1-weighted structural MRI data covered the entire brain and had a voxel size
of 1x1x1mma3. Automated volumetry as implemented in the FIRST module (version 1.2)
of FSL (version 4.1) (http://www.fmrib.ox.ac.uk/fsl/first/) was applied to segment bilateral
subcortical volumes. To correct for total brain volume (TBV), raw DICOM MR imaging
data were converted to NIFTI format using the conversion as implemented in SPM5
(www.fil.ion.ucl.ac.uk/spm/software/spm5/). Normalizing, bias-correcting, and

segmenting into GM and WM was performed using the VBM 5.1 toolbox version 1.19
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(http://dbm.neuro.uni-jena.de/vbm/) in SPM using default settings. This method uses an
optimised VBM protocol (Ashburner & Friston, 2000; Good et al., 2001) as well as a
model based on Hidden Markov Random Fields (HMRF) developed to increase signal-to-
noise ratio (Cuadra et al., 2005). Total volume of GM and WM was calculated by adding
the resulting tissue probabilities. Total Brain VVolume was defined as the sum of GM and
WM volumes.

Whole-brain VBM was performed in SPM5, separately for data acquired at 1.5T
and 3T. Data were analysed using the grey and white matter images in two separate
analyses. Diffeomorphic image registration was performed using DARTEL (Jovicich et al.,
2009) followed by calculation of Jacobian-scaled images and transformation to Montreal
Neurological Institute (MNI) space using affine transformation. Finally, all data were

smoothed with an 8mm FWHM Gaussian smoothing kernel.

4.2.5 Analysis

We looked at the effect of rs1344706 on several subcortical brain volumes in two
separate cohorts, one scanned at 1.5T and one scanned at 3T, using volumetric
measurements. Given that not much is known about the effects of ZNF804A genotype on
brain volume, we analysed all available subcortical volumes, which included the
hippocampus, amygdala, thalamus, accumbens, caudate, globus pallidus, putamen, and
brain stem. Statistical analysis on the automated volumetry measures was performed using
SPSS18. ANCOVAs were carried out for all brain regions of interest with rs1344706 as
factor of interest and using sex, age, and TBV as covariates. The analysis of WM was
adjusted by GM volume and vice versa. Results were considered significant at p<.05.

For the VBM data, a full-factorial ANCOVA was applied using genotype

(rs1344706) as factor with participants' age, gender, total brain volume, and scan protocol
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added to the model as covariates. Statistics were corrected for non-stationarity and were
applied at p(whole brain uncorrected) < .001 and subsequent cluster statistics at p(FWE) <
.05. We specifically defined the DLPFC, amygdala, hippocampus, posterior cingulate, and
anterior cingulate as regions of interest (ROIs) because of the results from previous studies
assessing the relation between rs1344706 and brain volume (Lencz et al., 2010; Donohoe
etal., 2011; Voineskos et al., 2011) and/or because these regions have been implicated in
schizophrenia (Goldstein et al., 1999; Job et al., 2002; Fornito et al., 2009). The ROIs were
based on the WFU pickatlas (Tzourio-Mazoyer et al., 2002) with the DLPFC being defined

as BA9 and BA46.

4.3 Results
4.3.1 Volumetry

We studied the effect of rs1344706 on macroscopic brain structure using
volumetric measurements in two separate cohorts. The results are shown in Table 4.1, and
were negative for total brain volume, total white matter, total grey matter, and each of the

grey matter regions analysed. This was true for both cohorts.
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Table 4.1: Brain volumes according to rs1344706 genotype and the effect of rs1344706 on the
studied brain volumes in the volumetry analysis, mean (s.d.).

| 1.5 Tesla 3 Tesla

Brain AA CA CcC Sign. | AA CA CcC Sign.

structure (N=146) | (N=210) | (N=81) (N=162) | (N=241) | (N=82)

Left 3.99 4.00 4.08 p=.145 | 4.01 4.08 3.95 p=.289

hippocampus | (0.45) (0.43) (0.43) (0.41) (0.45) (0.49)

Right 3.98 3.93 3.96 p=.496 | 3.96 4.03 3.94 p=.588

hippocampus | (0.42) (0.41) (0.42) (0.42) (0.39) (0.42)

Left 1.71 1.71 1.73 p=.581 | 1.57 1.57 1.57 p=.588

amygdala (0.25) (0.22) (0.24) (0.24) (0.24) (0.24)

Right 1.75 1.73 1.75 p=.967 | 1.59 1.62 1.60 p=.675

amygdala (0.23) (0.22) (0.23) (0.23) (0.24) (0.26)

Left 8.30 8.37 8.39 p=.138 | 8.09 8.15 7.94 p=.398

thalamus (0.71) (0.68) (0.79) (0.71) (0.73) (0.72)

Right 8.54 8.58 8.62 p=.159 | 8.38 8.44 8.29 p=.968

thalamus (0.73) (0.72) (0.80) (0.74) (0.69) (0.76)

Left 0.60 0.60 0.60 p=.841 | 0.57 0.59 0.58 p=.219

accumbens (0.15) (0.15) (0.15) (0.11) (0.12) (0.11)

Right 0.63 0.65 0.63 p=.308 | 0.60 0.62 0.61 p=.207

accumbens (0.14) (0.13) (0.15) (0.12) (0.11) (0.11)

Left caudate 3.67 3.65 3.69 p=.898 | 3.79 3.79 3.73 p=.763
(0.51) (0.50) (0.52) (0.42) (0.44) (0.44)

Right caudate | 3.82 3.81 3.83 p=.941 | 3.90 3.91 3.83 p=.725
(0.41) (0.44) (0.48) (0.43) (0.43) (0.43)

Left globus 1.89 1.88 1.89 p=.849 | 1.88 1.87 1.84 p=.211

pallidus (0.17) (0.18) (0.18) (0.18) (0.17) (0.18)

Right globus | 1.86 1.85 1.85 p=.865 | 1.84 1.83 1.81 p=.149

pallidus (0.17) (0.18) (0.17) (0.17) (0.18) (0.18)

Left putamen | 5.42 541 5.42 p=.906 | 5.26 531 5.22 p=.987
(0.53) (0.51) (0.49) (0.51) (0.48) (0.50)

Right putamen | 5.44 5.38 541 p=.808 | 5.34 5.38 5.31 p=.943
(0.50) (0.52) (0.53) (0.52) (0.50) (0.50)

Brainstem 22.30 22.37 22.50 p=.380 | 21.88 22.00 21.67 p=.786
(2.33) (2.41) (2.44) (2.48) (2.51) (2.44)

White matter | 487.26 485.09 485.40 p=.957 | 466.95 473.94 463.08 p=.433
(51.41) | (52.53) | (58.14) (51.16) | (49.22) | (53.32)

Grey matter 837.57 833.02 837.25 p=.555 | 835.99 842.63 822.11 p=.582
(76.14) | (70.06) | (87.20) (79.54) | (71.33) | (71.70)

Total brain 1324.84 | 1318.11 | 1322.65 | p=.461 | 1302.94 | 1316.57 | 1285.19 | p=.119

volume (116.70) | (113.70) | (138.20) (123.04) | (111.83) | (118.13)

4.3.2VBM

Additionally, we carried out a VBM analysis looking at grey and white matter

separately. Both whole-brain analyses revealed no significant differences between the

different genotype groups studied. Region of interest analyses were carried out on
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prespecified brain structures, but none of these revealed any significant differences based

on rs1344706 genotype. The results are shown in Table 4.2.

Table 4.2: Effect of SNP rs1344706 on the studied brain volumes in the region of interest VBM

analysis.
Brain Volume 1.5 Tesla p-value 3 Tesla p-value
Amygdala 0.92 0.66
ACC 0.92 0.95
DLPFC 0.60 0.65
Hippocampus 0.99 0.86
PCC 0.71 0.73

ACC = anterior cingulate cortex, DLPFC = dorsolateral prefrontal cortex, PCC = posterior cingulate cortex

4.4 Discussion

In this study, we found no effect of rs1344706 genotype on macroscopic brain
structure in two independent cohorts. Given the size of the cohorts and the use of two
separate analysis methods, it seems reasonable to conclude that this reflects a true
negative. However, this study only looked at healthy volunteers and not patients, so
rs1344706 might affect brain structure in patients, as previously reported by Donohoe et al.
(2011). Furthermore, we only looked at structural MRI scans to assess possible changes in
grey and white matter. Effects on white matter and structural connectivity are better
assessed using DTI scans, so large future studies using DTI scans might still show effects
of ZNF804A genotype. Also different analysis methods, for example studying cortical
thickness (VVoineskos et al., 2011), might reveal effects of the gene.

Six more studies have now been published addressing the question whether
rs1344706 affects macroscopic brain structure, one of which used methods similar to those
described in this chapter. Wassink et al. (2012) studied a large sample of 335 subjects with
schizophrenia, as well as 198 healthy controls. Looking at white matter volumes of the
whole brain and at the 4 lobes separately, they found an overall effect of genotype on total,

frontal, and parietal lobe WM volumes. In the schizophrenia group, the effect was present
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for total and frontal WM volumes, while in the healthy control group there was a specific
effect of rs1344706 on total WM volume. This finding is not in line with the findings from
the study described in this chapter, but is in line with the findings of Lencz et al. (2010).
However, our study included two independent cohorts each of which was more than twice
the size of the healthy cohort studied by Wassink et al. (2012) and more than ten times the
size of the group studied by Lencz et al. (2010), which underlines the importance of
studying large cohorts to reliably measure effects of putative risk genes.

Three other recent studies have also reported no evidence for an association
between rs1344706 and brain structure, albeit using different methods. Sprooten et al.
(2012) looked at DT1 scans of 133 healthy volunteers and 84 unaffected relatives of
bipolar patients. Both voxel-based analysis and tract-based analysis did not reveal any
difference in white matter structure between double risk carriers and C carriers. This was
true for both healthy volunteers and unaffected relatives. Also Wei et al. (2013) assessed
the possible association of ZNF804A genotype with white matter integrity, studying 100
patients with schizophrenia and 69 healthy volunteers. Differences in fractional anisotropy
were found between schizophrenia patients and controls, but no differences between
genotype groups or any interactions between diagnosis and genotype were reported.
However, one of these groups did report an effect on white matter density in a study
looking at structural MRI scans (Wei et al., 2012). Structural scans of 80 schizophrenics
and 69 healthy controls were obtained, and an interaction between diagnosis and genotype
was found in the left prefrontal lobe. Risk carriers in the schizophrenia group were
reported to have higher WM density in left prefrontal regions, whereas healthy risk carriers
had lower WM density in these regions. In both groups, the risk allele was associated with
increased WM density in bilateral hippocampus. Also Kuswanto et al. (2012) used DTI to

assess the impact of ZNF804A genotype on WM as measured by DTI. They included 89
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schizophrenic patients and 64 controls, and next to effects of diagnosis found several
diagnosis by genotype interactions. These showed that double risk carriers with
schizophrenia had less white matter integrity in parietal and temporal regions than healthy
double risk carriers. Together, these studies do not provide convincing evidence for the
association between ZNF804A and schizophrenia being mediated by structural integrity
differences in large, long-range white matter fibre connections. Lastly, a study by
Bergmann et al. (2013) looked at 63 SNPs in ZNF804A in 365 psychosis patients and
healthy volunteers to assess their effect on cortical thickness. None of these SNPs,
including rs1344706, was found to affect cortical thickness in the schizophrenia, bipolar
disorder, and healthy control groups.

The evidence that structural changes in patients with schizophrenia are trait
measures related to genetic risk is variable, with some studies providing evidence that they
are state factors related to the experience of illness. Despite reasonably robust brain
morphological differences between patients and healthy volunteers, studies exploring
samples of patients, siblings, and normal controls did not always detect differences in
structural measurements between siblings and healthy volunteers, despite relevant sample
sizes (n = 600) and different analysis methods (VBM, Honea et al., 2008; cortical
thickness, Goldman et al., 2009; automated subcortical segmentation technique, Goldman
et al., 2008). This suggests that structural measures might not be the most robust
intermediate phenotype, even though several studies have detected effects of schizophrenia
risk genes on brain structure (Callicott et al., 2005; Buckholtz et al., 2007; Crespo-Facorro
et al., 2007; Mclntosh et al., 2008).

Together, the results strongly suggest that rs1344706 does not impact upon
regional brain volumes as measured by sMRI in young adults. Our study was the largest

study to date and found no effects, with other smaller studies reporting mixed findings.
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While we cannot rule out such effects occurring at earlier developmental stages, in clinical
populations, or on other parameters of macroscopic brain structure not measured here, it
seems more likely that any pathophysiological correlates of rs1344706 in ZNF804A occur
via modulation of brain function or connectivity. In chapters 6 and 7, I will discuss brain
function and connectivity as intermediate phenotypes to study the effects of ZNF804A

genotype.
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Chapter 5 - Methods for multimodal imaging

5.1 Introduction
5.1.1 Multimodal imaging

The main goal of the neuroimaging experiments carried out for this thesis is to
assess the effects of ZNF804A genotype on brain activity. At the same time, this also gives
us the opportunity to link and compare magnetoencephalography, functional magnetic
resonance imaging, and magnetic resonance spectroscopy datasets of a large number of
healthy volunteers. Although there are some studies that have addressed multimodal
imaging questions, there are no established ways of linking these datasets. Furthermore,
the methods we use for the analysis of the MEG and MRS data are relatively novel.
Therefore, we decided to add a simple gratings task, known to activate areas involved in
visual processing, to our experiment. Because it is well-established that the gratings lead to
gamma oscillations and a blood-oxygen-level dependent (BOLD) response in occipital
regions, this gives us a clear read-out and the opportunity to work out the best methods to
analyse our multimodal datasets. Additionally, a recent study has linked resting GABA
concentrations to visual gamma oscillations and visual fMR1 BOLD responses
(Muthukumaraswamy et al., 2009), which makes the visual system a suitable model for
developing multimodal analysis tools and linking results from the different modalities. In
this chapter, I will not discuss effects of ZNF804A genotype on brain activity, but will
explain the methods we used to analyse the different datasets and our findings with regard
to correlations between GABA, gamma, and BOLD responses in occipital regions. In
chapter 6, these same methods will then be applied to assess the effect of ZNF804A

genotype on prefrontal function.
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5.1.2 BOLD fMRI and gamma oscillations

The relationship between hemodynamic responses as measured with BOLD fMRI
and underlying neuronal activity has been an important topic of investigation (Logothetis,
2008). Recordings in both anesthetized and awake monkeys have shown that
hemodynamic responses are preferentially sensitive to local field potentials as opposed to
action potentials (Logothetis et al., 2001; Goense & Logothetis, 2008). In addition,
recordings from anesthetized cat visual cortex have revealed a strong positive correlation
between BOLD and neuronal synchronization in the gamma frequency range (>30Hz)
together with a negative correlation of BOLD with lower frequency bands (Niessing et al.,
2005). Most studies in humans using simultaneous EEG and fMRI have reported negative
correlations with BOLD in the low-frequency ranges (Goldman et al., 2002; Laufs et al.,
2003; Scheeringa et al., 2008; 2009; Yuan et al., 2010). For higher frequencies, Scheeringa
et al. (2011) demonstrated that trial-by-trial BOLD fluctuations correlate positively with
simultaneously recorded trial-by-trial fluctuations in narrow-band high frequency (60-80
Hz) EEG gamma power. Using fMRI and MEG, Zumer et al. (2010) reported that the
higher gamma frequencies were positively correlated with BOLD. Zaehle et al. (2009)
showed that visual stimuli that evoked high gamma responses in occipital regions in
subjects also elicited strong BOLD responses, with inter-individual variations
of BOLD responses to visual stimuli correlating with the gamma power of the subjects.

In contrast, in two experiments by Muthukumaraswamy and Singh (2008; 2009)
which also addressed the question of the relationship between the BOLD signal and
gamma oscillations measured by MEG, it was found that the gamma signal was sensitive
to changing stimulus properties, but the BOLD signal was not. They interpreted this
functional decoupling as a demonstration that increased amplitude of gamma band

oscillations as measured with MEG is not sufficient to drive the subsequent BOLD
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response. In another study, however, they showed that individual differences in gamma
oscillations are negatively correlated with peak gamma frequency in occipital cortex
(Muthukumaraswamy et al., 2009). This finding was not replicated in a later study
(Swettenham et al., 2013), in which it is concluded that at least in human primary visual

cortex, BOLD responses are independent from gamma oscillations.

5.1.3 GABA and gamma oscillations

A finding from the same study by Muthukumaraswamy et al. (2009) that has
received a lot of attention is that peak gamma frequency is correlated with resting GABA
levels. Animal studies and modelling studies have clearly shown the importance of GABA
for the generation of gamma oscillations (Traub et al., 1996; Wang & Buzsaki, 1996;
Bartos et al., 2007), but the relationship between GABA and gamma is not easily assessed
in the human brain. Muthukumaraswamy et al. (2009) attempted this by correlating resting
GABA concentrations as measured by Magnetic Resonance Spectroscopy (MRS) with
visual gamma oscillations as measured by MEG. MRS provides a non-invasive method to
quantify metabolite concentrations in discrete regions of the human brain; however, it can
only detect the total concentration of a neurochemical and cannot distinguish between
separate functional pools of GABA (Stagg et al., 2011a). In their study,
Muthukumaraswamy et al. (2009) found a correlation between resting GABA levels and
visual gamma peak frequency in 12 participants. GABA levels in individuals correlated
with the frequency level displaying the greatest power within the gamma band (gamma
peak frequency). The correlation was speculated to reflect a dependence of gamma
oscillations on GABA concentrations as measured by MRS, with these GABA
concentrations providing a window into pyramidal-interneuron network properties. If true,

such correlation would make the gamma peak frequency a useful surrogate marker of
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cortical excitability for studies investigating clinical populations and/or the effects of
pharmacological agents. Gamma oscillations would also be a useful intermediate
phenotype in studies, such as ours, looking at effects of putative risk genes for psychiatric
disorders. The same group later reported a similar correlation in a sample of 13
participants, 7 of whom participated in both studies (Edden et al., 2009). Gaetz et al.
(2011) observed the correlation between GABA and gamma frequency in the motor cortex
of 9 healthy adults. However, the correlation between gamma peak frequency and MRS
GABA was recently also assessed in a study by Shaw et al. (2013). They studied GABA
and gamma oscillations in participants with remitted depression (n=19) and healthy
controls (n=18), but found no correlation.

Subsequent pharmacological MEG studies have addressed the relationship between
GABA and gamma oscillations in the human brain. Hall et al. (2010) found that diazepam
increases only gamma power and not frequency in the occipital cortex, while a similar
study by Hall et al. (2011b) using diazepam but focusing on motor areas showed no
modulation of gamma oscillations. Muthukumaraswamy et al. (2012b) found that elevation
of GABA by tiagebine does not modulate gamma oscillations in the motor cortex. In the
visual cortex, Muthukumaraswamy et al. (2013) found that increasing GABA with
tiagebine also does not modify the amplitude or frequency of gamma oscillations. Saxena
et al. (2013), using GABA-A agonist propofol, observed an increase in stimulus-induced
gamma amplitude only. Taken together, these studies have not convincingly elucidated the

relationship between GABA levels and visual gamma frequency in the human brain.

5.1.4 GABA and BOLD fMRI
The study by Muthukumaraswamy et al. (2009) also showed a negative correlation

between GABA as measured by MRS and BOLD fMRI in occipital regions, meaning that
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increased inhibition is associated with a reduced BOLD response. Two possible
mechanisms that could explain this finding were proposed: GABAergic interneurons might
directly affect local circulation by releasing vasoactive modulators; alternatively, GABA
might affect BOLD via pyramidal cells and the metabolic demands associated with
glutamate cycling with increased GABA activity creating less glutamatergic activity.
Furthermore, this finding was said to have important implications for the interpretation of
fMRI experiments, because differences in the BOLD response might actually be explained
by differences in GABA concentrations, independent of the paradigm used.

Two other studies to date have assessed the relationship between resting GABA
concentrations and the BOLD response in occipital cortex. A study by the same group
(Muthukumaraswamy et al., 2012a) investigated the relationship between resting GABA
and BOLD response amplitude, cerebral blood flow (CBF), the shape of the hemodynamic
response function (HRF), and tissue content of the MRS voxel in 15 participants. Resting
GABA concentrations were found to correlate negatively with the magnitude of the BOLD
response, and positively with the width of the HRF. No correlations were found between
GABA and CBF or GABA and tissue contents. The changes in HRF shape in individuals
with higher GABA indicate that vascular response characteristics might partly underlie
observed correlations between GABA and BOLD. A second study by Donahue et al.
(2010) sought to disentangle the different components of the BOLD signal and investigate
which of these components correlates with GABA in 12 participants. Negative correlations
were found between GABA and BOLD magnitude, and between GABA and cerebral
blood volume. A positive correlation was observed between GABA and cerebral blood
flow.

The earliest study investigating whether GABA as measured by MRS underlies the

BOLD signal looked at the anterior cingulate cortex (ACC). They found that the higher the
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total concentration of GABA in the ACC, the stronger the negative BOLD responses that
were induced by emotional processing in the same region (Northoff et al., 2007). Two
other studies have linked the BOLD response in the ACC to resting glutamate
concentrations (Duncan et al., 2011; Falkenberg et al., 2012). No correlations were found
between the BOLD signal in the hippocampus and MRS measures of NAA and glutamate

(Hutcheson et al., 2012).

5.1.5 Research questions

The study by Muthukumaraswamy et al. (2009) has generated a lot of interest and
has led to many studies based on the assumption that GABA, gamma oscillations, and
BOLD fMRI correlate. It is important that high impact studies are replicated (Brembs et
al., 2013), to ensure that subsequent studies are based on valid assumptions. The larger
dataset we had because of our genetic neuroimaging study allowed us to do so in a much
larger sample. At the same time, it allowed us to develop the best analysis methods for all
three imaging datasets and find parameters we could use to assess correlations between the
datasets, which we can then apply to the datasets we acquired to assess activity in the
DLPFC (chapter 6). In this chapter, I will explain the methods we used and address the
question whether resting GABA and glutamate concentrations as measured by MRS
correlate with the peak frequency and amplitude of gamma oscillations and the BOLD
response in the occipital cortex. Not many studies to date have specifically looked at
glutamate, because older MRS sequences could not distinguish between glutamate and
glutamine (Near et al., 2013). In 50 healthy volunteers, we measured concentrations of
endogenous resting GABA and glutamate from a voxel in the occipital cortex using MRS,
stimulus-induced gamma oscillations using MEG, and BOLD response in the occipital

cortex using TMRI.
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5.2 Methods
5.2.1 Participants

Healthy right-handed participants between 18 and 35 were recruited for this study.
Participants were not included if they reported a history of psychiatric or neurological
ilIness, the use of any form of medication that might affect brain activity, or had a form of
metal in or on their body that they could not remove. If they fulfilled the inclusion criteria,
they provided two cheek swabs and were genotyped for ZNF804A rs1344706. Participants
who were homozygous for either the risk allele or the non-risk allele were invited to take
part in the imaging study. In total, 50 subjects were included, 23 men and 27 women. The
average age of the participants was 24, ranging from 19 to 34. Five participants reported
that they were regular smokers, whereas no participants reported regular drug use.
Genotyping methods and additional information about these participants will be described
in chapter 6. Ethical approval for this study was obtained from the research ethics

committee, NHS South central, Berkshire (11/SC/0053).

5.2.2 Task

In the visual task, stimuli consisting of vertical, stationary, maximum-contrast, 3-
cycles per degree gratings of 4 degrees of visual angle were presented on a mean
luminance, grey background. Gratings were presented for 2s followed by 2s of fixation at a
peripheral location within the lower left or right visual field (centred over 2.5 degree
eccentricity). Blocks of left or right visual field stimulation contained five stimuli,
followed by 20s fixation during which the subjects were allowed to blink. Overall, ninety
stimuli were presented. Participants were instructed to maintain fixation on a dot in the

middle of the screen for the duration of the experiment.

72



5.2.3 Magnetic resonance spectroscopy

For MR data acquisition, a 3T Siemens scanner with a 32-channel head coil was
used. Sagittal and axial T1 scout images were acquired and used to place a 2 x 2 x 2cm
voxel of interest manually in the occipital cortex. The placement of the voxel is shown in

Figure 5.1.

=T

ar

Chemical Shift (ppm)

Figure 5.1: A typical spectrum acquired with the SPECIAL sequence from the voxel in occipital
cortex (placement shown). Data were analysed with LCModel and the quality of the fit is
represented by the small residual remaining after the fitting, shown as the little black line at the top
of the figure. Peaks for GABA and glutamate as well as creatine (Cr+PCr) are indicated. Two more
GABA peaks, at 3ppm and 1.9ppm, are present in the spectrum, but these are hidden by the larger
peaks of other metabolites.

The SPECIAL (spin-echo full-intensity acquired localized) sequence, originally
developed by Mlynarik et al. (2006) and adapted for humans by Mekle et al. (2009),
localised single-voxel spectroscopy measurements in the occipital lobe. This sequence
employs a very short echo-time acquisition, thereby minimizing signal loss due to T2
decay and scalar coupling. While conventional short TE MRS is typically performed using
a stimulated-echo approach, the SPECIAL sequence uses a spin-echo approach, which
yields a factor two improvement in signal-to-noise ratio. Volumes were acquired using the

following scan parameters: VOI =2 x 2 x 2cm, TR/TE=3000ms, 8.5ms, spectral width = 2
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kHz, number of averages = 192, vector size = 2048. Water suppression was achieved using
the VAPOR method, which uses frequency selective pulses to suppress the water signal
prior to excitation. A water unsuppressed scan was also acquired (averages = 8) to provide
a measurement of the water signal for referencing purposes. Data acquisition could not be
completed for one participant due to peripheral nerve stimulation.

Before the MRS acquisition, a high-resolution T1-weighted anatomical image was
acquired for each subject. The parameters were: 224 slices (Imm thick), distance factor =
50%, fov(read) = 256mm, fov(phase) = 68.8%, matrix = 174x192, TR = 3000ms, TE =
4.8ms, Tl = 1100ms, flip angle = 8°, 1 concatenation, bandwidth = 220Hz, echo spacing =
9.6ms.

For the MRS data analysis, prior to spectral analysis, eddy-current correction was
applied to each water-suppressed spectrum, using the corresponding water-unsuppressed
spectrum as an eddy-current reference. The spectra were then quantitatively analysed using
Linear Combination (LC) Model. This analyses the in vivo spectrum as a linear
combination of a basis set of simulated metabolite spectra (Provencher, 1993). This way,
we obtained a quantitative estimate for the concentration of each metabolite in arbitrary
units, as well as its estimated uncertainty (Cramer-Rao lower bound). Given our interest in
GABA and glutamate, we extracted the estimated concentrations for these
neurotransmitters. Furthermore, we extracted absolute levels of Creatine (Cr+PCr), which
is a measure of cellular integrity and the standard reference resonance (Stagg et al., 2009).

We then normalised our GABA and glutamate values by dividing them by Creatine levels.

5.2.4 Magnetoencephalography
Whole-head MEG recordings were acquired using the Elekta NeuroMag MEG

System. Data from the 204 gradiometers were analysed. The signal was digitised at a
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sampling rate of 1000Hz, with a high-pass filter of 0.03Hz and a low-pass filter of 330Hz.
A magnetic digitizer (Polhemus FastTrach 3D) was used to measure the relative positions
of four head-position indicator (HPI) coils and three anatomical landmarks (nasion, left
and right auricular points). These coordinates were used for coregistration of the sensor
montage to the participant's structural MRI scan.

The data were analysed using the Matlab-based Fieldtrip toolbox (Oostenveld et
al., 2011; http://www.ru.nl/neuroimaging/fieldtrip). Offline, data were low-pass filtered at
200Hz and high-pass filtered at 0.5Hz. Data were downsampled to 500Hz. Bad channels
and trials were rejected upon visual inspection. We used independent component analysis
(Jung et al., 2000) to identify eye artefacts, which were then projected out of the data. Line
noise was removed using a band stop filter from 49.5-50.5Hz.

To assess the effects of the presentation of the gratings on gamma (40-80Hz) and
alpha power (8-12Hz) in sensor space, a time-frequency analysis was performed using a
fast Fourier transform (FFT) approach with sliding time windows. For lower frequencies
(4-30Hz) we used an adaptive time window of four cycles length and applied a Hanning
taper (At = 4/f); for higher frequencies (35-90Hz) we applied a fixed time window of 0.5s
and four orthogonal Slepian tapers resulting in +/- 5Hz smoothing (Percival and Walden,
1993). Average spectral power was then computed as the average across trials and tapers
(time window between 0.5 and 2s), and presented relative to baseline (between -1 and -
.5s). Statistical analysis was performed both at sensor and source level (see below), using
the same cluster-based randomization procedure (Maris & Oostenveld, 2007). By
clustering neighbouring sensors (or grid points in the source analysis) that show the same
effect, this test deals with the multiple-comparisons problem and at the same time takes

into account the dependency of the data.
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We applied a linearly constrained minimum variance (LCMV) beamformer
technique to extract source-reconstructed gamma peak frequency and amplitude from the
occipital lobe. Using the individual anatomical MRI, we constructed a realistically shaped
single-shell description of the brain for each subject. The brain volume was divided into a
grid with a 1cm resolution and normalised toward the template Montreal Neurological
Institute brain using SPM8 (www.fil.ion.ucl.ac.uk/spm). Lead fields were calculated for all
grid points (Nolte, 2003). We calculated the covariance-matrix between all sensor pairs of
the averaged band-passed (40-80Hz) single trials and computed spatial filters for each
subject, which were applied to reconstruct the raw time series as a virtual channel for the
region of interest. Fourier spectra for the gamma range (40-80Hz) were obtained with an
FFT using 9 Slepian multitapers (+/- 5Hz spectral smoothing) applied to 1s data segments
for the baseline time window (between -1.0 and 0s) and the time window of interest (0.5 to
2.0s after stimulus presentation, divided into 0.5-1.5 and 1.0-2.0s). Spectra were plotted
relative to baseline and peak frequency and amplitude information extracted. We also
fitted a Gaussian curve to the peaks to establish the existence of clear peaks. For 7 subjects
no clear peak could be fitted, and therefore these were excluded from further analyses.

Regions of interest were generated in two ways. To directly assess the relationship
of GABA and glutamate with gamma in the same location in the brain, we took the MNI
coordinates of the MRS voxel of each individual subject and used these as a spatial mask
to extract gamma amplitude and frequency data. Furthermore, we determined the spatial
distribution of power within the gamma band (40-80Hz) in occipital cortex. A sphere of
17.5mm radius was drawn around the peak of the activation and used as a spatial mask to
extract frequency and amplitude. Because a previous study reporting a correlation between

gamma peak frequency and GABA only presented gratings in the left visual field
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(Muthukumaraswamy et al., 2009), we also specifically analysed activity generated by the

left gratings only. Amplitude was expressed as percentage change from baseline.

5.2.5 Functional magnetic resonance imaging

During the gratings task, whole-brain T2*-weighted BOLD fMRI data were
acquired using echo planar imaging (EPI) and an interleaved slice acquisition sequence [34
axial slices, volume repetition time (TR) = 2s, echo time (TE) = 28ms, flip angle = 76°,
slice matrix size = 64 x 64, slice thickness = 3.0mm, field of view (FOV) = 192mm].
Three hundred and ten images were acquired during the gratings task.

Image processing and statistical analyses were conducted using statistical
parametric mapping software (SPM8, http://www. fil.ion.ucl.ac.uk/spm/software/spm8/).
The first five EPI volumes were discarded to allow for T1 equilibration. Remaining
functional images were realigned with rigid body transformation and coregistered to the
anatomical T1-weighted MR image. Subsequently, images were transformed into a
common stereotactic space (MNI1152 T1-template) and resampled into 2 x 2 x 2mm3
isotropic voxels. Spatial smoothing was performed with an isotropic 3D Gaussian kernel
of 8mm full-width at half-maximum. Statistical analysis was performed within the
framework of the general linear model. The presentation of the gratings was modelled as
boxcar regressor and convolved with the canonical hemodynamic response function of
SPMB8. Additionally, realignment parameters were included to model potential movement
artefacts. Contrast parameter images generated at the single subject level (gratings vs.
fixation) were submitted to second-level group analysis.

Given our interest in interindividual variation and possible correlations with other
imaging measures, we extracted percent signal change for each individual using MarsBar

(Brett et al., 2002). MarsBar allows you to generate a region of interest for each individual
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subject and obtain a 3-estimate for this region or voxel of interest. Based on this -
estimate, MarsBar can also calculate percent signal change. In this study, we generated
ROls for the voxel with strongest activity within occipital regions. Additionally, we
generated a ROI that contained all voxels that had been activated by the presentations of
the gratings at a threshold of p=.001 uncorrected. In line with the study by
Muthukumaraswamy et al. (2009) we then also extracted percent signal change from the
voxel that displayed peak activation in response to presentation of left gratings only. We
also attempted the use of structural masks either based on the WFU pickatlas (Tzourio-
Mazoyer et al., 2002) or on the anatomical location of the MRS voxel. However, we found
that this approach was not feasible for the extraction of BOLD fMRI data, because the area
of the mask was much larger than the area of activation, leading to negative values.
Therefore, these values were not used in further analyses. Four subjects showed no clear

BOLD response, so percent signal change could not be extracted.

5.2.6 Correlating data from different imaging modalities

Given our interest in linking data from different imaging modalities, we obtained
measurements reflecting activity in the occipital lobe from three modalities. We used the
same task in fMRI and MEG sessions and measured from the same location with MRS and
MEG. To assess possible correlations between the tree imaging modalities, Pearson's

correlation coefficient was calculated using SPSS 21. P<.05 was considered significant.

5.3 Results
5.3.1 Magnetic resonance spectroscopy
Spectra as shown in Figure 5.1 were obtained for all participants. The doublet

containing GABA and glutamate is indicated, as is the peak representing Cr+PCr. For all
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subjects the Cramer-Rao bounds were below 20% for both GABA and glutamate,

indicating that the estimates are reliable. Line width was <10Hz for all participants.

5.3.2 Magnetoencephalography

Sensor space analyses showed a clear increase in visual gamma power (40-80Hz)
and a decrease in alpha power (8-12Hz) in posterior regions in response to the gratings
(cluster-based randomization test p<.05; Figure 5.2 upper part). These were sustained for

the duration of the stimulus (Figure 5.2 lower part).
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Figure 5.2: Sensor space analysis showed a clear increase in visual gamma power (upper left) and a
decrease in alpha power (upper right) in posterior regions in response to gratings. Black dots in the

topoplots indicate the sensors where a significant effect was observed. Time frequency
representations show that the increase in gamma was sustained for the duration of the stimulus
presentation (lower left), as was the decrease in alpha (lower right).
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Figure 5.3: Gamma activation patterns of three representative subjects. The first row shows the
topoplots based on the sensor space analysis, with the second row showing TFRs based in the
sensor space analysis. The third row shows source localization of gamma band activity, with the
fourth row showing the TFRs for the location of maximum activation. The final row of the figure
shows the fitted peaks for each individual participant. The first part of the graph shows the
spectrum before (blue) and during (red) the presentation of the grating. The second graph shows
the difference between these two spectra and the peak activation for the subject. The third graph
shows the fitted Gaussian curve.
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We applied a beamformer spatial filtering technique to extract source-reconstructed
gamma peak frequency and amplitude from the occipital lobe. Individual participants
showed clear gamma responses in visual regions, as can be seen in Figure 5.3.

Even though there was individual variation, there was clear gamma activation visible in
both the sensor and source space analyses, which was sustained for the duration of the
stimulus (0-2s) and visible at the same peak frequency in both sensor and source space
(Figure 5.3). For each individual participant, Fourier spectra for the gamma range (40-
80Hz) were obtained with a fast Fourier transform. We used both the peak of the gamma
activity and the location of the MRS voxel as regions of interest for the extraction of
gamma frequency and amplitude. Spectra were plotted relative to baseline, and peak
frequency and amplitude information extracted. Besides taking the highest value from the
‘raw’ spectra, we also fitted Gaussian curves to the spectra to establish the existence of
unambiguous peaks for all individual subjects. Representative spectra for individual
participants, based on the peak of the gamma activation, can be seen in Figure 5.3.

Gamma peak frequency based on the raw spectra and gamma peak frequency based
on the Gaussian fit showed a strong correlation of r=.892, p<.001, as did our estimates
based on the peak activity ROI and the MRS voxel ROI (r=.690, p<.001). To confirm the
quality of the data and the reliability of the estimates, we estimated gamma peak
frequencies for independent datasets based on activation induced by left and right gratings
separately, which were strongly correlated (r=.714, p<.001). Figure 5.4 shows the
correlation between the estimates based on the left and right gratings as well as the
lateralised activation patterns induced by left and right gratings only. These could be seen

at the group level as well as in single subjects.
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Figure 5.4: The upper left part of the figure shows lateralised activation at the group level, with the
lower left part of the figure depicting lateralised activation in a representative subject (subject 1).
The presentation of gratings on the left side of the screen led to activation in the right occipital
cortex, whereas presentation of gratings on the right side of the screen led to activation in the left
occipital cortex. The upper right part of the figure shows the fitted peaks (left and right) for this
same subject. The lower right part shows the strong correlation between gamma peak frequency
estimates for the left and right gratings.
5.3.3 Functional magnetic resonance imaging
Presentation of the gratings led to clear BOLD responses in occipital areas, as can
been seen in the upper part of Figure 5.5. When looking at the effects of left and right
gratings separately, we saw a clear lateralization of activation in occipital regions (lower

part Figure 5.5).
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Figure 5.5: The upper part of the figure shows the BOLD response induced by the gratings at the
group level (p=.05, FWE-corrected). The lower part of the figure shows that right gratings lead to
activation in the left hemisphere (left image, p=.05, FWE-corrected) and left gratings lead to
activation in the right hemisphere (right image, p=.05, FWE-corrected).

The first approach we took to extract percent signal change was to use these
activations as a region of interest and extract percent signal change from those. In four
participants there was no clear activation and therefore percent signal change could not be
extracted. We were able to extract percent signal change based on the peak voxel from 46
participants and percent signal change based on the peak voxel from left gratings only
from 48 participants. Percent signal change based on all voxels activated correlated well
with percent signal change based on the peak voxel r=.724, p<.001 and with percent signal
change based on the left grating r=.592, p<.001. Also percent signal change based on the

peak voxel correlated well with percent signal change based on the left gratings only

r=.556, p<.001.
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5.3.4 Correlations between data from different imaging modalities

We found no correlations between GABA and any of our gamma peak frequency
measures (GABA - gamma based on peak activation: r=-.114, p=.473; GABA - gamma
based on left stimulus: r=-.132, p=.404; GABA - gamma based on MRS voxel: r=-.053,
p=.737).

We applied further controls by subsampling participants, based on the line width
and signal to noise ratio of the MRS data as well as the clarity of the peak in the MEG
data. However, even when we sub-selected the participants with the best data quality
(n=22), we did not find any significant correlations (GABA - gamma based on peak: r=-
160, p=.477; GABA - gamma left: r=-.130, p=.565; GABA - gamma based on MRS: r=-
155, p=.492). Scatter plots for all these correlations can be found in figure 5.6. No
correlations were found between GABA and gamma amplitude (r=.151, p=.341.) or
between glutamate and gamma frequency (r=-.105, p=.509), glutamate and gamma
amplitude (r=.120, p=.449), GABA/glutamate and gamma frequency (r=-.055, p=.729), or

GABA/glutamate and gamma amplitude (r=.060, p=.705).
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Figure 5.6: No correlations were observed between GABA and gamma based on the peak
activation (left), between GABA and gamma based on left gratings only (middle), or between
GABA and gamma from the location of the MRS voxel (right). Diamonds represent the
participants with the best data quality.

We also did not observe any correlations between GABA and any of our BOLD
measures (GABA - all activated voxels: r=-.080, p=.601; GABA - peak voxel: r=-.180,
p=.227; GABA - peak voxel based on left gratings: r=-.053, p=.737). Also in this case,

when we sub-selected the participants with the best data quality (n=24), based on the line
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width and signal to noise ratio of the MRS data as well as the clear presence of a visual
BOLD signal in the MRI data, we did not find any significant correlations (GABA - all
activated voxels: r=-.109, p=.613; GABA - peak voxel: r=.135, p=.530; GABA - peak

voxel based on left grating: r=-.192, p=.368). These scatter plots have been depicted in
Figure 5.7. Furthermore, no correlation was found between glutamate and the BOLD

signal (r=.088, p=.622).
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Figure 5.7: No correlations were observed between GABA and the BOLD signal in all activated
voxels (left), between GABA and BOLD signal in the peak voxel (middle), or between GABA and
BOLD in response to the left gratings only (right). Diamonds represent the participants with the
best data quality.

Lastly, we correlated gamma frequency and amplitude based on the peak of the
activation in occipital cortex with percent signal change in the voxel showing the strongest
BOLD response and found no correlation (frequency: r=.273, p.088, Figure 5.8; amplitude:

r=-.185, p=.274).
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Figure 5.8: No correlation was observed between gamma peak frequency and percent signal
change in the BOLD signal of the voxel with peak activation.
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5.4 Discussion

With the study described in this chapter, we had two goals. First of all, we wanted
to establish the best analysis methods for our multimodal dataset, especially for the MEG
data where methods are less established than for fMRI. Secondly, we attempted to
replicate the finding of Muthukumaraswamy et al. (2009) of correlations between resting
GABA concentrations, gamma peak frequency, and BOLD fMRI in the occipital lobe. We
were able to analyse all three types of data and developed an analysis pipeline for the
MEG data that allowed us to show clear visual gamma in almost all participants. The
methods described in this chapter will also be applied in chapter 6, where they will be used
to address the question whether ZNF804A genotype affects prefrontal function. However,
we did not replicate the findings of Muthukumaraswamy et al. (2009), because no
correlations were found between GABA and gamma, gamma and BOLD, and GABA and
BOLD. This is an important finding in itself, and I will discuss possible explanations and
implications of this, focusing in more detail on the lack of correlation between GABA and
gamma peak frequency, which was the most novel finding in the Muthukumaraswamy et
al. (2009) paper and has received most attention in the literature.

In order to find not only the best way to analyse individual datasets, but also
analysis methods that would enable us to link results from the different imaging
modalities, the data were analysed using several methods. We initially attempted to assess
the relationship between MRS GABA and gamma oscillations in a more direct way by
taking both measurements from the same anatomical location. We also extracted frequency
and amplitude from the spatial peak of the activity for each individual participant, so that
our measures would be derived from the strongest gamma oscillations present. To make
our study as comparable as possible to the study of Muthukumaraswamy et al. (2009), we

also analysed the data based on the left gratings only. In addition to using the maximum
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value of the FFT spectra, we fitted a Gaussian curve to the spectra to assess peak
frequency. This makes explicit the assumption that there is a peak and is less susceptive to
incorrect detection of a spurious incorrect local maximum. All these different measures of
gamma activity correlated with each other, but none correlated with the measured GABA
concentrations. With respect to the BOLD fMRI data, we extracted percent signal change
from several ROIs, including all voxels activated by the gratings, the voxel showing peak
activation, and the voxel showing peak activation in response to left gratings only. Also in
this case, the different measures correlated with each other, but not with GABA or gamma
peak frequency.

Gamma oscillations are generated within complex networks of inhibitory
GABAergic and excitatory glutamatergic cells, with recorded gamma waves largely
corresponding to synchronous IPSPs in pyramidal cells brought about by fast-spiking
interneurons (Buzsaki & Wang, 2012). Therefore, synaptic GABA is crucial for the
generation of gamma oscillations. Under basal conditions, the MRS GABA signal arises
mostly or almost entirely from the large cytoplasmic GABA pool in GABAergic neurons,
the functional significance of which is not known (Maddock & Buonocore, 2012).
Therefore, MRS GABA seems unlikely to reflect primarily the activity of GABAergic
interneurons, including those within gamma-generating networks (Stagg et al., 2011a).
Studies have tried to address this issue by correlating MRS GABA measures with TMS
measures of synaptic GABA-A and GABA-B (Stagg et al., 2011b; Tremblay et al., 2013),
because different TMS protocols can be used to specifically assess GABA-A and GABA-
B activity. No correlation between MRS GABA measures and TMS measures of synaptic
GABA-A and GABA-B activity was found, supporting the view that MRS-derived GABA
levels do not reflect specific synaptic activity. Given that gamma oscillations most likely

mediate the relationship between GABA signalling and BOLD (Logothetis et al., 2001;
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Buzsaki et al., 2007), this problem extends to possible correlations between GABA as
measured by MRS and BOLD fMRI.

Moreover, whilst there is evidence that gamma peak frequency is heritable (van
Pelt et al., 2012), which would indicate that it is a relatively stable characteristic, many
factors seem to affect gamma frequency making it highly variable within individual
subjects. Visual gamma frequency depends on several stimulus parameters such as
stimulus contrast (Ray & Maunsell, 2010), velocity (Swettenham et al., 2009), size (Ray &
Maunsell, 2011), and eccentricity (van Pelt & Fries, 2013). Recently, it has also been
shown to depend on cognitive processes such as attention (Bosman et al., 2012). This
variability of the gamma peak frequency makes it less plausible that gamma frequency
would correlate with a relatively stable property (i.e. resting GABA levels), even if the
latter could be measured selectively in terms of synaptic rather than total GABA. Studies
such as those by Muthukumaraswamy & Singh (2008; 2009) also indicate that whereas
gamma depends on changes in stimulus characteristics, this is not necessarily true for the
BOLD signal.

There are several experimental differences that might have contributed to the
discrepancy between our results and results from previous studies. When looking at studies
addressing the correlation between gamma oscillations and BOLD amplitude, these studies
have all reported correlations with gamma power rather than peak frequency (Zaehle et al.,
2009; Zumer et al., 2010; Scheeringa et al., 2011), making this the more established
correlation. We did not find this correlation with gamma power, but this might be due to
the fact that we did not record the datasets simultaneously. As discussed, gamma
oscillations are variable, making it important to keep the recording sessions as closely
linked as possible. Furthermore, most of the studies discussed here that found correlations

between gamma power and the BOLD signal either deconvolved the BOLD signal or
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convolved the gamma signal with the hemodynamic response function. This might be
important to make the data comparable (Zumer et al., 2010). When looking at reported
correlations between BOLD and GABA as measured by MRS, the three previous studies
were small, ranging from 10 to 15 subjects (Muthukumaraswamy et al., 2009; 2012;
Donahue et al., 2010), compared to 50 subjects in our study. The positive findings in other
studies could have been false positives, or alternatively, we might not have used the most
optimal task for the generation of a BOLD response in visual areas. We decided to use the
same task as in the MEG session to make those datasets as comparable as possible, but did
not pilot the task separately for use in our fMRI study. It may have been possible to
develop a more appropriate task that would have allowed us to detect an effect.

To conclude, previous studies have provided convincing evidence that in principal,
GABAergic signalling underlies gamma oscillations and that gamma oscillations
contribute to the BOLD signal. However, the results of the study described in this chapter
are a reason to question how these relationships can be assessed. Gamma oscillations are
sensitive and many studies observe intra-individual variation. Therefore, simultaneous
fMRI and electrophysiological recordings might be necessary to study the relationship
between BOLD and gamma. As explained in the discussion, GABA as measured by MRS
does most likely not reflect synaptic GABA. Therefore, if possible, other methods might
need to be developed to measure GABA concentrations in human brain. To date, most
evidence that GABA underlies gamma oscillations comes from in vitro studies and
computational models, indicating that it is by no means trivial to quantify this relationship
in human brain. Therefore, it makes sense from a theoretical point of view that two larger
studies (this study and Shaw et al., 2013) than the study by Muthukumaraswamy et al.,
(2009) have provided no evidence for a correlation between GABA and gamma peak

frequency. These methodological limitations also mean that the methods we will apply in
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chapter 6 are unlikely to provide evidence for correlations between measures of prefrontal
function from different modalities. However, the methods described in this chapter can be
applied to assess DLPFC function using MRS, fMRI, and MEG in order to study the

effects of ZNF804A genotype on prefrontal brain activity.
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Chapter 6 - The effect of ZNF804A genotype on prefrontal
activity

6.1 Introduction

In this chapter, | will describe experiments conducted to assess the effect of
ZNF804A genotype on prefrontal activity using the methods described in chapter 5. MEG
and fMRI datasets were acquired during an N-back working memory task, while MRS was
used to measure prefrontal metabolite concentrations during rest. In addition to the
methods described in chapter 5, functional connectivity during the N-back task was
assessed. Even though | will not carry out any case-control comparisons, in the
introduction to this chapter I will describe experiments that have shown the importance of
prefrontal functioning in schizophrenia using fMRI, MEG, and MRS and will discuss

evidence for the use of these prefrontal measurements as intermediate phenotypes.

6.1.1 Schizophrenia and prefrontal function

The advent of functional imaging has allowed investigation of patterns of regional
brain activity in schizophrenia both at rest and during task performance. The most robust
of these findings concern abnormalities of the prefrontal cortex. One of the earliest
functional abnormalities to be observed in patients with schizophrenia is the phenomenon
of hypofrontality, a decrease in regional cerebral blood flow in the frontal lobes relative to
posterior areas in the brains of patients with schizophrenia compared with controls (Ingvar
& Franzen, 1974). Ingvar and Franzen also showed that this abnormality correlates with
the severity of the patient’s disorder, particularly with the negative symptoms.

Working memory tasks have been used in fMRI studies as a tool to assess activity
in the DLPFC, because this area has been shown to be preferentially impacted by the
biology of the illness (Meyer-Lindenberg & Bullmore, 2011). Particularly the N-back task,

which requires people to constantly monitor a sequence of stimuli and react to stimuli that
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match the one presented N stimuli previously, has been a very popular method to elicit a
DLPFC response (Owen et al., 2005). The majority of early imaging studies as well as a
recent meta-analysis have indicated hypofrontality at rest and during working memory
tasks (Minzenberg et al., 2009). These abnormalities in DLPFC activation during working
memory tasks have been found to be independent of performance level (Honey et al.,
2002), motivation (Berman et al., 1988), or stimulus material used (Stevens et al., 1998;
Tek et al., 2002; Thermenos et al., 2004).

However, during the last decades, hypofrontality in schizophrenia has become
controversial, and it is thought that descriptive terms such as hypo- and hyperfrontality
underestimate the complexity of the issue (Callicott et al., 2003b). Even in healthy
subjects, it has been shown that prefrontal activation increases until a capacity limit is
reached, at which point the DLPFC will deactivate (Callicott et al., 1999). It is thought that
this 'inverted U' functioning becomes shifted to the left in schizophrenia. Put simply, when
the demands of the task exceed processing capacity the DLPFC disengages, resulting in
hypofrontality, which happens sooner in patients with schizophrenia than in controls. In
contrast, when the task is within the processing capacity of the patients, they show an
elevated prefrontal response relative to controls, as if their DLPFC is functioning less

efficiently than that of controls (Weinberger et al., 2001).

6.1.2 Prefrontal oscillations

Another way to assess prefrontal activity during a working memory task is through
electrophysiological methods. These provide a more direct measure of neuronal activity
and have superior temporal resolution. However, finding the source of these activations,
especially with EEG methods, is difficult. In this regard, MEG provides some advantages

when the source of the activation is of interest. At the time of writing, there was only one
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report of activation patterns during an N-back task as measured with MEG, which showed
decreased alpha power in occipital regions (Ciesielski et al., 2010). Even though the
current literature is limited, | will briefly discuss the patterns of working memory related
oscillations that have been reported in frontal regions in electrophysiological studies.

The theta rhythm has been found to be particularly prominent in the hippocampus
(see chapter 7), but several EEG studies have indicated that theta oscillations also arise in
frontal midline structures, particularly during attention and working memory tasks (Gevins
etal., 1997; Winterer et al., 1999). Using intracranial recordings, Meltzer et al. (2008)
reported increased frontal midline activity during a working memory task, in line with
findings from working memory EEG (Deiber et al., 2007) and MEG (Brookes et al.,
2011a) studies. However, the gamma rhythm has been reported most often in relation to
prefrontal working memory related activations. Using delayed match-to-sample tasks,
Tallon-Baudry et al. (1998), Palva et al. (2010), and Roux et al. (2012) have all reported
increases in gamma power with increasing working memory load. Roux et al (2012) even
showed in their MEG study that gamma power is predictive of the number of items
retained in working memory. Barr et al. (2009) have also reported an increase in gamma
power with higher working memory load using an N-back task.

Neural oscillations are thought to be a fundamental mechanism for the coordination
of neuronal responses throughout the cortex, and impairments in these oscillations are a
candidate mechanism for network impairments in schizophrenia (Uhlhaas & Singer, 2010).
Several studies have investigated whether in particular gamma oscillations are altered in
schizophrenia. The gamma rhythm is thought to be important for neural synchronization
and binding of information from multiple processing streams (Fries et al., 2007). Thereby,
it plays an important role in functional connectivity in the brain. Studies using perceptual

feature-binding tasks to assess endogenously generated gamma found that gamma
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oscillations related to visual feature-binding are not present in patients with schizophrenia
(Spencer et al., 2003; 2004). During a perceptual organization task, it was found that
impaired performance in patients with schizophrenia was accompanied by a widespread
reduction in the power of gamma band oscillations in the right temporal lobe (Tillmann C.
et al., 2008). Additionally, patients with schizophrenia have been shown to have reduced
amplitude of gamma -as well as theta- oscillations in frontal regions during working
memory tasks (Schmiedt et al., 2005; Cho et al., 2006; Haenschel et al., 2009). Several
studies have shown that in patients with schizophrenia the phase synchronization of
oscillations in the higher frequency bands, during visuoperceptual organization and
auditory processing, is reduced (Symond et al., 2005; Uhlhaas et al., 2006). Gamma band
abnormalities can be detected in unmedicated patients (Gallinat et al., 2004) and it has
been suggested that modern anti-psychotics can reverse the abnormalities (Hong et al.,
2004). These abnormalities in the gamma band are already present in first-episode patients
(Spencer et al., 2008). These findings suggest that impaired synchronization of high
frequency oscillations might underlie functional dysconnectivity of cortical networks in

schizophrenia.

6.1.3 MRS measurements in schizophrenia

The use of proton magnetic resonance spectroscopy allows investigation of several
metabolites, including glutamate, GABA, and N-acetyl aspartate (NAA), a molecule found
in mature neurons, particularly pyramidal neurons, and thought to be a marker of neuronal
integrity (Bertolino & Weinberger, 1999; Weinberger et al., 2001). This potentially allows
MRS studies to bridge the gap between neuroimaging studies and findings at the molecular
and cellular level. Early MRS sequences were not yet able to resolve GABA and glutamate

spectra, so most studies to date investigated changes in NAA levels related to
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schizophrenia. NAA levels are decreased in the hippocampus and dorsolateral prefrontal
cortex in schizophrenia (Bertolino et al., 1998a; Bertolino et al., 1998b), implying a loss of
neuronal integrity in these regions. This has been confirmed in a meta-analysis (Steen et
al., 2005) with NAA being equally reduced in grey and white matter. The changes in NAA
are found to a similar extent in chronic and acute patients, as well as those who are
medication-free and medication-naive (Bertolino et al., 1998a; Weinberger et al., 2001;
Steen et al., 2005). Interestingly, NAA in the DLPFC has been shown to correlate
inversely with the severity of negative symptoms (Callicott et al., 2000a). Additionally,
DLPFC NAA measures have been shown to correlate with abnormalities of DLPFC
activation during working memory tasks (Bertolino et al., 2000; Callicott et al., 2000a;
Callicott et al., 2000b). These relationships are not found in normal controls (Bertolino et
al., 2000; Callicott et al., 2000b), suggesting that pathology in this region specifically
affects the activity of a DLPFC network during task performance and is associated with
schizophrenia (Weinberger et al, 2001).

Whereas the decrease in NAA is a well-established finding, results from studies
looking at glutamate and/or glutamine changes in the DLPFC in schizophrenia are mixed.
Some studies have reported changes in chronic but not first-episode or unmedicated
patients (Stanley et al., 1996; Ohrmann et al., 2005; Rusch et al., 2008); others detected
higher concentrations of glutamate in patients with schizophrenia (van Elst et al., 2005;
Olbrich et al., 2008). One study has assessed neurotransmitter levels in the DLPFC during
a working memory task and found GABA levels to be inversely related to the working

memory related change in perfusion (Michels et al., 2012).
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6.1.4 Prefrontal connectivity

Schizophrenia has often been described as a disorder of dysconnectivity. However,
no meta-analyses of functional connectivity studies of schizophrenia are available, and
both increased and decreased connectivity has been observed in studies comparing
schizophrenia patients with controls. This indicates that there is no overall disruption of
connectivity, but there are consistent findings in specific brain regions, one of those being
the DLPFC (Meyer-Lindenberg & Bullmore, 2011). Studies of the DLPFC indicate that
coupling with medial temporal lobe regions, particularly the hippocampus, is altered
(Weinberger et al., 1992). The first study showing altered functional connectivity between
the DLPFC and hippocampus was carried out by Meyer-Lindenberg et al. (2001) using
positron emission tomography. A later study by Meyer-Lindenberg et al. (2005) replicated
this finding and showed that while normally the DLPFC and hippocampus uncouple with
increasing memory load, this is not the case in schizophrenia patients. Wolf et al. (2009)
have also shown increased and persistent coupling of the DLPFC and hippocampus during
working memory performance. This abnormality in prefrontal-temporal connectivity can

already be detected in first-episode patients (Crossley et al., 2009).

6.1.5 DLPFC function and connectivity as intermediate phenotypes

It has been shown that the neural networks supporting working memory are
heritable (Koten et al., 2009) and sibling studies indicate that abnormalities in prefrontal
networks are present in the first-degree relatives of patients with schizophrenia (Unschuld
et al., 2013). Rasetti et al. (2011) have shown that coupling between the DLPFC and
hippocampus is compromised in both patients and siblings. Some of the most recently
discovered schizophrenia risk genes have been shown to alter prefrontal-hippocampal

connectivity, such as CACNALC (Paulus et al., 2013a) and ZNF804A, discussed in more
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detail in section 6.1.6. This indicates that prefrontal-hippocampal coupling is successfully
being used as an intermediate phenotype in the study of schizophrenia risk genes.

Also DLPFC activity is an established intermediate phenotype in the study of
schizophrenia risk genes. Blackwood et al. (1999) observed reduced prefrontal blood flow
in first-degree relatives and also (Callicott et al., 2003a) found that comparable differences
in DLPFC function to those seen in patients can be observed in the healthy siblings of
patients with schizophrenia. By now, many studies looking at the effects of schizophrenia
risk genes have already assessed DLPFC activity (e.g. Egan et al., 2001; Egan et al., 2004;
Mclntosh et al., 2007; Straub et al., 2007; Nicodemus et al., 2010; Nixon et al., 2011) and
found effects of risk alleles. Additionally, it has been shown in a twin study that brain
activation during an N-back working memory task is genetically influenced (Blokland et
al., 2008).

The evidence for the use of MRS metabolite measures as intermediate phenotypes
is somewhat mixed. A decrease in NAA can already be observed in people with early and
late at-risk syndrome (Jessen et al., 2006). However, sibling studies of NAA have
indicated that the decreases observed in patients with schizophrenia are not present in this
genetically similar group (Callicott et al., 1998; Block et al., 2000). Studies looking at
glutamate and/or glutamine changes in schizophrenia have found changes in chronic but
not first-episode or unmedicated patients, indicating that these changes might be associated
with progression of the disease or medication rather than any genetic factors (Stanley et
al., 1996; Ohrmann et al., 2005). This is in line with a study by (Yoo et al., 2009), who
found no glutamate alterations in first-degree relatives of patients with schizophrenia. On
the other hand, Lutkenhoff et al. (2010) have shown that the unaffected twins of
schizophrenia patients have significantly lower glutamate in prefrontal regions than

healthy controls.
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Gamma peak frequency has been shown to be heritable (van Pelt et al. 2012) and
oscillatory activity in the gamma range is emerging as a possible intermediate phenotype
(Egan & Cannon, 2011). A twin study has indicated that early auditory gamma band
responses are heritable (Hall et al., 2011a) and several schizophrenia risk genes, such as

DRD4 and DAT1, have been shown to affect gamma power (Demiralp et al., 2007).

6.1.6 ZNF804A genotype affects functional connectivity

Before the data discussed in this chapter were analysed, four studies had assessed
the effect of rs1344706 on working memory related functional connectivity. As discussed
in chapter 1, the first study assessing the effects of ZNF804A genotype on human brain
function used an N-back working memory task to probe DLPFC function as well as
functional connectivity (Esslinger et al., 2009). They reported increased functional
connectivity between the right DLPFC and left hippocampus and decreased
interhemispheric prefrontal coupling between the right and left DLPFC in healthy subjects
carrying the risk allele. No effect of ZNF804A genotype on activity in the DLPFC was
found. To assess whether these effects are state-dependent, the same group (Esslinger et
al., 2011) scanned healthy subjects during rest, a working memory task, and an emotional
processing task. They found an effect of rs1344706 on DLPFC-hippocampal coupling
during the WM-task only, while interhemispheric prefrontal coupling was consistently
altered and is therefore thought to be state-independent. Paulus et al. (2013b) attempted to
replicate these findings and found no changes in coupling between the bilateral DLPFCs
dependent on ZNF804A genotype. They did report altered DLPFC-hippocampal coupling
during the N-back task, where they observed increased coupling in risk carriers. However,
the genotype difference was only detected at very low thresholds and not at all when a

different method for determining the seed voxels was used. To assess the usefulness of this

98



coupling as an intermediate phenotype, Rasetti et al. (2011) looked at patients, unaffected
siblings, and healthy controls and found impaired coupling between the DLPFC and
hippocampus in both patients and unaffected siblings - but not healthy controls.
Furthermore, this coupling was modified by ZNF804A genotype in all experimental
groups. They used not only a seed-based connectivity method, but reported the same
finding using a psycho-physiological interaction (PPI) analysis.

The aim of the experiments described in this chapter is to assess the effect of
rs1344706 on prefrontal function using fMRI, MEG, and MRS measurements. fMRI data
were obtained during an N-back working memory task to allow replication of the reported
alterations in prefrontal-hippocampal coupling. Additionally, we obtained MEG recordings
during the same task from the same subjects. This allows us to investigate whether
particular brain rhythms might underlie the previously reported changes in connectivity
and to assess possible correlations between the imaging modalities. We also acquired MRS
data during rest from a voxel placed in the DLPFC to assess possible effects of ZNF804A
genotype on NAA, GABA, and glutamate and to correlate these measurements with the

functional activations in the fMRI and MEG studies.

6.2 Methods
6.2.1 Participants

Fifty healthy right-handed participants between 18 and 35 participated in this study
(described in section 5.2.1). Around 200 potential participants were approached, and fifty
participants were pre-selected based on their genotype (section 6.2.2) so that 25
participants were risk homozygotes (AA) and 25 non-risk homozygotes (CC). The AA
group consisted of 11 men and 14 women, while the CC group consisted of 12 men and 13

women. Several questionnaires, including the State-Trait Anxiety Questionnaire and a
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Visual Analogue Scale were administered on the day of the MEG session. This
information was obtained to ensure that any differences in brain activity between groups
were not due to differences in mood or anxiety levels. The groups did not differ in terms of
age (p=.331), scores on the State-Trait Anxiety Questionnaire (p=.650), scores on a Visual
Analogue Scale (Alert p=.231; Drowsy p=.907; Anxious p=.547; Happy p=.490; Nauseous
p=.846; Sad p=.962), alcohol consumption the night before the experiment (p=.500), or
hours of sleep the night before the experiment (p=.941). All participants first took part in

the MEG session, followed by the MR session, which took place on another day.

6.2.2 Genotyping

Participants in this study provided two cheek swabs for genotyping purposes. DNA
was extracted using a Chargeswitch gDNA buccal cell kit (Invitrogen). Genotyping for
each sample was undertaken using RT-gPCR with a tagman genotyping assay
(C___ 2834835 10) using a7900HT gPCR system (Applied Biosystems) as described in

section 3.2.4. Samples were loaded in duplicate.

6.2 3 N-back working memory task

In both the MEG and fMRI sessions, participants completed an N-back working
memory task. Participants were required to monitor a sequence of letters continuously and
to detect letters that matched the letter presented N stimuli previously. The task consisted
of 14 blocks of 15 letters that were sequentially presented in the centre of the screen. In
half the blocks, subjects responded when they saw the same letter as they saw 2 letters
back (2-back condition) and in the other half of the blocks subjects responded when they
were presented with an X (0-back condition). The presentation of the letters was

randomised, and each block contained two, three, or four targets, with participants being

100



presented with on average three targets per block. Participants practiced two 0-back and
two 2-back blocks before starting the task. Percent correct responses and reaction times

were recorded.

6.2.4 Magnetic resonance spectroscopy

For MR data acquisition, a 3T Siemens scanner with a 32-channel head coil was
used. Sagittal and axial T1 scout images were acquired and used to place a 2 x 2 x 2cm
voxel of interest manually in the dorsolateral prefrontal cortex. The placement of the voxel
is shown in Figure 6.1. The data were acquired and analysed as described in section 5.2.3.
In short, the SPECIAL sequence, originally developed by Mlynarik et al. (2006) and
adapted for humans by Mekle et al. (2009) was used for data acquisition. The spectra were
quantitatively analysed using Linear Combination Model. This analyses the in vivo
spectrum as a linear combination of a basis set of simulated metabolite spectra
(Provencher, 1993).

Given our interest in NAA, GABA, and glutamate, we extracted the estimated
concentrations for these neurotransmitters. Scans for which the uncertainty was more than
20% or line width more than 10Hz (Near et al., 2013) were excluded from further
analyses. Furthermore, we extracted absolute levels of Creatine (Cr+PCr), which is a
measure of cellular integrity and the standard reference resonance (Stagg et al., 2009). We
then normalised our NAA, GABA, and glutamate values by dividing them by Creatine

levels.

101



Chemical Shift (ppm)

Figure 6.1: A typical spectrum acquired with the SPECIAL sequence from the voxel in the DLPFC
(placement shown). Data were analysed with LCModel and the quality of the fit is represented by
the small residual remaining after the fitting, shown as the little black line at the top of the figure.

Peaks for GABA and glutamate as well as creatine (Cr+PCr) are indicated. Two more GABA
peaks, at 3ppm and 1.9ppm, are present in the spectrum, but these are hidden by the larger peaks of
other metabolites.

6.2.5 Magnetoencephalography

Whole-head MEG recordings were acquired using the Elekta NeuroMag MEG
System. Data from the 204 gradiometers were analysed. The signal was digitised at a
sampling rate of 1000Hz, with a high-pass filter of 0.03Hz and a low-pass filter of 330Hz.
A magnetic digitizer (Polhemus FastTrach 3D) was used to measure the relative positions
of four head-position indicator (HPI) coils and three anatomical landmarks (nasion, left
and right auricular points). These coordinates were used for coregistration of the sensor
montage to the participant's structural MRI scan. The data were analysed using the Matlab-
based Fieldtrip toolbox (Oostenveld et al., 2011). The data were preprocessed and the
sensor level analysis was carried out as described in chapter 5, except that we also
investigated activity in the theta (4-8Hz) and beta (13-30Hz) band. Average spectral power

was computed as the average across trials and tapers (time window between 0.2 and 1.2s),
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with 2-back being contrasted with 0-back. All trials, except the ones following a response,
were analysed.

We applied a frequency-domain beamformer technique (Gross et al., 2001;
Schoffelen et al., 2008) to localise the sources of theta, alpha, beta, and gamma frequencies
for the whole brain. This adaptive spatial filtering technique uses the Fourier spectra,
which were obtained by applying a multitaper FFT approach to the 1s data segments. For
the gamma band, this multitaper FFT approach was centred around 60Hz with 39 Slepian
tapers, for the beta band around 23Hz with 13 Slepian multitapers, for the alpha band
around 10Hz with 3 Slepian tapers, and for the theta band around 6Hz using 3 Slepian
tapers. Using the individual anatomical MRI, we constructed a realistically shaped single-
shell description of the brain for each subject. Lead fields were calculated for all grid
points (Nolte, 2003). With the lead fields and the Fourier spectra, a spatial filter was
constructed for each grid point. Using this filter, the spatial distribution of power was
estimated for each trial separately and then averaged per condition so that 2-back could be
contrasted with 0-back.

Statistical analysis to test the main effects was carried out using a cluster-based
randomization procedure (Maris & Oostenveld, 2007) on both sensor and source level. By
clustering neighbouring sensors (or grid points in the source analysis) that show the same
effect, this test deals with the multiple-comparisons problem and at the same time takes
into account the dependency of the data.

Additionally, the power and peak frequency of oscillatory brain activity were
analysed for regions of interest in the left and right DLPFC. Regions of interest were
generated in two ways. To directly assess the relationship of GABA and glutamate with
gamma and theta oscillations in the same location in the brain, we took the MNI

coordinates of the centre of the MRS voxel of each individual subject and generated a
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sphere with a radius of 17.5mm which was used as a spatial mask to extract gamma and
theta amplitude and frequency data. Furthermore, we used the functional MRI results by
taking the coordinates of the peak voxels within the left and right DLPFC and drawing a
sphere with a radius of 17.5mm around the peak voxels. This allowed us to extract
frequency and amplitude information from prefrontal areas engaged in the task. In the ROI
analyses, we focused on oscillations in the gamma and theta band, because these have been
observed in prefrontal regions during working memory tasks (Uhlhaas & Singer, 2010).
To establish individual peak frequency and amplitude in these regions of interest, an
LCMYV beamformer was applied. This procedure was the same as described in chapter 5,
expect that both the gamma (40-80Hz) and theta (4-8Hz) band were studied. Spectra were

plotted relative to baseline and peak frequency and amplitude information extracted.

6.2.6 Functional magnetic resonance imaging

During the N-back task, whole brain T2*-weighted BOLD fMRI data were
acquired using EPI and an interleaved slice acquisition sequence [32 axial slices, volume
repetition time (TR) = 2s, echo time (TE) = 28ms, flip angle = 76°, slice matrix size = 64 x
64, slice thickness = 3.0mm, field of view (FOV) = 192mm)]. Three hundred and thirty five
images were acquired.

Image processing and statistical analyses were conducted using SPM8 following
the protocol described in chapter 5. Contrast parameter images generated at the single
subject level (2-back vs. 0-back) were submitted to second-level group analysis.
Additionally, MarsBaR (Brett et al., 2002) was used to obtain B-estimates for the voxel
with peak activation within a mask of the left DLPFC and for the voxel with peak

activation within a mask of the right DLPFC. Based on the extraction methods that were

104



tested in chapter 5, this seemed the best method to estimate prefrontal activity. Masks

consisted of BA46 and the lateral part of BA9.

6.2.7 Connectivity

We performed a psycho-physiological interaction analysis as implemented in
SPMS8 to examine the functional connectivity pattern of the right DLPFC and the
differences in this pattern between genotype groups. This part of the project was carried
out together with a medical student whose FHS project | supervised. The method we used
is comparable to the one described by Rasetti et al. (2011), in that we used PPI to explore
the way in which brain activity in the right DLPFC modulated activity in other regions
specifically in response to the working memory task.

To determine the seed voxel coordinates, we constrained the search space to a right
DLPFC mask that consisted of BA46 and the lateral part of BA9. For removal of the
medial regions of BA9, the MarsBaR toolbox was used (Brett et al., 2002).Within this
mask, we determined the MNI coordinates of the DLPFC peak voxel at the group level in
the 2-back vs. 0-back contrast [34 42 34]. Starting from the peak activation at the group
level, we identified the coordinates of the next local maximum for each subject within the
2-back vs. 0-back contrast at p<.01 uncorrected. Additionally, we limited the next local
maximum to clusters extending 10 voxels. Two subjects (CC) failed to show DLPFC
activation within the aforementioned contrast and were therefore excluded from further
analyses.

Seed time series were extracted as the first eigenvariate from a volume of interest
which consisted of a sphere of 6 mm around the individual seed voxels, adjusting for
effects-of-interest. We then used the PPI analysis toolbox (Friston et al., 1997) to assess

functional connectivity. A general linear model was constructed at the first level using the
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deconvolved BOLD signal (from right DLPFC VOI), the task-related predictor (2-Back vs.
0-Back), and the interaction term between the first and the second regressors. The
movement parameter file, obtained in the realignment step during preprocessing, was also
added as a regressor. At the group level, a one sample t-test was conducted to visualise the
connectivity profile of the right DLPFC. We applied small volume corrections using a
hippocampal mask and a prefrontal mask consisting of BA9+10+44+45+46+47.

In order to examine the differences in functional connectivity within the working
memory task between genotype groups, a full factorial group analysis was carried out.
Because we had a strong a priori hypothesis based on previous papers reporting findings
on the effects of ZNF804A genotype on working memory related connectivity (Esslinger et
al., 2009; Esslinger et al., 2011; Rasetti et al., 2011; Paulus et al., 2013b), we looked at
effects of genotype within masks of the hippocampus and prefrontal cortex. Furthermore,

we report results for an exploratory whole-brain analysis at p<.001 uncorrected.

6.2.8 Correlating data from different imaging modalities

Given our interest in linking data from different imaging modalities, we obtained
measurements reflecting activity in the DLPFC from three different modalities. We used
the same task for fMRI and MEG, and measured from the same location for MRS and
MEG. To assess possible correlations between the three imaging modalities, Pearson's
correlation coefficient was calculated using SPSS 21. P<.05 was considered significant.
We correlated the B-estimate for the voxel with peak activation in the DLPFC (the same
peak voxel as used in the connectivity analysis) with gamma peak frequency and
amplitude, and with GABA, glutamate, and NAA concentrations. We also correlated
GABA, glutamate, and NAA concentrations with gamma peak frequency and amplitude

extracted from the location of the MRS voxel.
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6.3 Results
6.3.1 N-back performance

Participants performed well on both the 0-back and 2-back tasks, with scores of
over 90% correct. This indicates that participants understood and engaged in the task.
There were no differences in percent correct or reaction times between genotype groups as
assessed with ANOVAs. Table 6.1 shows the mean scores of the two groups for the N-
back tasks carried out during the MEG and fMRI sessions.

Table 6.1: Percent correct and reaction times on the N-back task for both genotype groups during
the MEG and fMRI sessions. Values are means (SEM) with reaction times in ms. P indicates the
significance level

N-Back MEG N-back MRI
AA (N=25) | CC(N=25) |p= |AA(N=24) | CC(N=25) |p=
0-back % correct | 98.3(0.87) |99.1(0.78) |.516 |99.0(0.64) |99.6 (0.26) | .376
2-back % correct | 95.2 (1.46) | 94.9(1.06) |.833 | 93.5(2.51) |96.0(1.90) | .420
0-back RT 506 (16.0) |532(16.2) |.256 |463(15.8) |537(13.9) |.657
2-back RT 603 (29.3) | 643(21.1) |.279 |537(25.3) |531(23.5) |.865

6.3.2 Magnetic resonance spectroscopy

The DLPFC spectra were less consistent than those obtained from the occipital
cortex. A representative spectrum as acquired with the SPECIAL MRS sequence is shown
in Figure 6.1. We were able to obtain estimates of NAA and glutamate for all participants,
but GABA could only be estimated for 40 participants. In the other cases, the Cramer-Rao
bounds were >20% and therefore the estimates were unreliable. All metabolites were
normalised to Cr+PCr. No differences in NAA (p=.761), glutamate (p=.119), or GABA

(p=.243) concentrations were detected between genotype groups.

6.3.3 Magnetoencephalography
Figure 6.2 shows localization of activation in the different frequency bands at the
sensor level for the 2-back versus 0-back contrast. Clear deactivations can be observed in

the theta (6.2B), alpha (6.2C), and beta (6.2D) bands. These deactivations are most
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prominent in posterior areas. Additionally, frontal activations were observed in the gamma

(6.2A) and theta (6.2B) band, but these did not reach significance.
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Figure 6.2: Sensor level activations for the 2-back>0-back contrast for the time window between
0.2 and 1.2s. Part A shows a hint of frontal activations in the gamma band (not significant); part B
shows deactivation in the theta band with a hint of activation in medial frontal regions (not
significant); part C shows deactivations in the alpha band; and part D shows deactivations in the
beta band. The big black dots indicate sensors where there is a significant difference between the
2-back and 0-back conditions (smaller dots show sensors where there is no significant difference).

Figure 6.3 shows localization of activation in the different frequency bands at the
source level for the 2-back versus 0-back contrast. A pattern similar to that seen at the
sensor level was observed, with deactivations in the theta (6.3B), alpha (6.3C), and beta
(6.3D) band. At the source level, the increase in theta power in frontal midline areas
reached significance. However, gamma band power was not significantly different

between the 2-back and 0-back conditions, but is plotted here to show a possible trend

towards an increase.
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Figure 6.3: Source level activation for the 2-back>0-back contrast. Part A shows a hint of frontal
activations in the gamma band (not significant); part B shows deactivation in the theta band
together with activation in medial frontal regions ; part C shows deactivations in the alpha band;
and part D shows deactivation in the beta band. In parts B, C, and D only significant differences
have been plotted, whereas part A also shows differences that did not reach significance.

No differences between genotype groups were observed in the gamma, theta, and

beta band at the level of the whole brain when studying activations in the 2-back > 0-back

contrast. An effect was seen in the alpha band, with increased alpha power being observed

in occipito-parietal regions in risk homozygotes. This between-group difference is depicted

in Figure 6.4.
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power

Figure 6.4: Effect of ZNF804A genotype on working memory related activation (2-back > 0-back).
AA homozygotes showed more alpha power in occipito-parietal regions than CC homozygotes.

Given our a priori interest in prefrontal activation patterns, we carried out a region
of interest analysis. Regions of interest were based on the location of the MRS voxel or on
the peak of the activation observed in the DLPFC in the fMRI data. Figure 6.5 shows time-
frequency representations for two of these regions of interest (left and right DLPFC based
on BOLD activation pattern) for high and low frequencies separately. In these plots, zero
represents the time of stimulus presentation. In the gamma band, a slight increase in power
can be seen at this point, particularly in the right DLPFC (upper right part of figure 6.5). In
the theta band, a decrease in power was observed (lower part of figure 6.5).

Given that no increase in theta could be detected in our regions of interest during
stimulus presentation, gamma peak frequency and amplitude were compared between
genotype groups. Frequency and amplitude were extracted for the location of the MRS
voxel, and for the left and right prefrontal areas that were activated in the fMRI study. No
differences between the genotype groups were detected in peak frequency or amplitude

(gamma peak frequency left ROI, p=.942; gamma amplitude left ROI, p=.433; gamma
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peak frequency right ROI, p=.520; gamma amplitude right ROI, p=.619; gamma peak

frequency MRS ROI, p=.868; gamma amplitude MRS ROI, p=.862).
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Figure 6.5: Time-frequency representations for the regions of interest based on the DLPFC
activation patterns observed in the fMRI experiment. The two higher graphs show the higher
frequencies, with activation in the left hemisphere on the left side and activation in the right
hemisphere on the right side. A small increase in gamma power can be seen around the time of
stimulus presentation (t=0). The two lower graphs show the lower frequencies, with activation in

the left hemisphere on the left side and activation in the right hemisphere on the right side. There is
a decrease in theta power in the retention period (t>0).

6.3.4 Functional magnetic resonance imaging

The working memory task activated (2-back > 0-back) a widespread network
encompassing the bilateral DLPFC, inferior frontal cortex, inferior and superior parietal
regions, intraparietal sulcus, precentral gyrus, and thalamus. Deactivations (0-back > 2-

back) were observed in the superior medial frontal cortex, as well as in the posterior
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cingulate, insula, and middle temporal, including parahippocampal, areas. These patterns

of activation are depicted in Figure 6.6.

Figure 6.6: Patterns of activation observed during the N-back working memory task. The left hand
panel shows an increase in activation with increased working memory load in a network including
the DLPFC, inferior frontal cortex, and IPL (p<.05 FWE-corrected). The right panel shows the
areas that become deactivated with increased working memory load, including superior medial
frontal cortex, the posterior cingulate, insula, and medial temporal areas (p<.001, uncorrected).

No significant effect of the rs1344706 risk allele on working memory-related
neural activation was observed for the whole brain at p<.05 (FWE-corrected), nor when

small volume corrections were applied to the DLPFC.

6.3.5 Connectivity

The PPI group analysis indicated that a negative coupling exists between the right
DLPFC seed region and the left hippocampus (SVC, peak voxel [-20 -36 6], p=.019).
Additionally, we found positive coupling between the right DLPFC and the left middle
frontal gyrus (SVC, peak coordinates [-44 18 26], p=.037). We found no evidence of
connectivity between the right DLPFC and other brain regions.

We did not find a significant effect of rs1344706 genotype on functional
connectivity at thresholds corrected for multiple comparisons in a whole brain analysis or

in the ROI analyses. In an exploratory analysis, we therefore lowered the statistical
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threshold and also examined the effects of rs1344706 genotype on functional connectivity
at an uncorrected level (p<.05) within ROIs that were in line with our a priori hypothesis
(left and right hippocampus, left prefrontal areas). This revealed an effect of rs1344706 on

coupling between the right DLPFC and left hippocampus, with risk homozygotes

displaying increased connectivity (Figure 6.7).

Figure 6.7: Effect of ZNF804A genotype on functional coupling as measured by PPI analysis.
AA homozygotes show increased connectivity between the right DLPFC and left hippocampus
compared to CC homozygotes. Contrast AA>CC, peak activation at [-34, -20, -12], within
hippocampal mask significant at p<.05 uncorrected.

Table 6.2: MNI coordinates of voxels where there was increased coupling with the right DLPFC in

ZNF804A risk allele homozygotes. The hippocampus and prefrontal ROIs were analysed at a p<.05

uncorrected threshold. Coordinates reported that are not in the aforementioned ROIs were analysed
at the whole brain level, using a threshold of p<.001 uncorrected.

MNI Coordinates
X Y 4 Cluster P
size

Left -34 -20 -12 14 0.009
hippocampus

-36 -34 -8 10 0.011

-28 -30 -12 3 0.027
Right 38 -32 -8 5 0.036
hippocampus

32 10 -16 3 0.001
Left -22 26 18 14 0.000
Parahippocampal
gyrus
Right inferior 52 -42 -12 13 0.001
temporal gyrus
Left Angular -56 -60 34 13 0.000
gyrus
Left superior -40 -30 12 16 0.000
temporal gyrus
Right angular 44 -72 40 3 0.001
gyrus
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Additionally, we carried out an exploratory whole brain analysis with thresholds
set at p<.001 uncorrected. Table 6.2 reports coordinates where an effect of rs1344706 on
coupling with the right DLPFC could be detected, with AA homozygotes showing more
connectivity than CC homozygotes. No significant activations were detected in the CC vs.

AA contrast.

6.3.6 Correlations

We found no evidence in favour of a correlation between BOLD activity in the left
DLPFC and GABA (r=.111, p=.507), glutamate (r=-.186, p=.206), or NAA (r=-.155,
p=.294) measured from a voxel in the left DLPFC. We also did not detect any correlations
between gamma peak frequency and GABA (r=-.216, p=.187), glutamate (r=-.154,
p=.290), or NAA (r=-.125, p=.394) or between gamma amplitude and GABA (r=-.170,
p=.300), glutamate (r=.089, p=.541), or NAA (r=-.023, p=.875) measured from the same
location in the left DLPFC. Lastly, there were no correlations between BOLD activation in
the left DLPFC and gamma peak frequency (r=.041, p=.780) or gamma amplitude (r=.042,
p=.776) measured from the same location in the left DLPFC; this was also true for
activations measured in the right DLPFC, with no correlation being observed between the
peak of the BOLD activity and gamma peak frequency (r=.136, p=.353) or gamma

amplitude (r=.181, p=.213).

6.4 Discussion

In this study, we investigated the effect of rs1344706 on prefrontal function in
healthy volunteers, using three different neuroimaging methods. We found no effect of the
risk genotype on NAA, glutamate, and GABA concentrations in the DLPFC. Also in the

MEG study, there was no effect of rs1344706 on prefrontal oscillations in any of the
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frequency bands analysed. A difference between genotype groups was detected in
occipito-parietal regions, with increased alpha band power in the AA group. As in other
studies (Esslinger et al., 2009; 2011), our fMRI study revealed no effect of genotype on
working memory related DLPFC activation. Our data show the previously described
alteration in functional coupling between the right DLPFC and left hippocampus, albeit
weaker than in some of the other studies (Esslinger et al., 2009; Rasetti et al., 2011).

The patterns of activation seen in our fMRI N-back dataset were comparable to
results from other studies. No effects of rs1344706 on working memory related activation
in the DLPFC were observed, nor in any other brain regions. As in the study by Paulus et
al. (2013b), we could not replicate the previously reported alteration in connectivity
between the DLPFC and hippocampus at thresholds corrected for multiple comparisons.
However, both in their study and in ours, the effect could be seen when the threshold was
lowered and the effects of rs1344706 were examined at uncorrected levels. In line with the
initial finding by Esslinger et al. (2009), coupling was increased in double risk allele
carriers. With increased working memory load, the DLPFC and hippocampus have been
shown to decouple, in order to facilitate working memory related processing. In
schizophrenia patients, coupling between the DLPFC and hippocampus persists (Meyer-
Lindenberg et al., 2005), as has now also been observed for healthy subjects carrying two
adenine alleles at rs1344706.

The first reason we did not replicate the effect of rs1344706 on functional
connectivity when correcting for multiple comparisons might be the sample size of our
study. In recent years, it has become apparent that even though effects of the gene may be
more penetrant at the level of brain function, large sample sizes are important to detect
effects of risk genes reliably (Munafo et al., 2008; Mier et al., 2010). We tried to maximise

our power by specifically recruiting risk and non-risk homozygotes, and the sizes of these
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groups in our study were comparable to those in other studies (Rasetti et al., 2011: 14 CC
and 37 AA,; Paulus et al., 2013b: 21 CC and 27 AA). Nevertheless, a larger sample size
would have increased power, potentially allowing us to detect effects of rs1344706 when
correcting for multiple comparisons. Additionally, we used a different type of N-back task
than Esslinger et al. (2009; 2011) and Rasetti et al. (2011). In our study, stimuli were
presented sequentially and participants only had to respond when a target appeared. In
these other studies, several stimuli were presented simultaneously and a response was
required on every trial. This more complicated task might have led to greater demands on
executive processes and more working memory related activations, providing greater
sensitivity to detect genotype effects. Furthermore, whereas Rasetti et al. (2011) also used
a psycho-physiological interaction analysis to study the effects of ZNF804A genotype on
functional connectivity, other studies to date carried out a seeded connectivity analysis
without including a task parameter (Esslinger et al., 2009; 2011; Paulus et al., 2013b). PPI
analyses test whether the correlation in activity between two distant brain areas is different
in different psychological contexts, and therefore, whether there is an interaction between
the psychological state and the functional coupling between two brain areas (O'Reilly et
al., 2012). The seeded connectivity analysis as used by Esslinger et al. (2009; 2011) and
Paulus et al. (2013b) only assesses correlations between the time courses of different brain
regions. It is conceivable that some brain regions will share a time-course of activity with
the seed region because regions are anatomically connected, share the same neuro-
modulatory influences, or share sensory input. In all these cases, regions will all have
correlated time-courses regardless of the experiment itself. Therefore, directly studying
correlations between brain regions might be a less stringent way to study connectivity and

effects of a risk gene on working memory related connectivity.
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Whereas it is well established that increasing working memory load in an N-back
task leads to increased DLPFC activity as measured with fMRI (Owen et al., 2005), very
few studies to date have measured working memory related brain activity in a MEG study
using the N-back task (Ciesielski et al., 2010). Therefore, it is not known whether gamma
band power increases in the DLPFC can be measured during the N-back task. In our study,
we observed a small increase in gamma band power in frontal areas, but this was not
consistently seen in all participants, making it difficult to assess the effects of rs1344706.
Given the positioning of the MEG caoils, activity in the DLPFC is more difficult to measure
than activity in posterior regions. This, in combination with the fact that power decreases
when frequency increases, might have contributed to the weak gamma signal in prefrontal
regions. Most of the studies that have reported increased gamma with increasing working
memory load have used a delayed match-to-sample task (Tallon-Baudry et al., 1998; Palva
et al., 2010; Roux et al., 2012), suggesting that this might be a more appropriate task when
studying gamma oscillations in prefrontal regions. We did detect an effect of ZNF804A
genotype on alpha band power in occipito-parietal regions, which was significant when
correcting for multiple comparisons. No other studies have reported effects of rs1344706
in this region, but our study described in chapter 7 also suggests possible differences in
this area.

ZNF804A genotype was not associated with NAA, glutamate, and GABA levels in
the DLPFC. As discussed in section 6.1.4, there is only limited evidence for the use of
MRS measures as intermediate phenotypes when studying schizophrenia risk genes,
because alterations might be related to the disease state and/or use of medication.
However, a few recent studies have found risk genes to have an effect on NAA and
glutamate (Stern et al., 2008; Gruber et al., 2012; Wirth et al., 2012), suggesting it is

possible to detect effects of polymorphisms on metabolites measured with MRS. As
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mentioned in the discussion of chapter 5, the sequence and analysis methods used for this
study are relatively new (Near et al., 2013) and have not been extensively assessed for use
in the DLPFC. Therefore, it is conceivable that the method used here was not the most
sensitive for detecting differences between concentrations of metabolites of interest in the
DLPFC.

As in chapter 5, we did not observe any correlations between prefrontal BOLD,
prefrontal gamma, and prefrontal GABA, glutamate, and NAA concentrations. Reasons
why MRS might not be the most optimal tool to assess GABA and glutamate functioning
have been described in the discussion of chapter 5. Given that we did not detect any clear
working memory related prefrontal activation patterns in our MEG study, it was unlikely
that we would find correlations with BOLD activations as measured by MRI. Other tasks
or analysis methods might be required to assess such correlations.

The multimodal imaging study described in this chapter was designed to allow
acquisition of corroborative evidence about the effects of ZNF804A. However, because of
this goal, the study was very complex. Initial analyses have been carried out addressing
our initial questions and hypotheses, but the data have not yet been fully explored.
Therefore, it seems early to conclude that in our data set, ZNF804A genotype does not
affect NAA, glutamate, and GABA, or oscillations in prefrontal regions. More sensitive
analyses might still reveal differences based on rs1344706. Due to time constraints and the
complexity of the dataset, these could not be carried out within the framework of this
thesis. However, we did detect a previously reported alteration in prefrontal-hippocampal
coupling in the fMRI data, which suggests that it will be of interest to continue the

investigation of underlying mechanisms.
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Chapter 7 - The effect of ZNF804A genotype on resting state
networks

7.1 Introduction
7.1.1 Resting state networks

In early functional magnetic resonance imaging studies, it became apparent that
even when the brain is at rest, meaningful patterns of activation still occur (Raichle et al.,
2001). Biswal et al. (1995) were the first to show that spontaneous fluctuations in different
parts of the brain are temporally correlated. Several networks have since been identified,
and these distinct networks can be separated because they all have their own specific
temporal characteristics (Cordes et al., 2000; Beckmann et al., 2005). An early combined
MRI-EEG study (Goldman et al., 2002) showed that variation in EEG rhythms is
correlated with the fMRI measurements, which suggests a neuronal basis for the
fluctuations. Resting state networks (RSNs) jointly characterise the neuronal baseline
activity of the human brain in the absence of deliberate and/or externally stimulated
neuronal activity, and reflect functionally distinct networks (Beckmann et al., 2005). Next
to task-positive networks, which consist of brain regions usually activated in response to
stimuli, a task-negative network, which deactivates during tasks, was also discovered.
Usually called the default-mode network (DMN), it includes medial frontal (including
anterior cingulate), parietal (including posterior cingulate, precuneus and inferior parietal)
and medial temporal (including hippocampus) areas of the brain (Raichle et al., 2001; Fox
et al., 2005).

Independent component analysis is one of the methods that has been most
successfully applied to the estimation of the low-frequency patterns making up RSNs
(Goldman & Cohen, 2003; Beckmann et al., 2005), because it has the ability to identify
various types of signal fluctuations by virtue of their spatial and/or temporal characteristics

without the need to specify an explicit temporal model. It has been shown that the patterns
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of activity measured in the resting brain with ICA are fairly consistent across sessions and
subjects (Damoiseaux et al., 2006). More recently, it was also shown that RSNs measured
with ICA correspond to the functional networks used by the active brain when engaged in
a comprehensive set of task types (Smith et al., 2009), which confirms the validity of the
approach. Importantly, not only do resting state networks provide information about how
the healthy brain functions, they have also been shown to be of clinical value in studies

investigating abnormalities in neurological and psychiatric diseases.

7.1.2 Schizophrenia and resting state networks

According to the dysconnectivity hypothesis of schizophrenia, the disorder is
associated with abnormalities in neuronal connectivity (Friston & Frith, 1995; Bullmore et
al., 1997; Friston, 1999) which result from a combination of genetic and environmental
risk factors that affect normal brain development (Maynard et al., 2001; Karlsgodt et al.,
2008). This may be one manifestation of changes observed in neuropathological studies,
which show decreases in synaptic markers and cortical neuropil. Task-based approaches
targeting a particular region of interest, such as the analyses discussed in chapter 6, can be
used to assess such abnormalities in functional connectivity, but always require specific a
priori hypotheses. However, investigations into RSNs, which are assumed to measure
intrinsic properties of functional brain organization, do not require specific regions of
interest, and provide a relatively hypothesis-free way of assessing possible changes in
connectivity in schizophrenia.

As explained in previous chapters, | will discuss findings observed in
schizophrenia patients because these provide an indication of possible intermediate
phenotypes. In general, studies seem to report a decrease in connectivity in schizophrenia

patients compared to healthy controls (Fornito & Bullmore, 2010). However, results are
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not always consistent, with some studies reporting increased connectivity between key
RSNs in schizophrenia (Jafri et al., 2008). Another reasonably consistent finding is that
schizophrenia patients have difficulties deactivating the default mode network (Williamson
& Allman, 2012). However, both increased and decreased connectivity have been reported
within the default-mode network, perhaps reflecting reduced distal and enhanced local
connectivity in cognitive control networks in schizophrenia patients (Repovs et al., 2011).
Because simply measuring RSNs has not clearly shown which networks are abnormal in
schizophrenia patients, a recent study developed a classification algorithm that used RSN
connectivity to differentiate between groups with an accuracy of 75% (Venkataraman et
al., 2012). Relative to controls, schizophrenia patients exhibited co-existing patterns of
increased connectivity between parietal and frontal regions, and decreased connectivity
between parietal and temporal regions, and between the temporal cortices bilaterally.
Resting state connectivity patterns have also been shown to be associated with specific
symptomatology, with, for example, an increase in hippocampal-prefrontal connectivity in
patients who have visual hallucinations (Amad et al., 2013). Altered resting state
connectivity can already be detected in drug-naive first-episode patients, specifically in
fronto-parietal and default mode networks (Ren et al., 2013), indicating that these
alterations are not just related to long-term illness or use of medication. Taken together,
these studies indicate that there are abnormalities in resting state networks in

schizophrenia, but the inconsistent findings do not allow clear predictions.

7.1.3 Genetic influences on resting state networks

Establishing the heritability of functional connectivity and RSNs makes it possible

to use resting state networks as intermediate phenotypes in the search for the genetic roots
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of illnesses that have been associated with altered connectivity patterns, such as
schizophrenia (Glahn et al., 2010). To date, no gene discovery experiments (e.g. linkage
or GWAS) have been reported using resting state functional MR or PET derived traits
(Thompson et al., 2013). However, there is substantial evidence that RSNs are heritable. In
333 subjects, Glahn et al. (2010) found that ~40% of the between subject variance in
functional connectivity within the default-mode network is under genetic control.
Although neuroanatomical variation in this network was also heritable, the genetic factors
that influenced default-mode functional connectivity and grey matter density seem to be
distinct, suggesting that unique genes influence the function of the network. Fornito et al.
(2011) developed optimised cost-efficiency networks from resting state functional MRI
data in 58 healthy twins (16 monozygotic pairs and 13 dizygotic pairs).While there was
little evidence for genetic control of BOLD signal fluctuations in the 0.02—-0.04Hz, 0.04—
0.09Hz, or 0.18-0.35Hz ranges, the heritability estimate for network connectivity in the
0.09-0.18Hz range was h2 = 0.60, suggesting substantial heritability. Van den Heuvel et
al. (2013), using 21 monozygotic and 22 dizygotic healthy twin-pairs, also reported
significant heritability (h2 = 0.42).

In addition to establishing heritability, several studies have also compared
schizophrenia patients, first-degree relatives, and healthy controls to assess the use of
resting state networks as an intermediate phenotype. Meda et al. (2012) and Khadka et al.
(2013) studied the same group of schizophrenia patients with their first-degree relatives
and compared their activity in RSNs to that of 118 healthy controls. Using functional
network connectivity analysis, Meda et al. found no abnormalities in RSNs that were
shared between schizophrenia patients and their relatives. However, Khadka et al., who
used ICA, showed that abnormalities in fronto-occipital, frontal-thalamic-basal ganglia,

and sensorimotor networks during rest were shared by schizophrenia patients and their
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relatives. Liu et al. (2012) tested 25 schizophrenia patients and their siblings and found
that they share increased resting state connectivity in the task-negative (default-mode)
network, but not in task-positive networks.

Some initial studies have provided evidence for the effect of specific genes on
resting state networks. Both Filippini et al. (2009) and Trachtenberg et al. (2012) have
shown that APOE genotype affects resting state networks. Tunbridge et al. (2013) showed
an effect of COMT genotype, another candidate gene for schizophrenia, on connectivity in
the prefrontal cortex during rest. These studies indicate that resting state networks can be

studied as an intermediate phenotype for schizophrenia.

7.1.4 MEG resting state networks

The spontaneous fluctuations that underlie resting state networks, as identified
using fMRI, can also be detected with MEG. de Pasquale et al. (2010) showed that seed-
based connectivity measures give similar networks to those measured with MRI, with the
added advantage that it is possible to assess which frequency underlies activity in a
particular network (Hillebrand et al., 2012). Additionally, MEG provides a more direct
measure of neuronal activity, resolving questions about the physiological mechanisms
underlying resting state networks. Brookes et al. (2011b) implemented independent
component analysis for MEG data, making it possible to assess resting state networks in
MEG data without any prior assumptions about spatial locations and patterns of the
networks. In their study, they compared MEG and MRI data and showed that this analysis
method gives a similar pattern of networks in MEG and MRI datasets. This approach has
now also been adapted to test for between-group differences in resting state networks
(Luckhoo et al., submitted) using a dual regression approach on spatial basis sets, which

can be derived from both MEG and fMRI data. A first study has applied this method to
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assess the effects of APOE on resting state networks (Heise et al., in prep.) and found
effects similar to those reported in fMRI studies.

Independent component analysis of resting state networks provides a hypothesis-
free way of assessing potential differences in connectivity between groups. It has been
shown that schizophrenia is associated with alterations in functional connectivity and
initial neuroimaging studies of ZNF804A also indicate that rs1344706 might affect
functional connectivity, as discussed in chapter 6. Therefore, we studied the effect of
ZNF804A genotype on resting state networks measured by MEG using the methods as
developed by Brookes et al. (2011b) and extended by Luckhoo et al. (submitted). We
specifically compared risk homozygotes with non-risk homozygotes to maximise the
chances of detecting differences between genotype groups. Based on the initial ZNF804A
studies discussed in chapter 6, we hypothesised that changes might occur in networks

involving prefrontal or medial temporal cortices.

7.2 Methods
7.2.1 Data acquisition

During the measurement of resting state activity, participants (n=50, with 25 AA
homozygotes and 25 CC homozygotes, described in more detail in chapters 5 and 6) were
seated in the MEG scanner. They were asked to keep their eyes open and to fixate on a
white cross in the centre of a grey screen. Resting state activity was measured for 6
minutes. Whole-head MEG recordings were acquired using the Elekta NeuroMag MEG
System. Data from both the 204 gradiometers and the 102 magnetometers were analysed.
The signal was digitised at a sampling rate of 1000Hz, with a high-pass filter of 0.03Hz
and a low-pass filter of 330Hz. A magnetic digitizer (Polhemus FastTrach 3D) was used

to measure the relative positions of four head-position indicator coils and three anatomical
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landmarks (nasion, left and right auricular points). These coordinates were used for

coregistration of the sensor montage to the participant's structural MRI scan.

7.2.2 Preprocessing

For this dataset, MEG data analysis was carried out using the MATLAB-based
toolbox Statistical Parametric Mapping 8 and OHBAs Software Library (OSL). OSL
contains a specific resting state analysis pipeline. The preprocessing pipeline consisted of
the following steps. First, channels containing excessive noise were identified manually in
OSLview, before applying MaxFilter 2.2, a tool provided by Elekta, with signal space
separation and movement compensation (Taulu et al., 2004). MaxFilter separates signal
from sources outside the helmet and thereby reduces noise from external sources.
Additionally, MaxFilter processes the continuous head positioning measurements and uses
these to compensate for the effects of head movement. After applying MaxFilter, the data
were downsampled to 250Hz and epochs containing artefacts associated with body
movement or external sources were removed manually. A semi-automatic artefact
rejection method was applied using independent component analysis that identified noise
components associated with line noise (50Hz), eyeblinks, and heartbeat. Additionally, all
components were inspected manually and based on their spatial topography, timecourse
and frequency spectrum, it was decided whether these components represented noise and
had to be removed from the data. The last steps of preprocessing consisted of applying a
high-pass filter at 1Hz to remove low-frequency fluctuations and carrying out a further
manual check of the data to remove epochs with artefacts that were still present after the

other artefact removal steps.
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7.2.3 Source reconstruction

The source reconstruction of MEG data consisted of several steps. First, the
subject’s headshape, measured with the Polhemus Isotrack, was co-registered to the
structural MRI and to the MNI template brain using an automatic algorithm implemented
in OSL. An overlapping local spheres forward model implemented in FieldTrip was
chosen as head model to define the head shape of each subject (Huang et al., 1999). The
forward model was then used to calculate lead fields, in order to model the MEG signal at
each grid point. Subsequently, as in the analysis described in chapter 5, a linearly
constrained minimum variance beamformer was applied (Van Veen et al., 1997; Woolrich
etal., 2011). MEG data in different frequency bands of interest (alpha (8-12), theta (4-8),
beta (13-30), and broadband (4-30Hz)) were projected into source space. For each
6x6x6mm voxel, a time course of oscillatory activity in the frequency band of interest was

computed.

7.2.4 Hilbert enveloping and ICA

Following application of the LCMV beamformer, a Hilbert transform was applied
to each voxel time course to derive the amplitude of oscillatory activity, termed the Hilbert
envelope. The envelope was downsampled temporally by dividing each envelope time
course into 2s non-overlapping windows and averaging the data within those windows.
This has consistently been shown to be a robust way of detecting stationary functional
connectivity (Brookes et al., 2011a; Brookes et al., 2011b; Luckhoo et al., 2012).
Envelope data were spatially smoothed with a 4mm Gaussian kernel and the voxel size
was resampled to an 8mm grid. Data were transformed to MNI space using FLIRT before
datasets from all subjects were temporally concatenated. After Hilbert enveloping, the

MEG data were analysed using two different spatial basis sets. First, ICA was run on the
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MEG data across all subjects to decompose the concatenated envelopes into 25 temporally
independent timecourses (implemented using fastiCA) (Hyvarinen, 1999) which generated
25 resting state networks. This number was chosen based on pilot studies carried out at
OHBA. Additionally, a set of RSN ICA maps based on fMRI datasets (Smith et al., 2009)
was used for comparison purposes and to look at potential genotype differences within
these networks. For both approaches, a frequency band of 4-30Hz was chosen. Again, pilot
studies at the Oxford Centre for Human Brain Activity have shown that analysis of this
frequency band gives the most reliable networks. Also, a previous study has reported that
higher frequencies (30-60Hz) are least optimal for detecting functional connectivity
(Luckhoo et al., 2012). Furthermore, we investigated the three frequency bands contained
within this broadband analysis, theta, alpha, and beta, separately to assess the contribution
of each of these bands to potential differences between ZNF804A genotype groups. These

analyses were carried out within the MRI spatial basis set.

7.2.5 Regression

To compare the two genotype groups, the between-subject analysis of the resting
data was carried out using a regression technique that allows for voxel-wise comparisons
of MEG data. Using a dual-regression approach, the subject-specific spatial maps were
estimated by using the time-course of the ICA maps in a linear model fit against the
subject’s MEG dataset. A voxel-wise general linear model was applied using non-
parametric permutation testing with 5000 permutations and correcting for multiple
comparisons across space using Threshold-Free Cluster Enhancement (TFCE). A

difference between groups was considered significant if the networks differed at p<.05.
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7.3 Results
7.3.1 Resting state networks in the 4-30Hz range

Of the 25 components generated in the ICA analysis, 15 were non-overlapping and
are presented in Figure 7.1. We observed the following components: a frontal component,
a fronto-parietal component, right and left auditory components, right and left parietal
components, a posterior cingulate cortex component, an executive control component, a
sensori-motor component, a motor component, a medial visual component, a visual
component located in the occipital pole, right and left medial temporal lobe components,
and a cerebellar component. The prefrontal, PCC, parietal, and medial temporal lobe
components generally appear in fMRI studies as one component representing the default-

mode network.
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t=23 HIE 5.5

Figure 7.1: The MEG resting state analysis showed the following components: a frontal network
(PFC), a fronto-parietal network (FPN), right (RAUN) and left (LAUN) auditory networks, right
(RPAR) and left (LPAR) parietal networks, a posterior cingulate cortex network (PCC), a
executive control network (ECN), a sensori-motor network (SMN), a motor network (MN), a
medial visual network (MVN), a visual network located in the occipital pole (VIS), right (RMTL)
and left (LMTL) medial temporal lobe networks, and a cerebellar network (CBM). The L indicates
the left side of the brain. Images are thresholded at t>2.3.

7.3.2 Effects of ZNF804A genotype on resting state networks

The between genotype group comparison carried out within the 25 MEG
components we observed in the 4-30Hz range indicated that there were three components
that were affected by rs1344706. These components are depicted on the left side of Figure

7.2. In all three networks, there was evidence of increased connectivity for CC
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homozygotes compared to AA homozygotes. An additional analysis using a spatial basis
set consisting of fMRI-based RSNs was carried out and indicated genotype differences

within the same three networks (right side of Figure 7.2).

Figure 7.2: Genotype differences within RSNs. Non-risk homozygotes showed more connectivity
within three networks: the motor network, the medial visual network, and the visual network in the
occipital pole. The left panels show the analysis within the networks presented in Figure 7.1, with
the panels on the right showing the analysis within the spatial basis set of fMRI networks. Blue
indicates significant genotype differences at p<.05.

7.3.3 Alpha and beta analysis

Separate analyses were carried out per frequency band to establish which frequency
band was the main contributor to the observed genotype differences. These analyses were
done within the spatial basis set consisting of fMRI networks. We found that the observed
difference within the motor network was mainly due to differences within the beta band,
whereas the observed effects in the two posterior components were mainly due to

differences in the alpha band. These results are depicted in Figure 7.3.
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specific frequency bands. The effect of rs1344706 on the motor network was due to an effect in the
beta band, whereas the effects on the two occipital networks could be narrowed down to the alpha
band. Blue indicates significant genotype differences at p<.05.

7.3.4 Theta analysis

Assessing the effects of rs1344706 on theta band activity within the spatial basis
set of fMRI networks revealed a difference in the right hippocampus (Figure 7.4).
Specifically, we found an increase in theta in the right hippocampus of CC homozygotes,
indicating increased connectivity with the other structures in the medial temporal lobe

network.

Figure 7.4: Rs1344706 affects connectivity within a hippocampal network, with non-risk
homozygotes displaying more connectivity within the theta band. Blue indicates significant
genotype differences at p<.05.

7.4 Discussion
In this experiment, we applied a novel analysis approach based on independent
component analysis to assess resting state networks in an MEG dataset. Looking at the 4-

30Hz range, we observed a set of components including prefrontal, fronto-parietal,
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parietal, motor, auditory, executive, PCC, occipital, medial-temporal, and cerebellar
networks which were similar to the networks observed by Brookes et al. (2011b), Luckhoo
et al. (submitted) and Heise et al. (in prep.). We applied a dual regression approach to both
those networks as well as to a general spatial basis set based on fMRI networks to assess
differences associated with ZNF804A genotype. We observed differences in both motor
and occipital areas, with CC homozygotes demonstrating more connectivity. Post-hoc tests
revealed that occipital differences were caused by differences in the alpha band (8-12Hz),
whereas the effects in the motor cortex could be narrowed down to the beta band (13-
30Hz). Most notably, we found an effect of ZNF804A genotype on hippocampal
connectivity in the theta band (4-8Hz), with non-risk homozygotes displaying more
connectivity.

The finding that rs1344706 is associated with a change in connectivity in the
hippocampus is particularly interesting given earlier findings from fMRI studies. Esslinger
et al. (2009, 2011), Paulus et al. (2013b) and Rasetti et al. (2011) have all reported that
ZNF804A genotype is associated with a change in hippocampal-prefrontal coupling during
a working memory task. Even though we did not find a similar change in hippocampal-
prefrontal coupling in our MEG data, the finding that the theta rhythm in the hippocampus
is altered could provide a first clue as to the mechanisms that might underlie the previously
observed alterations in hippocampal-prefrontal coupling. Whether hippocampal signals can
be detected using scalp MEG has been a topic of debate, but the hippocampal theta rhythm
was detected using MEG as early as 1997 (Tesche, 1997) and has been reported in many
other studies, including other MEG studies (Tesche & Karhu, 2000; Cornwell et al., 2008;
Quraan et al., 2011) and studies using intracranial recordings in humans (Axmacher et al.,
2010; Foster & Parvizi, 2012) and animals (Jones & Wilson, 2005). More recently,

Luckhoo et al (2012) have shown that the ICA method applied in this study is capable of
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detecting hippocampal network activity. Hippocampal theta activity is thought to have an
important role in cognitive processing (Tesche & Karhu, 2000; Cornwell et al., 2008) and
particularly when coupled to prefrontal gamma (Colgin, 2011). Spiking of individual
neurons in the prefrontal cortex has been shown to become entrained to the hippocampal
theta rhythm (Hyman et al., 2011). The theta-entrained activity across cortico-hippocampal
circuits is thought be important for information flow and guiding the changes that are
believed to underlie the storage of information across these networks (Siapas et al., 2005).
Several studies have suggested that this coupling between hippocampal theta and
prefrontal gamma is disturbed in schizophrenia (Sigurdsson et al., 2010; Lisman, 2012).

The differences in connectivity we observed in motor and occipital components
based on rs1344706 genotype are more difficult to explain. No studies to date have
reported any functional or structural changes in these areas associated with rs1344706.
However, no other studies looking at ZNF804A have used electrophysiological methods,
so it is conceivable that these effects can only be picked up using MEG or EEG. The fact
that the effects could be narrowed down to differences in the frequency bands that are
generally most prominent in these areas (alpha in occipital regions and beta in motor
regions) makes the findings more plausible. Given that we have two additional MEG
datasets from the same subjects, it would be of interest to investigate whether similar
differences can be observed in the other datasets. Initial analyses looking at power
differences in the other datasets indicate that there might be a power difference in the alpha
band in occipito-parietal regions.

At this point, it is difficult to be completely certain about the robustness of the
findings, because the technique used here was developed very recently, and very few
studies to date have applied it to between-group comparisons. Two important questions

should be considered. First of all, how reliable are the networks that come out of the ICA
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analysis, and secondly, how reliable is the comparison of the two genotype groups based
on dual regression? Brookes et al. (2011b) validated the use of ICA for the detection of
resting state networks and showed that these networks are comparable to the networks
usually found in fMRI studies. Despite the good correspondence between networks, they
also reported that the MEG networks are generally larger, possibly due to signal leakage,
and have a lesser spatial resolution. This is also the case in our study, with our networks
generally comprising less spatially separated areas than the networks observed in the
Brookes et al. 2011a and 2011b study. This might be due to the use of a different MEG
system, because their data were recorded with a CTF system instead of an Elekta system.
Luckhoo et al. (submitted) addressed the validity of the dual regression approach by
carrying out several simulations. They found that the procedure is robust against false
positives and can accurately localise group differences and associate these with specific
RSNs. However, complementary analyses are needed to elucidate the physiological basis
of the observed differences. Additionally, it seems encouraging that an independent study
assessing effects of another gene on connectivity within resting state networks found very
similar networks and was able to detect previously reported genotype differences (Heise et
al., in prep.).

Additional analyses, such as assessing differences in theta power in the
hippocampus, might be necessary to elucidate the physiological basis of the observed
effects. If the mean signal intensity and variance of the signal are found to be the same in
both groups, then the finding can most likely be interpreted as a change in connectivity,
with the right hippocampus being more connected with the rest of the MTL network in
non-risk than in risk homozygotes. Furthermore, it would be interesting to carry out a
seed-based connectivity analysis on the data to see if a similar pattern of connectivity is

found; or whether it might even be possible to detect a genotype associated change in
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connectivity between the hippocampus and DLPFC. Given that we also recorded an N-
back working memory dataset using MEG, maybe the most interesting additional analysis
would be to apply the same ICA analysis described here to the N-back data, which has
previously been shown to be feasible (Luckhoo et al., 2012). If we find a similar change in
the hippocampus in this independent dataset, it would provide convincing evidence that

hippocampal connectivity in the theta band is associated with ZNF804A genotype.
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Chapter 8 - General discussion
8.1 Summary of results

Rs1344706 in ZNF804A was the first SNP to show genome-wide significant
association with schizophrenia, but when this thesis began, very little was known about the
expression or function of the gene, or about the effects of the SNP. The main goal of this
thesis was to investigate aspects of both these issues, in order to clarify the biological and
pathophysiological significance of the genetic association to schizophrenia. To this end, |
used both a genetic neuropathology and a genetic neuroimaging approach.

The first part of my thesis characterised ZNF804A expression in human brain and
studied how this is affected by genotype and by diagnosis. In chapter 2, using western
blotting and immunohistochemistry, | provided the first evidence that ZNF804A
immunoreactivity is present in human brain. ZNF804A immunoreactivity could be
detected in both adult and foetal human brain and was mainly localised to layer 11
pyramidal cells. This was true for all cortical regions studied. Within the cell, we observed
granular staining throughout the cytoplasm. In chapter 3, | compared ZNF804A mRNA
and immunoreactivity in schizophrenia with expression in healthy controls, and between
risk and non-risk allele carriers at rs1344706 using gPCR and immunohistochemical
techniques. No differences were observed between risk and non-risk carriers or between
cases and controls, at both the mRNA and protein level.

The second question | addressed, using both volumetry and voxel-based
morphometry, is whether ZNF804A genotype affects macroscopic brain structure. In
chapter 4, in collaboration with the Donders institute (Nijmegen, the Netherlands), I
investigated a large structural MRI dataset of 922 healthy volunteers to assess effects of

rs1344706 on total brain volume, grey and white matter, and several cortical and
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subcortical regions of interest. No effect of rs1344706 could be detected at the whole brain
level, nor on any of the regions of interest.

In the last chapters of my thesis, I studied the functional correlates of rs1344706
genotype in the living human brain using MEG and MR methods. The purpose of the
multimodal scanning experiments was twofold: first, and primarily, to provide convergent
and multifaceted evidence about the impact of ZNF804A genotype on brain function.
Secondly, to show the extent to which these different indices correlate within subjects, an
issue of broad relevance to multimodal neuroimaging. In contrast to an earlier study, no
correlations were found between gamma oscillations, BOLD response, and GABA or
glutamate levels in occipital regions raising several questions, which were discussed in
chapter 5 and are not considered further here. However, the findings of chapter 5 were
valuable for developing methods to assess the effects of rs1344706 on prefrontal function
using MEG and fMRI. As shown in chapter 6, using these methods, we were unable to
detect an effect of ZNF804A genotype on prefrontal GABA, glutamate, or NAA, and on
prefrontal gamma oscillations. However, we did detect the previously observed alteration
in prefrontal-hippocampal coupling in our fMRI study, with risk homozygotes displaying
increased connectivity during a working memory task. Additionally, in chapter 7, when
studying resting state networks in our MEG dataset using independent component analysis,
we found an effect of rs1344706 on hippocampal theta, with non-risk homozygotes

showing increased connectivity within a hippocampal network.

8.2 Genetic neuropathology studies of ZNF804A
In this thesis, | described effects of rs1344706 on several neuroimaging
phenotypes, but found no effects on mMRNA and protein expression levels. This raises the

question how this polymorphism can alter brain activity, given that the first steps on the
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pathway between the gene and disease (MRNA and protein) were not found to be affected
by the SNP. As mentioned in chapter 3, it is conceivable that rs1344706 does affect
expression levels, but possibly of another isoform or at a different developmental stage.
Recent studies by our collaborators from the Lieber Institute for Brain Development (Tao,
Cousijn et al., submitted) indicate that both explanations are true for ZNF804A. Using
RNA-Seq, a powerful technology for identifying novel splice variants (Griffith et al.,
2010; Ameur et al., 2011), and confirmed by 5’-RACE, they discovered a truncated
isoform denoted ZNF804AF*¥* which lacks exons 1 and 2, and with a novel 5° extension of
exon 3. This transcript is abundant and together with the fact that it remains in frame,
suggests that it represents an alternative protein-coding transcript of potential functional
significance. Both full-length and truncated mRNAs are highly expressed in foetal brain
and continue to be expressed throughout life. As discussed in chapter 2, on some of our
western blots we detected two instead of one band using a ZNF804A antibody. The two
MRNA transcripts identified by our collaborators suggest that two bands should be
detected in western blot studies, with the smaller band representing the truncated variant.
However, the predicted size of the truncated variant is 121 kDa, which is bigger than the
bands observed on our western blots (estimated at ~100 kDa) and close to the band
representing the full-length transcript. Future studies will have to clarify whether the
second band detected is indeed the truncated form of ZNF804A, which could be done
using mass spectrometry or by selective transfection of cells with ZNF804AFF*.
Another crucial finding by Tao, Cousijn et al. (submitted) is that rs1344706
specifically affects expression of the truncated variant, doing so selectively during foetal
but not postnatal life. As discussed in chapter 3, a recent study by Hill and Bray (2012)
provided initial evidence that rs1344706 might have an effect in foetal but not in adult

brain. The data from this study (Tao, Cousijn et al., submitted) confirm this observation
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and, critically, show that the effect of rs1344706 is upon ZNF804A™* mRNA, not full-
length ZNF804A. The primers used in the earlier study by Hill and Bray (2012) amplify
both variants, and so these new findings are both a replication and an important
clarification. The finding that a schizophrenia risk SNP selectively affects expression of a
splice variant adds to an increasing list of such findings (Law et al., 2006; Law et al., 2007;
Straub et al., 2007; Sartorius et al., 2008; Huffaker et al., 2009; Nakata et al., 2009; Hyde
et al., 2011). For example, metabotropic glutamate receptor 3 (GRM3) was associated with
schizophrenia and the implicated SNPs were intronic and had no known function. Sartorius
et al. (2008) found splice variants of GRM3 mRNA in human brain, including one that
lacked exon 4 downstream from the implicated SNP. The abundance of this isoform
relative to full-length GRM3 was then shown to be affected by two of the risk-associated
intronic SNPs, supporting the hypothesis that this might be a mechanism underlying the
clinical association. It has now been proposed that this specific effect of risk SNPs on
particular isoforms may be a common feature, particularly for isoforms that are foetally
enriched (Kleinman et al., 2011). This specific effect in foetal brain is also in line with the
idea that schizophrenia is a disorder with neurodevelopmental origins.

Furthermore, it is notable that ZNF804A™*** is predicted to lack the zinc finger
domain of ZNF804A and so is a strong candidate to have other roles. However, the
ZNF804AE amino-acid sequence has no strong motifs, nor homologies to other proteins,
precluding meaningful predictions as to its functions. This might also explain the
cytoplasmic, granular immunoreactivity we observed in our immunohistochemistry
experiments, which seemed unusual for a transcription factor. This pattern of staining,
together with the fact that the truncated variant does not contain the zinc finger domain,

suggests that more studies are needed to elucidate the roles of ZNF804A.
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Taken together, the results from the studies carried out for this thesis and the results
from studies carried out by our collaborators show that ZNF804A mRNA and
immunoreactivity can be detected in both adult and foetal brain, but that the effects of
rs1344706 take place during early development rather than in the adult brain. Furthermore,
the newly identified variant ZNF804A®*® rather than full length ZNF804A is affected by
rs13440706. However, there is no unique part to the amino acid sequence of ZNF804A™

precluding specific investigations of ZNF804ASF*

immunoreactivity. In terms of the
function of ZNF804A protein, the finding that ZNF804A immunoreactivity is not localised
to the nucleus but can be detected throughout the cytoplasm, together with the fact that
ZNF804AF Jacks the predicted zinc finger domain, suggests that ZNF804A might not

function as a transcription factor but has other, yet unknown, roles.

8.3 Genetic neuroimaging studies of ZNF804A

As discussed in chapter 6, several studies have now shown that rs1344706 alters
connectivity between the dorsolateral prefrontal cortex and the hippocampus, which makes
this the most established functional correlate of ZNF804A to date. Even though in the
experiment described here we could only detect the effect at uncorrected thresholds, the
direction of the effect was the same as in previous studies (Esslinger et al., 2009;
2011;Paulus et al., 2013b). Risk homozygotes showed more connectivity between the right
DLPFC and left hippocampus during a working memory task as compared to non-risk
homozygotes. This same pattern has been found in patients with schizophrenia (Meyer-
Lindenberg et al., 2001; 2005), who do not show the decoupling between the DLPFC and
hippocampus that is normally observed with increased working memory load. Therefore,
the finding that this functional connectivity is also altered in risk homozygotes shows that

the SNP affects processes that are affected in the brains of patients with schizophrenia, and
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thereby provides first clues about the neurobiological pathways between ZNF804A and
schizophrenia.

We additionally assessed effects of rs1344706 on GABA, glutamate, and NAA
concentrations as well as on gamma oscillations in prefrontal regions in an attempt to
clarify the mechanisms by which prefrontal-hippocampal connectivity might be altered.
None of these parameters showed an effect of rs1344706 genotype, although, as discussed
in chapter 6, it is conceivable that additional analyses of these datasets might still reveal
effects. However, when analyzing the MEG resting state dataset, we did detect an effect of
rs1344706 on hippocampal theta. Theta is the rhythm most prominent in the hippocampus
and several studies have shown that spiking of individual neurons in the prefrontal cortex
becomes entrained to the hippocampal theta rhythm (Hyman et al., 2011) and that the
theta-entrained activity across cortico-hippocampal circuits is important for information
flow (Siapas et al., 2005). Therefore, it is conceivable that this observed increase in
hippocampal theta in non-risk homozygotes could lead to alterations in prefrontal-
hippocampal connectivity. The theta rhythm as measured by MEG provides a much more
direct measure of neuronal activity than the BOLD signal, and can thereby provide an
indication that the observed BOLD changes are indeed due to changes in neuronal firing
patterns.

What should also be noted is the important role of layer 111 pyramidal cells in
corticocortical connectivity. These pyramidal neurons are suspected to be of particular
relevance to the pathophysiology of schizophrenia, given this role in connectivity, and in
light of neuropathological findings in the disorder (Lewis et al., 2003). Our finding that
ZNF804A immunoreactivity is particularly localised to these neurons provides another
clue as to the neurobiological pathway via which ZNF804A might be involved in the

observed alterations in functional connectivity in the brain.
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8.4 Future directions

As discussed in the respective chapters, several interesting analyses could still be
carried out on the data acquired for this thesis. In particular, it would be of interest to
further investigate the effects of rs1344706 on oscillations. Most of the genetic
neuroimaging studies to date looking at schizophrenia risk genes have used MRI methods,
while electrophysiological methods provide richer datasets with good temporal resolution
that are a better reflection of neural activity. | expect that future genetic neuroimaging
studies will start to include magnetoencephalography measurements more often, in order
to obtain new insights and explain previously observed differences in BOLD fMRI.

Several genetic neuroimaging studies investigating the effects of rs1344706 on
brain function have appeared over the last years, in which different tasks were used and in
which different brain regions were studied. Our studies have added to these neuroimaging
findings, but it should be noted that most of these findings remain to be replicated. As in
our study, sample sizes are often too small to draw conclusion that are beyond reasonable
doubt. For the studies described here, we tried to maximise our power by specifically
recruiting risk and non-risk homozygotes and by using different imaging techniques to
allow acquisition of corroborative evidence about the effects of ZNF804A genotype.
Nevertheless, replications in larger cohorts will be necessary to establish the robustness of
the effects.

Additionally, | think that it is important that future studies look at well-established
intermediate phenotypes for schizophrenia, which have been shown to be heritable and are
present in family members of patients with schizophrenia. First of all, this is important to
maximise the chances of detecting effects of schizophrenia risk genes, but also because
those findings can actually elucidate the pathway between gene and disease. As mentioned

in section 8.3, altered prefrontal-hippocampal connectivity has been reported in
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schizophrenia patients and by now also several times in studies investigating effects of
ZNF804A genotype in healthy volunteers. Our finding of an effect of rs1344706 on
hippocampal theta provides a first clue as to the mechanisms that might underlie the
observed alteration in prefrontal-hippocampal coupling. However, replications and
additional analyses are needed to establish this finding and clarify whether the change in
hippocampal theta truly reflects connectivity within the hippocampal network. The finding
that ZNF804A genotype might affect occipito-parietal activations will be more difficult to
interpret, because no imaging studies comparing schizophrenia patients with controls have
reported abnormalities in occipito-parietal alpha power.

One of the most important remaining questions concerns the function of ZNF804A.
In vitro studies have started to address this by looking at overexpression and knockdown
of ZNF804A and its effects on other genes (Hill et al., 2012; Girgenti et al., 2012).
However, at the time of writing, no animal models of ZNF804A had been developed, even
though these are crucial for answering questions about the function of ZNF804A. When |
started studying ZNF804A | expected one would become available before I finished this
thesis — which would also have allowed additional validation of the antibody used in this
thesis — but this has not happened, which might be a reflection of the time it takes to
develop a good animal model. A complete knockout of a gene in mice is a reliable
approach to test or validate the functions of the gene in vivo, and could therefore give a
first indication of the function of ZNF804A. Given that ZNF804A might have its effects
during development, conditional knockout of ZNF804A at a particular time during
development could elucidate why a change in ZNF804A expression during development
might be associated with schizophrenia later in life. It would also be of interest to see
whether mice possess the truncated variant, and if not, study the effects of the human

truncated form in a mouse model.
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However, even if such studies would completely elucidate the path between this
gene and schizophrenia, the clinical relevance would still be limited. ZNF804A has
generated a lot of excitement because it was the first genome-wide significant gene, but it
only has an OR of 1.10. Therefore, the most important questions about ZNF804A might
revolve around its interactions with other risk genes and environmental risk factors,
because being exposed to several of these risk factors might ultimately lead to
schizophrenia. In vitro studies have indicated several schizophrenia risk genes ZNF804A
might interact with, which provides some first clues about gene-gene interactions that
could be studied. However, large-scale computational studies, including pathway analyses,
might be needed to identify genes ZNF804A interacts with. Epidemiological studies as
well as animal models could begin to identify ZNF804A-environment interactions that
increase the chance of schizophrenia. We might need to study all schizophrenia risk genes
one by one to unravel the pathways that they are involved in, but ultimately we will need
to understand how interactions between multiple genes and multiple environmental factors
increase the chance of schizophrenia. Only then will genes have predictive value and aid in

prevention, and can medication target particular pathways.

8.5 Conclusions

The experiments described in this thesis were carried out to elucidate the
neurobiological pathways in which schizophrenia risk gene ZNF804A and in particular risk
SNP rs1344706 are involved. These experiments showed for the first time that ZNF804A
immunoreactivity can be detected in both foetal and adult brain and that it is mainly
localised to layer Il pyramidal cells, with a granular subcellular distribution throughout
the cytoplasm. No effect of rs1344706 on mRNA and protein expression was found, but

experiments by collaborators have now shown that rs1344706 affects expression of a
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truncated variant of ZNF804A during development. Rs1344706 was not found to affect
macroscopic brain structure as measured by volumetry and VBM; given the large sample
size of the study, this seems a convincing negative. It seems more likely that any
pathophysiological correlates of rs1344706 in ZNF804A occur via modulation of brain
function or connectivity. Earlier studies, as well as our study, have indicated that
rs1344706 alters prefrontal-hippocampal connectivity, with increased connectivity in risk
homozygotes. Our finding of increased hippocampal theta in non-risk homozygotes
provides a first clue as to the mechanisms that might underlie this change in connectivity.
Future studies will need to elucidate the actual function(s) of the ZNF804A protein, in
order to bridge the gap between the molecular and neuroimaging findings described in this

thesis.
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