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Abstract

Schizophrenia is a complex and severe psychiatric disorder with positive symptoms,
negative symptoms and cognitive deficits. Preclinical neurobiological studies showed
that alterations of dopaminergic and glutamatergic neurotransmitter circuits
involving the prefrontal cortex resulted in cognitive impairment such as working
memory. Functional activation and functional connectivity findings of functional
Magnetic Resonance Imaging (fMRI) data provided support for prefrontal
dysfunction during fMRI working memory tasks in individuals with schizophrenia.
However, these findings do not offer a neurobiological interpretation of the fMRI

data.

Biophysical modelling of functional large-scale networks has been designed for the
analysis of fMRI data, which can be interpreted in a mechanistic way. This approach
may enable the interpretation of fMRI data in terms of altered synaptic plasticity
processes found in schizophrenia. One such process is gating mechanism, which has
been shown to be altered for the thalamo-cortical and meso-cortical connection in
schizophrenia. The primary aim of the thesis was to investigate altered synaptic
plasticity and gating mechanisms with Dynamic Causal Modelling (DCM) within
functional large-scale networks during two fMRI tasks in individuals with

schizophrenia.

Applying nonlinear DCM to the verbal fluency fMRI task of the Edinburgh High
Risk Study, we showed that the connection strengths with nonlinear modulation for

the thalamo-cortical connection was reduced in subjects at high familial risk of



schizophrenia when compared to healthy controls. These results suggest that
nonlinear DCM enables the investigation of altered synaptic plasticity and gating

mechanism from fMRI data.

For the Scottish Family Mental Health Study, we reported two different optimal
linear models for individuals with established schizophrenia (EST) and healthy
controls during working memory function. We suggested that this result may indicate
that EST and healthy controls used different functional large-scale networks. The
results of nonlinear DCM analyses may suggest that gating mechanism was intact in

EST and healthy controls.

In conclusion, the results presented in this thesis give evidence for the role of
synaptic plasticity processes as assessed in functional large-scale networks during

cognitive tasks in individuals with schizophrenia.
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Summary of organisation of thesis

This thesis considers the analysis of functional large-scale networks with effective
connectivity to fMRI data in individuals with schizophrenia. Nonlinear DCM for
fMRI has been applied to examine hypothesised differences in effective connectivity
between (i) individuals at high genetic risk of schizophrenia and healthy controls (as
part of the Edinburgh High Risk Study) and between (ii) individuals with established
schizophrenia and healthy controls (as part of the Scottish Family Mental Health

Study).

In chapter 1, functional activation and functional connectivity findings of working
memory fMRI and Positron Emission Tomography studies in individuals with
schizophrenia and healthy controls are summarised. These findings are discussed in
context of the dopamine hypothesis of schizophrenia and the glutamate hypothesis of

schizophrenia.

Effective connectivity findings of working memory fMRI studies in individuals with
schizophrenia and healthy controls as assessed with DCM are discussed in chapter 2.
It is considered to what extent effective connectivity findings may increase the
interpretability of functional large-scale networks in comparison to functional

connectivity findings.
In chapter 3, a protocol for the application of nonlinear DCM has been applied to the

verbal fluency task in individuals at high genetic risk of schizophrenia and healthy

controls as part of the Edinburgh High Risk Study. The main result was that effective

XXii



connectivity measures were significantly different of effective connectivity measures
between high risk subjects and healthy controls, which may extend the previous

functional connectivity findings.

For the Scottish Family Mental Health Study, the developed protocol for the
application of nonlinear DCM was adapted for the working memory task in
individuals with established schizophrenia and healthy controls (chapter 4). The main
result was that individuals with established schizophrenia used a different functional

network for the working memory function than healthy controls.

Finally, chapter 5 summarises and discusses the key findings to what extend these
findings from the Edinburgh High Risk Study and the Scottish Family Mental Health
Study may lead to a better insight into functional large-scale networks underlying

cognitive function in individuals with schizophrenia.
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1  Functional Magnetic Resonance Imaging
studies in working memory in subjects with

schizophrenia



1.1 General introduction to the thesis

Schizophrenia is a debilitating mental disorder, which is characterised by with
positive symptoms, negative symptoms and cognitive deficits. Evidence from
preclinical neurobiological studies showed that alterations of dopaminergic and
glutamatergic neurotransmitter circuits involving the prefrontal cortex (PFC) resulted
in cognitive deficits such as working memory. Functional activation (FA) and
functional connectivity (FC) findings presented evidence for cortical impairment
during fMRI working memory tasks in individuals with schizophrenia. However,

these findings cannot be interpreted in neurobiological context.

Dynamic Causal Modelling (DCM) for fMRI has been developed for the biophysical
modelling of functional large-scale networks of fMRI data. This method may enable
the indirect assessment and interpretation of fMRI data in terms of altered synaptic
plasticity processes (via learning during a specific experimental task). One
neurobiological process, which has been proposed to underlie learning processes, is
gating control or gating mechanism. In preclinical and computational studies is has
been shown that gating mechanism is altered for the thalamo-cortical and/or meso-
cortical connection in schizophrenia. The first overall aim of the thesis was to model
connection strengths with nonlinear modulation, which may be interpreted as an
indirect measure for gating mechanism during two fMRI tasks in individuals with
schizophrenia. The second overall aim was to investigate, whether hypothesised
altered cortical function or a compensation to impaired function may be found in

individuals with schizophrenia when compared to healthy controls.



We applied nonlinear DCM to the Hayling sentence completion task (HSCT) fMRI
task as part of the Edinburgh High Risk Study (EHRS). The HSCT is an established
clinical tool for the assessment of PFC impairment (Burgess and Shallice et al.,
1996). The application of DCM for the assessment of (nonlinear) effective
connectivity (EC) measures to the HSCT task builds on previously published FA
findings (Whalley et al., 2004) and FC (Whalley et al., 2005); thus, the DCM
analyses can be seen as an extension to these findings. We focused on the
investigation of connection strengths with nonlinear modulation of the thalamo-

cortical connection.

We used nonlinear DCM to test hypothesised altered (nonlinear) EC measures during
the “N-Back” working memory task in individuals with established schizophrenia
(EST) and healthy controls as part of the (Scottish Family Mental Health Study,
SFMHS). In this, we examined the connection strengths with nonlinear modulation

of the meso-cortical connection.

We interpreted the findings of nonlinear EC measures of both studies in the context
of (i) a possible indirect measure for gating mechanism; and (ii) an indication for
altered cortical function or a compensatory process to impaired prefrontal function in
individuals with schizophrenia when compared to healthy controls. In summary, the
results presented in this PhD thesis suggest that synaptic plasticity processes (via
learning processes) as indirectly assessed in functional large-scale networks during

two cognitive tasks may be an underlying mechanism of prefrontal impairment or



compensatory mechanism in individuals with schizophrenia when compared to

healthy controls.

1.1.1 Overall aims

There were two overall aims of the thesis, which applied to the modelling of
functional large-scale networks with DCM for the EHRS and the SFMHS. The first
aim was to assess nonlinear EC measures, which may be interpreted as an indirect
measure for gating mechanism during two fMRI tasks in a given model in
individuals with schizophrenia. The second overall aim was to examine possibly
altered cortical function or compensation to impaired function during the two fMRI

tasks in individuals with schizophrenia in contrast to healthy controls.

We present the main hypotheses separately for the EHRS and the SFMHS due to the
different cognitive tasks modelled and different study populations of individuals with
schizophrenia.

For the EHRS, we hypothesised that subjects at high familial risk of schizophrenia
would show altered (nonlinear) EC measures between the mediodorsal (MD)
thalamus and the inferior frontal gyrus (IFG) when compared to healthy controls,
which may be an indirect indication of disrupted synaptic plasticity and gating
mechanisms of the thalamo-cortical connection. This disruption of learning during
the HSCT could be understood as a possible and indirect measure of a
neurobiological process of altered prefrontal dysfunction during the HSCT, which
applies specifically to the experimental task and brain function in the modelled

networks.



For the SFMHS, we assumed that EST would display altered connection strengths
with nonlinear modulation between the dorsolateral (DL)PFC and the ventral
tegmental area (VTA) during the working memory ‘“N-Back” task in contrast to
healthy controls. Such an alteration during the “N-Back” task may indirectly
resemble altered gating mechanism underlying prefrontal dysfunction or
compensation to dysfunctional prefrontal function for the given experimental task

and brain function in the modelled networks.

1.1.2 Dynamic Causal Modelling

DCM is a modelling framework for neuroimaging data (such as fMRI and
electrophysiological data), which assesses neurobiophysiologically interpretable
dynamic system models (Friston et al., 2003). In DCM for fMRI, these dynamic
system models are fitted to fMRI data to provide estimates of connection strengths
within a given model.

Nonlinear DCM as an extension has been devised to indirectly measure gating
mechanisms at the neuronal level that provides a more precise estimation of how the
rate of change of activity in one region influences the rate of change in other regions
(Stephan et al., 2008). It has been proposed that gating mechanisms (i.e. nonlinear
modulation of neuronal connections) originate from activity-dependent synaptic
plasticity processes (Abbot et al., 1997; Salinas and Sejnowski, 2001) and may
underlie cortical dysconnectivity in schizophrenia (thalamo-cortical connection,
Negyessy and Goldman-Rakic, 2005; meso-cortical connection, Wang et al., 2010).
We selected DCM to measure EC in functional large-scale networks as part of the

EHRS and the SMFHS in order to indirectly assess synaptic plasticity in a



hypothesis-driven way. In this, we devised a heuristic search protocol (chapter
3.4.5.2) to systematically assess EC measures and build the model space based on
published research findings. Lastly, we selected DCMB8 version (instead of newer
DCM10 or DCM12 versions) to avoid the risk of unstable results.

It is noted that the assessment of synaptic plasticity processes via learning can only
be considered indirect due to several factors and under certain conditions. For
example, the limited temporal resolution of fMRI (Friston et al., 2003; Roiser et al.,
2013) to measure biophysical mechanisms from EPI time series (Daunizeau et al.,
2011a; Friston et al., 2012); and the lack of direct concentrations of dopamine (DA) or
glutamate (Glu) do not allow the direct measurement of synaptic plasticity.
Furthermore, the systematic testing of EC measures of task-dependent modulation can
only be considered for the specific experimental task modelled and in a given model.
We point out that EC findings cannot be interpreted as changes of neurotransmitter
systems underlying the experimental task due to the lack of direct measurements of DA
and Glu in the specific neuronal population. Thus, neuropsychological and
neurocognitive interpretations must be considered in context of modelling of functional

large-scale network findings.

1.1.3 Outline of the thesis

The PhD thesis considers the application of DCM for fMRI data in individuals with
schizophrenia. Bilinear and nonlinear DCM has been used to investigate
hypothesised alterations in EC measures between (i) individuals at high familial risk
of schizophrenia and healthy controls (as part of the EHRS); and (ii) EST and

healthy controls (as part of the SFMHS).



In chapter 1, FA and FC findings of working memory fMRI and Positron Emission
Tomography (PET) studies in individuals with schizophrenia and healthy controls
are summarised. These findings are discussed in context of the dopamine hypothesis

of schizophrenia and the glutamate hypothesis of schizophrenia.

In chapter 2, different methods for the assessment of EC and
advantages/disadvantages of DCM in specific are discussed. EC findings of working
memory fMRI studies in individuals with schizophrenia and healthy controls as
assessed with DCM are reviewed. We consider to what extent EC findings may
increase the interpretability of functional large-scale networks in comparison to FC

findings.

In chapter 3, a heuristic search protocol for the application of nonlinear DCM has
been applied to the verbal fluency task in individuals at high genetic risk of
schizophrenia and healthy controls (as part of the EHRS). The main result was that
EC measures were significantly different between high risk subjects and healthy

controls, which may extend the previous FC findings (Whalley et al., 2004).

In chapter 4, the devised heuristic search protocol for the application of nonlinear
DCM was adapted for the working memory task in EST and healthy controls. The
main result was that EST used a different functional network for the working

memory function than healthy controls.



In chapter 5, a summary and discussion of the key findings from the EHRS and the
SFMHS is presented in context of improved insight into functional large-scale

networks underlying cognitive function in individuals with schizophrenia.

1.2 Introduction to chapter 1

It is widely established that schizophrenia is a brain disorder. This understanding has
been formed by decades of research and it has been furthered through
neurobiological and neuropsychopharmacological research. This research has
revealed evidence of altered neurobiological mechanisms including brain molecular,
cellular and chemical findings in schizophrenia. Furthermore, the notion of impaired
working memory function in schizophrenia was originally based on research in
animals and continues to provide novel knowledge of underlying neurobiological
mechanisms (Goldman-Rakic and Selemon, 1997; Lewis and Moghaddam, 2006;
Burgos-Gonzalez et al., 2010). One of the main findings for working memory
impairment in schizophrenia was dysfunction of the PFC and alterations of
neurotransmitter systems involving the PFC (Goldman-Rakic and Selemon, 1997;
Goldman-Rakic et al., 1999). These findings have led to major neurobiological
theories of schizophrenia such as the ‘dopamine hypothesis of schizophrenia’ and the
‘glutamate hypothesis of schizophrenia’. The strength of the hypotheses of
schizophrenia lies in the opportunity of investigating neurobiological alterations in
individuals with schizophrenia with the aim of gaining a better insight into the

pathophysiological pathways of schizophrenia.



It is well known that individuals with schizophrenia have cognitive deficits in
addition to clinical symptoms. The most common of such cognitive deficits is
working memory impairment, which is apparent at every stage of the illness (Fusar-
Poli et al., 2012; Seidman et al., 2010; Kim et al., 2011; Genevsky et al., 2010) and
has been linked to the severity of clinical symptoms in schizophrenia (MacDonald
and Schulz, 2009, Fusar-Poli et al., 2012). With the advent of clinical and cognitive
neurosciences a plethora of functional Magnetic Resonance Imaging (fMRI) and
positron emission tomography (PET) studies found that individuals with
schizophrenia show altered DLPFC brain function in working memory in
comparison to healthy controls (Goldberg and Weinberger, 1988; Goldman-Rakic
1994; Callicott et al., 2000; Callicott et al., 2003). In the later years, altered FC
findings involving the (DL)PFC in individuals with schizophrenia were reported
(Tan et al., 2006) with the aim of providing a better translational interpretation

of human neuroimaging findings to preclinical findings.

In this chapter, we briefly describe the pathological and aetiological background of
schizophrenia (chapter 1.2). We summarise neurobiological findings crucial for the
understanding of schizophrenia as a brain disorder (chapter 1.3) by focusing on the
description of the two main neurotransmitters and neurotransmitter systems
implicated in schizophrenia: DA and Glu (chapter 1.3.1). Then we outline the main
versions of the ‘dopamine hypothesis of schizophrenia’ and the ‘glutamate
hypothesis of schizophrenia’, which were developed and revised based on the
neurobiological findings (chapter 1.3.2). In the next step, we review clinical and

cognitive neuroscientific findings of FA and FC findings from fMRI and PET studies



in working memory in individuals with schizophrenia and healthy subjects (chapter
1.4.2). In particular, we discuss if and to what extent the reviewed FA and FC
findings can be interpreted in light of the dopamine and/or glutamate hypotheses of

schizophrenia.

1.3 Schizophrenia — General overview

We briefly describe the criteria for the clinical diagnosis of schizophrenia based on
the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text
Revision (DSM-IV-TR; American Psychiatric Association, 2000). The individuals
with established schizophrenia (EST), who took part in this study, were diagnosed on

the criteria of DSM-IV-TR.

1.3.1 Pathology

Schizophrenia is a severe psychiatric disorder, which is initially manifested through
positive symptoms including delusions, hallucinations and disorganised thoughts. As
the illness progresses, negative symptoms such as avolition, alogia and apathy may
occur. Prior to diagnosis of the illness, cognitive deficits can occur and illness
progression can also be associated with cognitive deficits (MacDonald and Schulz,

2009, Fusar-Poli et al., 2012).
Lifetime prevalence of schizophrenia is approximately 1%. The gender ratio

between men and women is nearly 1:1, although men seem to have an earlier age

onset than women (van Os and Kapur, 2009). The onset of the illness occurs

10



typically in late adolescence or early adulthood, however the range of onset can

vary between childhood and late adulthood (Kumra et al., 2001).

The clinical symptoms are briefly described. Positive symptoms are characterized by
delusions, hallucinations and formal thought disorders. Delusions are defined as
unrealistic and dysfunctional beliefs. Hallucinations are pathological sensory
sensations, mainly in the auditory modality without an objective basis for a stimulus.
Formal thought disorders implicate a disruption of thought processes (Andreasen,
1995). Negative symptoms are characterized by a pathological deficit in activity and
responsiveness. This deficit can be seen in impoverishment of verbal and nonverbal
communication, social withdrawal, anhedonia and general reduction in emotion,
psychomotor deceleration and a general apathic appearance (Andreasen, 1995).

It is widely established that cognitive deficits are considered a core symptom of
schizophrenia (Elvevag and Goldberg, 2000, Kremen et al., 2000; Gold, 2004).
These symptoms can encompass a range of executive functions such as impaired
performance in attention, memory, planning, reasoning, language functions and
social cognition. Working memory deficits are one of the main neurocognitive
impairments found in subjects with first episode schizophrenia (FES) (Seidman et
al., 2010; Kim et al., 2011) and EST (Genevsky et al., 2010). Similar deficits also
occur in individuals at high risk of schizophrenia (HR; Fusar-Poli et al., 2012).
Furthermore, recent evidence has been presented, which indicates a relationship
between severity of working memory deficits and the severity of negative

symptoms (Bora and Murray, 2013). The severity of working memory deficits that is

11



evident at the first episode of schizophrenia can predict the quality of life at the

established stage of the illness (Seshadri et al., 2013; Kukla et al., 2013).

The pattern of clinical positive and negative symptoms leads to different
subtypes as classified by DSM-IV-TR. The four different subtypes are: (i)
paranoid, (ii) catatonic, (iii) hebephrenic (or disorganized) and (iv) simple
deteriorative disorder. Here, we focus on the paranoid subtype since the patients,
who participated in the SFMHS, received this diagnosis. Paranoid schizophrenia
is characterized by delusions or auditory hallucinations, whereas thought

disorder, disorganized behaviour or affective flattening are not present.

The course of schizophrenia is variable and can fluctuate. In some cases,
individuals recover after the first psychotic episode, whereas in other cases,

individuals fall chronically ill with the disorder.

Phases of the illness are commonly subdivided into three subgroups:

o High risk phase of the illness (also sometimes called prodrome);

o First episode schizophrenia, which is described by a maximum illness
duration of approximately 18 months;

o Established phase of the illness, which is described by a minimum illness
duration of approximately 18 months ranging to decades.

The high risk phase is further subgrouped into clinical high risk phase or familial

high risk phase of adolescents and young adults, who are at enhanced risk of

developing schizophrenia in the following years. Relevance of research on the

12



high risk phase and transition to the first-episode schizophrenia can be seen in
the growing number of studies in this field and the new diagnosis category in
DSM-V (Fusar-Poli et al., 2014).

For clinical risk of schizophrenia, it is thought that these people are at high risk
because of the appearance of transient and partial psychotic symptoms (Fusar-
Poli et al., 2012). Research on individuals at increased clinical risk can be
summarised by the study populations of (i) subjects with an At-Risk Mental
State (ARMS) and (ii) subjects at ultra-high risk (UHR). Individuals are
considered to be at increased familial risk of developing schizophrenia when
they have one first-degree relative with the illness (Johnstone et al., 2000).
Evidence has been presented that subjects at increased clinical risk and subjects
at increased familial risk of schizophrenia show alterations in cognitive
performance (clinical risk/familial risk, Bora et al., 2014), brain structure
(clinical risk, Carletti et al. 2012; familial risk, Thermenos et al., 2013), brain
function/connectivity (clinical risk, Pettersson-Yeo et al., 2011; familial risk,
Thermenos et al., 2013), brain DA function (clinical risk, Egerton et al., 2013)
and brain metabolite concentrations such as Glu (clinical risk, Egerton et al.,

2014; familial risk, Tibbo et al., 2004).

1.3.2 Aetiology

The aetiology of the illness is still unknown. Several possible factors have been
proposed, however, there is controversy about each factor and its possible inter-

relationships with other factors. The primary factors and their interactions among
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other risk factors are briefly summarised, which are believed to contribute to or

mediate pathological mechanism(s) of schizophrenia:

(i)
(ii)
(iii)

(i)

(if)

Heritability and risk genes
Environmental factors

Brain alterations

First evidence of heritability of schizophrenia was published by twin
studies (Gottesman and Shields, 1966; Shields and Gottesman, 1972).
Similarly, susceptibility genes have been proposed to be involved in the
pathophysiology of the illness (Harrison and Weinberger, 2005) but it has
not been possible to prove this hypothesis. Twin and adoption studies
suggested that rather an interaction between genetic and environmental
factors may lead to schizophrenia than single genetic factors (Susser,
1985). Evidence has been presented which shows that multiple
susceptibility and candidate genes may result in schizophrenia rather than
a single gene (Mirnics et al., 2000; Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014).

Environmental factors have been suggested to play a role in the
pathophysiology of the illness such as pregnancy and birth complications,
neurological insults and life stressors (Heinz et al., 2013). Despite
decades of research, it has not been able to prove this hypothesis as an
aetiological cause of the illness. Thus, it is thought that genetic and
environmental factors may interact and lead to a greater likelihood of the

occurrence of the illness than genetic or environmental factors
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individually (McDonald and Murray, 2000). An example of linking both
state and trait markers in schizophrenia is research on endophenotypes
(Braff et al., 2007; Glahn et al., 2014).

(ili)  MRI studies reported evidence for brain alterations in brain structure, for
example, enlarged third ventricles and grey matter loss in temporal
regions (Raz and Raz, 1990; Tang et al., 2012) and brain function during
cognitive tasks (for example, working during fMRI (Callicott et al., 2000;
Callicott et al., 2003)). Neuroimaging studies showed not only alterations
of brain structure and function but also possible interrelationships
between brain alterations and genetic factors as well as environmental

factors (Lenroot and Giedd, 2008).

1.3.3 Treatment

The most common treatment of individuals with schizophrenia is the prescription of
antipsychotic medication. In some cases, patients may also undergo additional
psychotherapy.

The antipsychotic drugs are subdivided into (i) ‘first-generation antipsychotics’
(FGA) or ‘typical’ antipsychotics and; (ii) ‘second-generation antipsychotics’ (SGA)
or ‘atypical’ antipsychotics. Briefly, commonly prescribed FGA comprise
haloperidol, fluphenazine and chlorpromazine. Examples of SGA are clozapine,
olanzapine, risperidone, quetiapine, ziprasidone and aripriprazole. Despite the fact
that antipsychotic treatment remains the main treatment of patients with
schizophrenia, the exact details of the mode of actions of these drugs is not well

understood (Howes et al., 2012).
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1.4 Neurobiology of schizophrenia

1.4.1 Implicated neurotransmitters and neurotransmitter

systems in schizophrenia

Preclinical research has provided a wealth of findings on alterations of
neurotransmitter systems in schizophrenia with the focus on two main
neurotransmitter systems of DA and Glu and their interactions. Furthermore,
evidence suggest that alterations of DA and Glu involving the (DL)PFC and
prefrontal circuits could underlie the pathophysiology of disrupted working memory
function in schizophrenia (Moghaddam et al., 1997; Lewis and Moghaddam, 2006;
Arnsten et al., 2012).

Besides DA and Glu, other neurotransmitters such as y-amino-butter-acid (GABA),
serotonin (5-hydroxytryptamine, 5-HT), acetylcholine (ACh) and noradrenaline (NA)
are involved in the modulation of cognitive functions. In addition, alterations of
GABA and 5-HT transmission are implicated in dopaminergic and/or glutamatergic
circuits in schizophrenia (Carlsson et al., 1997; Lewis and Burgos-Gonzélez, 2008;
Lisman et al., 2008; Qi et al., 2010).

Risk genes and candidate genes are known to play a role in alterations of
dopaminergic and glutamatergic modulation of the (DL)PFC, which could result in
disruption of synaptic plasticity and therefore cognitive impairment in schizophrenia.
Examples of suggested risk genes comprise the susceptibility gene Disrupted-in-
schizophrenia-1 (DISC1) (Hayashi-Takagi et al., 2010; Ramsey et al., 2011),

neuregulin and dysbindin (Harrison and Weinberger, 2005).
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1.4.1.1 Dopamine

There are three main dopaminergic pathways, which are relevant for the innervation
of motor and cognitive functions: (i) the nigro-striatal system; (ii) the meso-limbic
system; and (iii) the meso-cortical system, of which the meso-limbic and meso-
cortical circuits are pivotal for cognitive functions. Here, we focus on the meso-
cortical DA system because of its relevant role in PFC neurotransmission and
cognitive function such as working memory. The meso-cortical system modulates
executive functions such as working memory from the VTA and to some extent from
the substantia nigra (SN) to the PFC, in particular the DLPFC.

Findings from animal studies provided evidence for dopaminergic modulation of the
(DL)PFC and working memory via meso-cortical D1 receptor projection (D1 receptor
subtype of the DA receptor) to prefrontal pyramidal cells and GABAergic
interneurons (Goldman-Rakic, 1996; Durstewitz et al., 1999; Durstewitz and
Seamans, 2002). Alterations of meso-cortical D1 receptor transmission of the
(DL)PFC resulted in working memory impairment in schizophrenia (Durstewitz and
Seamans, 2008; Goldman-Rakic, 1999). It is noted that findings have been reported
that not only D1 receptors but also D, receptors (D2 subtype of the DA receptor) are
involved in changes of N-methyl-D-aspartate (NMDA) receptor-dependent synaptic
plasticity in the DLPFC, for example through imbalance of Di/D. receptor
expression (Tzschentke, 2001; Laruelle et al., 2005; Durstewitz and Seamans, 2008).
Furthermore, D4 and Ds receptors (D4 and Ds subtypes of the DA receptors) have
been proposed to be involved in interactions with glutamatergic and GABAergic

neurons in the PFC (Cortés et al., 1989; Goldman-Rakic and Selemon, 1997).
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1.4.1.2 Glutamate

Glu is the primary excitatory neurotransmitter in the PFC, which has cortico-mesal
glutamatergic efferent projections to the VTA (Tzschentke, 2001) and excitatory
glutamatergic afferents from cortical and subcortical regions, for example the MD
thalamus (Leonard, 1969; Gioanni et al., 1999). lontropic Glu receptors are divided
into three groups: (i) NMDA receptors; (ii) Alpha-Amino-3-hydody-5-methyl-
isoxazol-4-propioacid (AMPA) receptors; and (iii) kainate receptors.

Glu is implicated in cognitive functions such as working memory in interaction with
DA (Arnsten et al., 2012). lonotropic receptors modulate several basic physiological
processes such as neuronal growth and synaptic plasticity, which are context-
dependent or experience-dependent for the modulation of cognitive functions (Javitt,

2007; Newpher and Ehlers, 2008; Pinault, 2011).

1.4.1.3 Interactions between dopamine and glutamate

Both DA and Glu modulate cognitive function involving the DL(PFC) and aberrant
dopaminergic and/or glutamatergic modulation can lead to cognitive impairment
such as working memory via aberrant NMDA receptor function (Gonzalez-Burgos et
al.,, 2010; Arnsten et al., 2012). Here we focus on the meso-cortical circuit
(Gonzalez-Burgos et al., 2005; Wang, 2010), which plays a crucial role in the
modulation of working memory in schizophrenia.

Dopaminergic and/or glutamatergic interactions have been first proposed after the
observation of close proximity of both dopaminergic and glutamatergic terminals on
same pyramidal cell in the PFC (Goldman-Rakic et al., 1989). Glutamatergic

transmission from the PFC modulate dopaminergic neurons in the VTA (Jackson et
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al., 2001; Sesack et al., 2002). These glutamatergic projections are mediated by
NMDA receptor-dependent synaptic plasticity (Bonci et al., 1999; Overton et al.,
1999). The efferent glutamatergic projections impact on dopaminergic neurons in the
VTA, which project to the D; receptors in the DLPFC (Sesack et al., 2002, Carr et
al., 2000; Gao and Wolf, 2007; Romanides et al., 1999). Based on these findings, it
has been proposed that decreased glutamatergic projection from the PFC to the VTA
results in reduced dopaminergic transmission via D1 receptors from the VTA to the
DLPFC (Lewis and Gonzalez-Burgos, 2006; Lewis and Gonzalez-Burgos, 2008).
These findings show that dopaminergic and glutamatergic projections activate cells
and neurons reciprocally. They can be summarised by (i) DA — Glu interactions in
the PFC and (ii) DA — Glu interactions in the VTA. Two examples for interactions in
the PFC are (a) dopaminergic stimulation of the VTA leads to inhibition of prefrontal
pyramidal cells and (b) glutamatergic regulation of prefrontal dopaminergic cells by
ionotropic and/or metabotropic Glu receptors (mGIuR) (Tzschentke, 2001). For DA
— Glu interactions in the VTA, findings were reported of (a) Glu agonist/antagonist
activity in dopaminergic neurons in the VTA, (b) midbrain glutamatergic regulation
of different populations of DA neurons in the PFC and (c) prefrontal glutamatergic
projections to the VTA generate dopaminergic burst activity in the VTA
(Tzschentke, 2001).

It is noteworthy that other neurotransmitter and neuromodulators such as GABA,
5-HT, ACh, NA and nicotinic receptors (Tzschentke, 2001; Stephan et al., 2006;
Stephan et al., 2009a) are involved in the meso-cortical-mesal circuit underlying
working memory performance (Timofeeva and Levin, 2011), which are beyond the

scope of this thesis.
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1.4.1.4 Other implicated neurotransmitters and neurotransmitter
systems

It has been reported that neurotransmitters such as GABA, 5-HT, ACh and NA are

involved in modulation of cognitive function and these neurotransmissions are

altered in schizophrenia. Furthermore, it has been shown that interactions between

those and the dopaminergic and glutamatergic circuits exist. Here, we briefly

summarise the effects of GABA on DLPFC circuitry and working memory in

schizophrenia as the main researched area.

GABA is the primary inhibitory neurotransmitter and plays a major role in the
DLPFC and prefrontal circuitries underlying working memory (Lewis and Gonzalez-
Burgos, 2008; Timofeeva and Levin, 2011). Disruptions of GABAergic modulations
such as reduced GABA synthesis and reuptake in DLPFC neurons in patients with
schizophrenia have been reported (Lewis and Gonzalez-Burgos, 2008). Furthermore,
it has shown that reductions of GABAergic receptors, specifically glutamic acid
decarboxylase 67 and parvalbumin receptors, and genetic alteration involved in
GABAEergic transmission can lead to disruption of synaptic plasticity processes
(Lewis and Gonzalez-Burgos, 2008) and therefore working memory impairments in

schizophrenia (Gonzalez-Burgos et al., 2010; Timofeeva and Levin, 2011).

Evidence for interactions between glutamatergic and GABAergic projections, which
could underlie cognitive functions such as working memory function in the (DL)PFC
have been reported (Lewis and Gonzalez-Burgos, 2008). Prefrontal glutamatergic

neurons project to the VTA and activate GABAergic neurons projecting to the
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nucleus accumbens and may decrease meso-striatal projections (Sesack et al., 2002;

Gao and Wolf, 2007).

1.4.2 Neurobiological theories of schizophrenia

DA and Glu circuits have been implicated in clinical and cognitive symptoms in
subjects with schizophrenia. Evidence has been presented for alterations of DA, Glu
and an alteration of the interaction between both neurotransmitters. The two main
neurobiological hypotheses in schizophrenia are based on the theories of altered
dopaminergic transmission (‘dopamine hypothesis of schizophrenia’) and altered
glutamatergic transmission (‘glutamate hypothesis of schizophrenia’). It is thought
that both DA and Glu modulate the DLPFC and in schizophrenia alter the
performance in cognitive processes such as in working memory (Tanaka, 2006; Tan

et al., 2007; Anticevic et al., 2012).

Neurobiological research into alterations of dopaminergic and/or glutamatergic
neurotransmission has paved the way for the understanding of schizophrenia as a
disorder of the brain. The dopamine hypothesis posits that DA function is altered in
schizophrenia and that this dysfunction may be the pathophysiological pathway
leading to clinical and cognitive symptoms (Howes and Kapur, 2009; Qi et al.,
2010). The glutamate hypothesis proposes that the altered dopaminergic dysfunction
may be secondary to aberrant glutamatergic dysregulation, which may contribute to
clinical and cognitive symptoms in schizophrenia (Coyle, 2012; Kantrowitz and

Javitt, 2010).
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1.4.2.1 Dopamine hypothesis of schizophrenia

The origin of the dopamine hypothesis of schizophrenia is based on the
discovery of antipsychotic drugs by Delay et al., in 1952. Carlsson and Lindqvit
reported the first findings of an effect of antipsychotic drugs on the metabolism of
DA (Carlsson, 1978). The original dopamine hypothesis posits that alterations of
dopaminergic receptors may underlie the clinical symptoms of schizophrenia
(Emilien et al., 1999). Over last three decades, the dopamine hypothesis of
schizophrenia has undergone reformulations in light of newly available preclinical
and clinical findings. Here, we consider the three main hypotheses: (i) the ‘dopamine
receptor hypothesis’, (ii) the ‘modified dopamine hypothesis of schizophrenia’, and

(iii) the ‘dopamine hypothesis: version III’.

1.4.2.1.1 ‘Dopamine receptor hypothesis’

The dopamine receptor hypothesis goes back to studies reporting clinical efficacy
correlates with D> receptor affinity (Seeman and Lee, 1975; Creese et al., 1976;
Seeman et al., 1976). Further evidence for the hypothesis was presented with
increased synaptic monoamine levels during the induction of psychotic symptoms
(Lieberman et al., 1987). The focus of this hypothesis rests on the excess of DA
receptors. Thus, the clinical treatment is aimed at blocking the DA D> subtype of the

DA receptors (Snyder, 1976).

1.4.2.1.2 ‘Modified dopamine hypothesis’

The modified dopamine hypothesis of schizophrenia has been formulated to integrate

new findings (Davis et al., 1991). Preclinical and clinical studies (i.e. post-mortem,
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metabolite and DA receptor neuroimaging studies) have advanced the
understanding of relationships between affinity and occupancy of D, and D1 subtypes
of the DA receptors and regional specificity (Kapur and Seeman, 2001).
Furthermore, it was assumed that findings of altered regional dopaminergic receptor
function from preclinical and indirect clinical studies could be linked to clinical
symptomatology in schizophrenia (Davis et al., 1991). The hypothesis suggests that
‘hypofrontality’, as measured with reduced regional cerebral blood flow (rCBF) in
the PFC may indicate low DA levels in the PFC (Davis et al., 1991). Findings from
preclinical lesion studies proposed that prefrontal ‘hypodopaminergia’ leads to
striatal “hyperdopaminergia’ (Pycock et al., 1980; Scatton et al., 1982). In addition, it
is hypothesised that prefrontal ‘hypodopaminergia’ could cause negative symptoms,
whereas striatal ‘hyperdopaminergia’ could lead to positive symptoms (Davis et al.,

1991).

1.4.2.1.3 ‘Dopamine hypothesis: version III’

The dopamine hypothesis: version 1l synthesises published findings on DA and its
potential role in schizophrenia from the main fields into one unifying hypothesis.
The hypothesis aims to provide a framework for findings from developments in
clinical research into genetic (risk) factors, environmental risk factors,
neurochemical and neuroimaging studies, and preclinical studies, which may be
related to increased presynaptic striatal dopaminergic function in schizophrenia
(Howes and Kapur, 2009). The authors outline four components for the hypothesis in
their review article: (i) The interaction of “hits” such as fronto-temporal dysfunction,

genes, stress and drugs may lead to striatal DA dysregulation (i.e. increased
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presynaptic DA synthesis capacity) and therefore to psychosis. (ii) It is hypothesised
that the primary dopaminergic dysfunction is located at the presynaptic dopaminergic
level instead of the D> receptor level. (iii) The hypothesis assumes that the DA
dysregulation combined with cultural and societal factors could lead to future clinical
diagnosis of ‘‘psychosis’’ rather than schizophrenia. (iv) It has been proposed that
the DA dysfunction could change the perception and judgment of stimuli (possibly
through aberrant salience), which could result in cognitive deficits (Heinz, 2002;

Kapur et al., 2003).

Recent meta-analyses, which examined markers of striatal DA alterations in
schizophrenia, reported evidence of different types of elevated DA dysfunction.
Supporting evidence for the dopamine hypothesis has been shown by increased
striatal presynaptic dopaminergic function in medication-free or medication-naive
patients with schizophrenia contrasted to healthy controls (Howes et al., 2012) and
increased striatal DA synthesis capacity (Fusar-Poli and Meyer-Lindenberg, 2013a).
Furthermore, Fusar-Poli and Meyer-Lindenberg (2013b) found no difference in
striatal DA active transporter density between patients with schizophrenia and
healthy controls, which presents evidence for DA elevation in presynaptic terminals

(Howes et al., 2012; Fusar-Poli and Meyer-Lindenberg, 2013a).

1.4.2.1.4 Summary
In summary, while both the dopamine receptor hypothesis and the modified

dopamine hypothesis of schizophrenia have their origins in the neurobiological
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investigation of the mode of action of antipsychotics, the dopamine hypothesis:
version Il aims at integrating advances in research of schizophrenia into one
unifying dopamine hypothesis. The scope of understanding of dopaminergic
dysregulation has become more defined, ranging from the whole brain
perspective, via the perspective of regional specificity between (DL)PFC and
striatum, to the current perspective of elevated presynaptic striatal dopaminergic
function. The development of the dopamine hypothesis over the three versions has

helped shape the understanding of schizophrenia as a brain disorder.

1.4.2.2 Glutamate hypothesis of schizophrenia

The origin of the glutamate hypothesis of schizophrenia was based on the
discovery of psychotomimetic effects of ketamine and phencyclidine, which
elicited psychotic symptoms in healthy people. Symptoms such as delusions
and hallucinations experienced by healthy individuals were compared to
positive symptoms seen in FES (Krystal et al., 1994; Abi-Saab et al., 1998).
The glutamate hypothesis postulates a mechanistic process of altered interacting
glutamatergic and/or dopaminergic neurotransmitter circuitries implicated in the
pathophysiology of clinical and cognitive symptoms in schizophrenia (Luby et al.,
1959; Carlsson et al., 2000; Farber et al., 2002; Javitt, 2007). In this review, we
consider three models of the glutamate hypothesis with relevance to the investigation
of altered working memory function in people with schizophrenia: (i) the NMDA
receptor hypofunction model’ of schizophrenia, (ii) the ‘acute ketamine model’, and

(ii1) the ‘dysconnection hypothesis’ of schizophrenia.
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1.4.2.2.1 ‘N-Methyl-D-aspartate acid (NMDA) receptor hypofunction
model’
The NMDA receptor hypofunction model of schizophrenia posits that the subtype of
the Glu receptor is implicated in multiple pathological brain mechanisms of
schizophrenia ranging across cellular, chemical and neuronal levels (Coyle, 2006;
Coyle et al., 2010; Moghaddam and Krystal, 2012; Javitt et al., 2012). It has been
proposed that NMDA receptor hypofunction could underlie the pathophysiology of
negative and cognitive symptoms in schizophrenia (Carlsson et al., 1999; Coyle,
2006; Javitt, 2010; Goff and Coyle, 2001). Clinical trials with agents modulating the
NMDA receptor in addition to treatment with FGA (such as chlorpromazine,
haloperidol and perphenazine) and SGA (such as clozapine and olanzapine)
presented supporting evidence for amelioration of negative and cognitive
symptoms (Coyle, 2006; Heresco-Levy et al., 2002; Lane et al., 2005). Evidence for
the involvement of NMDA receptor hypofunction through interactions among
different neurotransmitters such as GABAergic interneurons (Coyle, 2006) and DA

(Tzschentke, 2001; Sesack and Carr, 2002) has also been reported.

1.4.2.2.2 ‘Acute ketamine model’

Evidence for the glutamate hypothesis in humans is based on clinical studies
with ketamine in healthy subjects. Results suggest that glutamatergic
alterations could explain the pathophysiological mechanisms resulting in
positive symptoms predominantly experienced by FES and those with first
episode psychosis (FEP) (Krystal et al., 1994; Krystal et al., 1999). While

findings from ketamine injection studies have aided the understanding of
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glutamatergic signalling in the development of delusions and hallucinations,
evidence for altered glutamatergic transmission in negative and cognitive
symptoms is scarce. FMRI findings from ketamine studies in healthy subjects
propose that altered glutamatergic signalling could be implicated in working
memory (Krystal et al., 1994; Anticevic et al., 2012; Driesen et al., 2013).
These findings are in keeping with evidence from glutamatergic animal models,
which report aberrant working memory function after the inhibition of
glutamatergic receptors (Moghaddam et al., 1997; Timofeeva and Levin, 2011,

Fitzgerald, 2012; Arnsten et al., 2012).

1.4.2.2.3 ‘Dysconnection hypothesis’

The dysconnection hypothesis of schizophrenia posits that altered NMDA receptor-
mediated synaptic plasticity may be the underlying pathophysiological mechanism in
individuals with schizophrenia (Stephan et al., 2006; Stephan et al., 2009a). The
authors propose that altered synaptic plasticity may explain both clinical symptoms
and cognitive deficits in people with schizophrenia neurobiologically by altered
NMDA receptor neuromodulation. It is thought that NMDA receptor transmission is
modulated by multiple intracellular mechanisms and activation of specific D1 and D>
receptors, Glu receptor subtypes and GABA receptors on PFC pyramidal cells
(Tseng and O’Donnell, 2004). The dysconnection hypothesis synthesises
neurobiological findings (i.e. DA as one of the main neuromodulators leading to
aberrant NMDA receptor function) with clinical and cognitive neuroscientific
findings (i.e. cognitive impairment) in individuals with schizophrenia. The

dysconnection hypothesis is based on the notion that schizophrenia can be considered
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as a ‘disconnection syndrome’ (Friston and Frith, 1995) and extends the conceptual
hypothesis of disrupted large-scale functional networks during cognitive tasks to
aberrant synaptic plasticity. In the original review, Friston and Frith propose that
schizophrenia can be considered as an illness, which relates aberrant FC during
cognitive and sensorimotor function with positive symptomatology in individuals
with schizophrenia. In addition to this conceptual notion, the dysconnection
hypothesis offers a new approach of analysing altered synaptic plasticity, which
allows a new interpretation of neurophysiological and neuroimaging data. This may
be used to assist in the understanding of altered cognitive function in people with
schizophrenia. For functional neuroimaging data, the biophysical modelling
approach of DCM (Friston et al., 2003) has been proposed to infer biophysical
processes (namely, NMDA receptor-dependent synaptic plasticity) underlying the
Blood-Oxygen-Level Dependent (BOLD) responses. In addition, the authors provide
arguments that the development of positive symptoms such as delusions can be
explained by a ‘failure of self-monitoring mechanism’ or ‘corollary discharge’
(Stephan et al., 2009a). Abnormal EC findings from electroencephalogram (EEG)
and fMRI studies across a range of cognitive tasks in subjects with schizophrenia in
contrast to healthy controls have been reported (Dima et al., 2009; Dima et al., 2010;
Wagner et al., 2013). These lead to a new insight into altered connectivity above
those provided by FC studies, which are formulated under different theoretical
frameworks. Specifically, DCM findings enable the inference of biophysical
processes underlying neural responses (Friston et al., 2003; Friston and Dolan, 2010;

Stephan and Friston, 2010).
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1.4.2.2.4 Summary

In summary, the three hypotheses, the NMDA receptor hypofunction model, the
acute ketamine model and the dysconnection hypothesis, have motivated researchers
to investigate biophysical circuit processes implicated in glutamatergic and
dopaminergic interactions in negative symptoms and cognitive function in
schizophrenia. These circuit mechanisms are thought to underlie altered working
memory function in schizophrenia. Research on the NMDA receptor hypofunction
model has its roots in the pharmacological examination of antipsychotics, the
development of new agents and its effects on clinical and cognitive symptoms in
preclinical and clinical research in schizophrenia. The focus of researchers
examining the acute ketamine model and the dysconnection hypothesis lies on
elucidating proposed neurobiological processes of blockade of NMDA receptor
underlying altered cognitive brain function in schizophrenia. The study designs of
both versions differ in the investigation of (i) the pharmacological effect of ketamine
on altered cognitive brain function and clinical symptomatology in healthy controls
(the acute ketamine model) and (ii) altered synaptic plasticity during altered
cognitive brain function in subjects with schizophrenia. Despite the different
approaches, researchers of both versions of the glutamate hypothesis share the
common aim of increasing our insight into schizophrenia by the translation of
neurobiological knowledge from basic research to clinical research in schizophrenia.
Furthermore, researchers share the common methodological approach of large-scale
network analysis of fMRI data. Taken together, development over the three versions
of the glutamate hypothesis of schizophrenia supports the notion of schizophrenia as

a brain disorder.
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1.5 Clinical and cognitive neuroscience of working

memory in schizophrenia

Clinical and cognitive neuroscience studies have applied in vivo neuroimaging
techniques of fMRI, PET and single-photon emission computed tomography
(SPECT) to assess neurobiological processes that underlie working memory function
in people with schizophrenia. Techniques such as PET and SPECT use injections of
positron-emitting radionuclide as tracer (for PET) or gamma-emitting radionuclide
as tracer (for SPECT) in the living brain. Although these nuclear medical imaging
techniques are non-invasive they require the administration of tracers. FMRI
provides non-invasive in vivo imaging, which measures brain function by means of

the BOLD response (Ogawa et al., 1990).

1.5.1 Working memory

Working memory is thought to comprise executive functions such as attention,
inhibition and planning (Baddeley, 1981, Hitch, 1984; Smith and Jonides, 1998;
Smith and Jonides, 1999). Working memory is defined as the ability to briefly hold
information in mind for manipulation or for long-term storage (Baddeley, 1996;
Goldman-Rakic, 1996), which is necessary for the performance of cognitive tasks.

The computational approach of cognitive control by Braver and Cohen is similar to
the construct of working memory (Braver et al., 1999; Cohen et al., 1992; Braver et
al., 1997). However, two of the main novelties of the construct of cognitive control
lie in: (i) the extension of the existing working memory definition; and (ii) the
linkage between the psychological construct of working memory and the underlying

neurobiological mechanism(s).
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Braver et al., 1999 advanced the existing definition of working memory by the
description of ‘context’ information as an element of working memory. The term
‘context’ indicates that relevant information is needed for the performance of the task
(Braver et al.,, 1999; Cohen et al., 2002). Three specific processes within the
construct of cognitive control have been described (Cohen et al., 2002) in order to
define ‘context’. Furthermore, these hypothesised psychological processes have been
related to known neurobiological findings.

The first process is active maintenance of representations, which is described as the
ability to actively process relevant representations of the task's requirements, rules
and aims. The second process of adaptive updating is the mechanism that ensures the
continuous updating of previously maintained representations. This updating process
encompasses two specific processes: (i) The detection of task-relevant stimuli and
(i1) the detection of task-irrelevant stimuli, which are both essential for the successful
performance of the cognitive task. Neurobiological findings support the hypothesis
that updating is mediated by dopaminergic gating mechanisms via the VTA (Braver
and Cohen, 1999; Cohen et al., 2002). The third process, conflict monitoring, is an
attention process, which ensures the minimization of conflicts (i.e. errors such as
false alarms or misses). It is thought that monitoring for potential conflicts can be
measured as brain function in the anterior cingulate cortex (ACC; Cohen et al.,
2002).

Different types of information can be manipulated, maintained, updated and stored
during working memory performance:

o Verbal information, i.e. letters

o Numeric information, i.e. digits
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o Visual images

o Auditory information, i.e. tones

Here, we focus on verbal and numeric working memory processes to ensure
interpretability of BOLD responses between individuals with schizophrenia and
healthy controls, which are not confounded by differences in domains of working
memory stimuli. To further increase the interpretability among studies, FA and FC
studies are reviewed that applied the verbal or numeric “N-back” task. The “N-back”
task is considered to be as one of the most reliable experimental paradigms for the

assessment of verbal/numeric working memory function in humans.

1.5.2 Findings of functional activation studies of
verbal/numeric working memory in healthy subjects and

subjects with schizophrenia

FMRI and PET findings of altered FA and FC during working memory have been
reported in people with schizophrenia when they are compared to healthy controls
(Kim et al., 2003; Honey and Fletcher, 2006). Furthermore, PET studies have
presented evidence for indirect markers of altered DA transmission, which was
correlated with working memory performance (Abi-Dargham et al., 2002; Fusar-

Poli et al., 2010).

1.5.2.1 Functional magnetic resonance imaging studies
Working memory tasks were initially investigated with fMRI in healthy subjects
(Cohen and Servan- Schreiber, 1992; Cohen et al., 1996; Smith and Jonides, 1999;

Collette and Van der Linden, 2002). These initial studies used fMRI as a tool for
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examining neurobiological markers that could be related to working memory
performance. The examination of working memory function was extended to
individuals with schizophrenia.

Reported findings of brain function during working memory (among several domains
and components of working memory tasks) in healthy controls have led to the
understanding that DA modulates working memory (Braver et al., 1999; Cohen et al.,
2002; Cools et al., 2008). This evidence of dopaminergic involvement in working
memory was extended by the findings of altered dopaminergic modulation in
schizophrenia (Braver et al., 1999; Hazy et al., 2006). Subsequently, converging
findings were reported that regions such as DLPFC, ACC and parietal cortex (PC)
are activated in working memory in both healthy controls and in subjects with
schizophrenia (Cole and Schneider, 2007; Lenartowicz and Mclintosh, 2005;
Woodward et al.,, 2006; Gazzaley and Nobre, 2012). However, in those with
schizophrenia, these regions exhibit increased or reduced FAs and FC between
prefrontal and parietal regions as well as between prefrontal and temporal regions in
contrast to healthy controls. Alterations in FC occur at all stages of the illness
(Broome et al., 2009; Liemburg et al., 2012): (i) in HR subjects (Rasetti et al., 2011);
(if) in FES and FEP (Barch et al., 2001) and (iii) in subjects with EST (Potkin et al.,
2009).

Systematic reviews and meta-analyses of working memory fMRI studies in people
with schizophrenia do not report consistent findings (Brown and Thompson, 2010;
Manoach, 2003; Wager and Smith, 2003; Glahn et al., 2005). Some studies report
increased activation of the DLPFC, commonly referred to as ‘hyperfrontality’,

however other report decreased activation or ‘hypofrontality’. This picture of
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differing FA in terms of the direction, extent and/or pattern of BOLD responses was
attributed to the variation of domains and components of working memory tasks
(Brown and Thompson, 2010; Manoach, 2003; Wager and Smith, 2003; Glahn et
al., 2005). Also it was considered that methodological factors in the applied analyses
(such as differences in behavioural performance at different working memory loads
and their relationship with FA patterns) would contribute to these variations in FA
(Manoach, 2003; van Snellenberg et al., 2006, Glahn et al., 2005). In addition,
differences in medication could contribute to variation in the reported FA between
studies.

Here, we review fMRI studies using the numeric or verbal “N-back” task to enable
comparability among the studies (as outlined in chapter 1.4.1) in subjects with
established schizophrenia (EST) and healthy controls, which reported FA findings
(Table 1.1). The reviewed studies present group differences between subjects with
schizophrenia and healthy controls.

In FA studies, evidence was reported for increased activation in DLPFC, PFC,
ventral PFC (vPFC), medial frontal gyrus (MFG) and anterior cingulate (AC) during
high working memory load in subjects with EST (Callicott et al., 2000; Callicott et
al., 2003; Thermenos et al., 2005; Tan et al., 2006; Rasetti et al., 2011; Quidé et al.,
2013). However, reduced activation in prefrontal regions, such as vPFC, DLPFC, AC
and parietal regions was found during high working memory load in subjects with
EST (Callicott et al., 2000; Perlstein et al., 2001; Callicott et al., 2003). One study in
FES found a reduction activation in IFG, superior frontal gyrus (SFG) and AC during
high working memory load (Guerrero-Pedraza et al., 2012). We note three factors,

which contributed to difficulties in comparing the findings across the reviewed
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studies: (i) missing information of phase of schizophrenia (Tan et al., 2006), (ii)
heterogeneous groups of subjects with EST (Callicott et al., 2000; Guerrero-Pedraza
et al.,, 2012; Quidé et al., 2013), and (iii) limited information on antipsychotic
treatment (Callicott et al., 2000; Callicott et al., 2003; Thermenos et al., 2005; Tan et
al., 2006; Rasetti et al., 2011; Guerrero-Pedraza et al., 2012; Quidé et al., 2013).
Fundamentally, none of the FA findings was interpreted in context of the dopamine
or glutamate hypothesis. The lack of a clear understanding in terms of neural
activation and pathophysiological mechanism (with and without performance
differences) suggests there is a need for studies examining wider prefrontal circuitry
underlying working memory deficits in schizophrenia (Manoach, 2003; Glahn et al.,

2005).

35



Table 1.1 Schizophrenia as a cognitive brain disorder - Summary of main FA findings

in verbal/numeric working memory fMRI studies (Reproduced from Dauvermann et al.,

2014).
Study Subjects - Phase | Medication Experimental Main Finding(s)
of Paradigm
Schizophrenia
HC -
HR, FES, EST
Callicott et | 18 HC Not reported Numeric ~ “2- | T with increasing WM load
al., 2000 13 EST? back” in right DLPFC, left PFC,
left AC;
B with increasing WM load
includ. right AC, right PCi,
left vPFC.
Perlstein et | 16 HC 17 EST, stable | Verbal “2- | Main effect of group: ¥
al., 2001 17 EST injectable back” subgenual AC gyrus;
FGA for two Group X WM load
months interaction for high WM
load:& in right DLPFC.
Callicott et | 14 HC 14 patients, | Numeric ~ “2- |fand J for high WM load in
al., 2003 14 patients? 476.3 (291.7); | back” different subdivisions of the
subdivided into | 7 patients, right and left DLPFC in 14
HP: 8 HC, 7 | 556.0 (157.0); patients;
patients; 6 patients, Bilateral prefrontal areas of
LP: 6 HC, 7 | 237.7(96.4) and J§ for high WM load in
patients HP patients;
Bilateral prefrontal areas of
for high WM load in LP
patients.
Thermenos | 22 HC Not reported Verbal “2- | for high WM load in right
etal., 2005 | 14 EST back” medial FG;
1 for hits during for high
WM load in right medial
FG.

1 Increased in subjects with schizophrenia in contrast to HC;

3 Decreased in subjects with schizophrenia in contrast to HC;

AC, anterior cingulate; DLPFC, dorsolateral prefrontal cortex; dPFC, dorsal prefrontal cortex;
EST, subjects with established schizophrenia; FES, subjects with first episode
schizophrenia; FG, frontal gyrus; FGA, First-generation antipsychotics; HC, healthy controls;
HF, hippocampal formation; HP, high-performers; HR, Subjects at high risk of schizophrenia;
IFG, inferior frontal gyrus; IPL, inferior parietal lobe; LP, low-performers; OFG, orbitofrontal
gyrus; PCi, posterior cingulate; PHG, parahippocampal gyrus; ROI, region of interest; SGA,
Second-generation antipsychotics; SFG, superior frontal gyrus; SPL, superior parietal lobule;
VvPFC, ventral prefrontal cortex; vIPFC, ventrolateral PFC; WM, working memory.

1 Patients with different schizophrenia subtypes, such as paranoid subtype, schizoaffective
subtype, undifferentiated subtype;

2 Phase of illness, illness onset and illness duration not reported. Phase of illness based on
symptoms scores;

3 Chlorpromazine equivalents in mg/day.
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1.5.2.2 Positron emission tomography studies

PET and SPECT imaging in schizophrenia research are used to investigate indirect
markers of DA measures such as Dz receptors, presynaptic dopaminergic function,
DA synthesis capacity, DA release and DA transporters. Three [H,°O] PET studies
consistently reported reduced rCBF in DLPFC and posterior cingulate (PCi) in
verbal/numeric “2-back” in subjects with EST in contrast to healthy controls (Carter
et al., 1998; Meyer-Lindenberg et al., 2001; Meyer-Lindenberg et al., 2005) (Table

1.2).
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Table 1.2 Schizophrenia as a cognitive brain disorder - Summary of main functional activation findings in verbal/numeric working memory

PET studies.
Study Subjects - Phase of | Medication Experimental Paradigm | PET Technique/Method Main Finding(s)
Schizophrenia
HC -
HR, FES, EST
Carter et al., 1998 8 HC EST medicated; Verbal “2-back” rCBF measurement; '@ for high WM load in right
8 EST! No details of Radioactive water [H,1°0] DLPFC;
medication reported § for high WM load in right
PPC;
\§ for low WM load in right
DLPFC, but not in right PPC.
Meyer-Lindenberg | 13 HC 13 patients not Numeric “2-back” Multiple rCBF measurements; Condition X group interaction

etal., 2001

13 patients®2

medicated for
minimum 2 weeks;
No details of
medication reported

Administration of bolus
injection of 10 mCi of
radioactive water [H,*°0] per
scan;

(high WM load): §in bilateral
DLPFC and bilateal IPL;
Condition X group interaction
(high WM load): T'in medial
FG, left STG, right PHG, right
ICG.

Meyer-Lindenberg
et al., 2005

22 HC
22 patients?

22 patients not
medicated for
minimum 2 weeks;
No details of

medication reported.

Numeric “2-back”

Multiple rCBF measurements;
Administration of bolus
injection of 10 mCi of
radioactive water [H,*°0] per
scan

Group X task interaction (high
WM load): §in right DLPFC
and in left cerebellar region.

1 Increased in subjects with schizophrenia in contrast to HC; 8 Decreased in subjects with schizophrenia in contrast to HC;

DLPFC, dorsolateral prefrontal cortex; EST, subjects with established schizophrenia; FES, subjects with first episode schizophrenia; medial FG, frontal
gyrus; HC, healthy controls; HR, Subjects at high risk of schizophrenia; ICG, inferior occipital gyrus; IPL, inferior parietal lobe; mCi, millicurie; PHG,
parahippocampal gyrus; PET, positron emission tomography; PPC, posterior parietal cortex; rCBF, regional cerebral blood flow; STG, superior temporal
gyrus; WM, working memory.

! Phase of iliness, illness onset and iliness duration not specified;

2 Patients with paranoid subtype; schizoaffective subtype; undifferentiated subtype.
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1.5.3 Functional connectivity studies of verbal/numeric

working memory

b

FC studies mark the beginning of the notion of “disconnection” or “dysconnection’
(Friston and Frith, 1995; Stephan et al., 2006; Stephan et al., 2009a) in investigating
working memory deficits in people with schizophrenia. FC is defined as the statistical
association or dependency among two or more anatomically distinct time-series
(Friston and Frith, 1995). FC findings cannot be interpreted in terms of causal effects
between connected regions and thus does not allow for a mechanistic inference of the

BOLD responses.

1.5.3.1 Functional magnetic resonance imaging studies

FC studies applied voxel-based seed approaches to the BOLD response (Tan et al.,
2006; Rasetti et al., 2011; Guerrero-Pedraza et al., 2012), with the exception of one
study, which applied an ROI-to-ROI approach (Quidé et al., 2013) (Table 1.3).
Despite the use of equivalent methodological approach of voxel-based seed
correlation, the FC findings are not entirely comparable due to the use of different
seed locations. Findings of reduced connectivity involving subregions of the PFC
were found in FES and EST. Reduced FC findings in subjects with schizophrenia
and EST were reported in the majority of studies: (i) Reduced prefrontal-parietal* FC
in subjects with schizophrenia (Tan et al., 2006); (ii) Reduced prefrontal-
hippocampal, prefrontal-striatal and within-PFC FC in EST (Rasetti et al., 2011) and
(ili) Reduced parieto-prefrontal FC and between putamen and ventrolateral PFC

(VIPFC) in EST (Quidé et al., 2013). Further evidence for reduced FC between MFG

! Reduced FC between the dorsal PFC and posterior PC.
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and putamen was found in FES (Guerrero-Pedraza et al., 2012). In contrast to most
studies that report reduced FC in the early and late phases of the illness, increased FC
between the vPFC and posterior PC was shown in subjects with schizophrenia (Tan
et al., 2006). The findings of both reduced and increased FC between subregions of
the PFC and the posterior PC may be related to variations in behavioural response to
task load for subjects with schizophrenia (Tan et al., 2006). Similar difficulties in
comparing the FC findings among the studies are present as in the comparison of the
FA studies due to unclear and missing information regarding the illness phase,
diagnosis and medication treatment. Similarly, no reference is made to the dopamine

or glutamate hypothesis in interpreting the FC findings.
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Table 1.3 Schizophrenia as a cognitive brain disorder - Summary of main functional activation / functional connectivity findings in

verbal/numeric working memory fMRI studies (Reproduced from Dauvermann et al., 2014).

Study

Subjects - Phase of
Schizophrenia

Medication

Experimental Paradigm

Functional Connectivity
Method

Main Finding(s)

15 patients?,
subdivided into

(337.0)%;

Seed regions: right dPFC and
left vPFC;

HC - Seed regions/ROIs/VVOls
HR, FES, EST Seed regions/ROIs/VVOIs
Definition
Sphere size
Tan et al., 2006 26 HC 15 patients, 501 Numeric “2-back” Seed-based cross-correlation 1 FA with increasing WM

load in bilateral vPFC in 15
patients;

left IFG, left SFG, left AC,
right PHG, right amygdala
Functional ROIs

Sphere size not reported

HP: 14 HC, 8 Functional ROIs T FC between left vPFC and
patients; 10 mm sphere size left SPL in 15 patients;
LP: 12 HC, 7 & FC between right dPFC and
patients bilateral IPL in 15 patients.
Rasetti et al., 2011 | 153 HC 75 EST, FGA and Numeric “2-back” Seed-based cross-correlation* | T FA for high WM load in
78 EST? SGA, Seed regions: right DLPFC right DLPFC,;
3 EST, data missing; Functional ROIs JFC between right DLPFC
6 mm sphere size and bilateral HF;
8 FC between right DLPFC
and right IPL.
Guerrero-Pedraza 28 HC Not reported Numeric “2-back” Seed-based cross-correlation 1 FA for high WM load in
etal., 2012 30 FES! Seed regions: left gyrus rectus, | left gyrus rectus, left IFG, left

SFG, left AC, right PHG, right
amygdala;

& FC between medial FG and
right precuneus; between
medial FG and left OFG;
between medial frontal gyrus
and right precentral gyrus.
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Quidé et al., 2013 28 HC
28 EST*?

24 EST, 294.45
(316.36)%;

Numeric “2-back”

ROI-to-ROI FC

ROIs: bilateral DLPFC, VIPFC,
putamen, caudate nuclei, IPL
Functional ROIs

Sphere size not reported

1 FA for high WM load in
bilateral putamen, left DLPFC,
OFC, cuneus and PC;

JFC between left putamen
and right vIPFC;

J FC between left putamen
and left vIPFC; between right
IPL and right vIPFC.

1T Increased in subjects with schizophrenia in contrast to HC; § Decreased in subjects with schizophrenia in contrast to HC;
AC, anterior cingulate; DLPFC, dorsolateral prefrontal cortex; dPFC, dorsal prefrontal cortex; EST, subjects with established schizophrenia; FA,

functional activation; FC, Functional connectivity;

FES, subjects with first episode schizophrenia; FG, frontal gyrus; FGA, First-generation

antipsychotics; HC, healthy controls; HF, hippocampal formation; HP, high-performers; HR, Subjects at high risk of schizophrenia; IFG, inferior frontal
gyrus; IPL, inferior parietal lobe; LP, low-performers; OFG, orbitofrontal gyrus; PC, posterior cingulate; PHG, parahippocampal gyrus; ROI, region of
interest; SGA, Second-generation antipsychotics; SFG, superior frontal gyrus; SPL, superior parietal lobule; vPFC, ventral prefrontal cortex; vIPFC,

ventrolateral PFC; WM, working memory.

1 patients with different schizophrenia subtypes, such as paranoid subtype, schizoaffective subtype, undifferentiated subtype;
2Phase of illness, iliness onset and illness duration not reported. Phase of illness based on symptoms scores.

3 Chlorpromazine equivalents in mg/day

4 Seed-based connectivity only reported here.
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1.5.3.2 Positron emission tomography studies

In PET studies, reduced prefrontal-hippocampal FC findings in subjects with
schizophrenia in contrast to healthy controls (Meyer-Lindenberg et al., 2001; Meyer-
Lindenberg et al., 2005) confirmed the hypothesis of reduced functional connections
in working memory (Table 1.4). Correlational PET studies provided indirect support
for dopaminergic alterations during working memory function by significant
correlations between rCBF and behavioural performance of the “2-back™ task in

subjects with schizophrenia (Abi-Dargham et al., 2002; Fusar-Poli et al., 2010).
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Table 1.4 Schizophrenia as a cognitive brain disorder - Summary of main functional connectivity findings in verbal/numeric working memory

PET studies.

Study

Subjects - Phase of
Schizophrenia

Medication

Experimental Paradigm

Functional Connectivity
Method

Main Finding(s)

etal., 2001

13 patients®2

medicated for
minimum 2 weeks;
No details of
medication reported

No further details reported.

HC - Seed regions/ROIs/VVOls
HR, FES, EST Seed regions/ROIs/VVOIs
Definition
Sphere size
Meyer-Lindenberg | 13 HC 13 patients not Numeric “2-back” Canonical variates analysis; Negative FC between ITL, HC

and CER in patients;
Positive FC between DLPFC
and CG in HC;

Meyer-Lindenberg
et al., 2005

22 HC
22 patients

22 patients not
medicated for
minimum 2 weeks;
No details of
medication reported.

Numeric “2-back”

Linear covariation approach;
VOIs: HF (incl. ipsilateral
temporal lobe) and medial
frontal cortex (incl. AC);
Anatomical VOlIs;

Sphere size not reported.

Positive correlation between
left HF and right DLPFC for
high WM load in patients.
Negative correlation between
left HF and right DLPFC for
high working memory load in
HC.

AC anterior cingulate; CER, cerebellum; CG, cingulate gyrus; DLPFC, dorsolateral prefrontal cortex; EST, subjects with established schizophrenia; FC,
functional connectivity; FES, subjects with first episode schizophrenia; HC, healthy controls; HF, hippocampal formation; HR, Subjects at high risk of
schizophrenia; ITL, inferior temporal lobe; WM, working memory.

1 Phase of iliness, illness onset and illness duration not specified;

2 Patients with paranoid subtype; schizoaffective subtype; undifferentiated subtype.

44



In summary, findings presented by FC studies during the “N-back” task have paved
the way for the understanding of large-scale functional networks in working
memory. Furthermore, the insight of brain alterations in subjects with schizophrenia
has advanced with FC from individually activated regions to connectivity between
brain regions. The perspective of circuit-based neurobiology and cognitive brain
function opens the doors for translational research from preclinical and clinical
research in schizophrenia. However, FC is limited as the connection assessments are
based upon regional correlations and this approach does not allow inferences of
directions or causality between connected regions (Friston et al., 2003).

In summary, fMRI and PET studies in the field of clinical and cognitive
neurosciences have been