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chapter 1
General Introduction





General Introduction

Recent advances in brain imaging have provided an excellent opportu-
nity for neuroscientists and psychiatrists to explore the neurobiological
mechanisms of schizophrenia and related disorders. Decades of extensive
research in schizophrenia have signi cantly contributed to increase our
knowledge of this severe mental disorder. However, the neural substrates
underlying the psychopathology of schizophrenia are still not fully under-
stood.

Schizophrenia has been subject of research for more than one cen-
tury. Already in 1893 psychiatrist Emil Kraepelin hypothesised that de-
mentia praecox (an earlier operationalization of schizophrenia)was close-
ly related to brain abnormalities. Together with Alois Alzheimer they
investigated the neuroanatomical substrates of this illness. However, in
those days con icting ndings of post-mortem brain studies were disap-
pointing and interest in biological research in schizophrenia decreased.
Only from 1976 schizophrenia research gained a new impulse with the
rst non invasive in vivo brain imaging investigation by computer as-

sisted tomography (CT). CT studies con rmed earlier x-ray and pneumo-
nencephalography ndings of enlarged lateral ventricles in schizophrenia
(Haug, 1962; Johnstone et al., 1976). Subsequently, there were signi cant
advances in brain imagingmethods in the years that followed, particularly
in magnetic resonance imaging (MRI). In 1984 the rst MRI study visual-
ized the schizophrenia brain withmuch greater detail than with CT scans
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(Smith et al., 1985). Subsequent MRI reports showed volume reductions
in several brain regions. Since then MRI has become a powerful research
tool for in vivo investigation of brain structure and function that may
be related to schizophrenia and other mental disorders (Fusar-Poli et al.,
2012; Mueller et al., 2011).

1.1 Schizophrenia

Schizophrenia is a chronic and disabling mental illness characterized by
abnormalities in perception, disruption of thought processes and feelings,
and a marked decline in social and occupational functioning in the vast
majority of cases. Schizophrenia has serious consequences not only for
the well-being of patients but also for their families. e onset of clinical
symptoms typically emerges during late adolescence or early adult life,
the estimated lifetime prevalence is approximately 0.3–0.7% (McGrath et
al., 2008). e incidence is signi cantly higher in males than in females
and onset of the disease occurs later in women (Abel et al., 2010).

Psychotic symptoms play a central role in the schizophrenia but the
clinical picture is highly heterogeneous with a variety of symptoms. Emil
Kraepelin (1893) and Eugen Bleuler (1908) were the rst who attempted
to cluster the symptoms of schizophrenia. Kraepelin rst described the
disorder as dementia praecox, but the term was later changed to ‘schizo-
phrenia’ by Bleuler. Since then many attempts have been made to re-
ne the diagnostic criteria of schizophrenia. ese have resulted in the

development of several classi cation systems such as the international
classi cation of diseases (ICD) (World Healthy Organization, 1992) and
the Diagnostic and Statistical manual of mental disorders (DSM). Ini-
tially, the symptoms were clustered in two categories: positive and nega-
tive symptoms. Positive symptoms include hallucinations, delusions and
thought disorganization. Negative symptoms include lack of motivation,
anhedonia, affective attening, reduction in spontaneous speech and so-
cial withdrawal. But often cognitive impairments such as difficulties in
memory, attention, and executive functioning are present as well which
may comprise a third dimension of symptoms (Keefe et al., 2005) and
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are often associated with negative symptoms. At this moment diagnosis
of schizophrenia is based on the DSM-IV criteria and requires an ill-
ness duration of at least six months with at least one month of active
symptoms. However, diagnosis and treatment is not always straightfor-
ward because schizophrenia has shared clinical symptoms and genetic
causes with other psychotic disorders (e.g. bipolar disorder and major
depression with psychotic symptoms) and with autism. e next editions
of the DSM-V (http://www.dsm5.org) and the ICD-11 (http://www.who.
int/classifications/icd/revision/en/) scheduled for 2013 and 2015 (respec-
tively), try to nd solutions for several diagnostic issues and will possible
combine more valid de nitions from both a categorical point of view and
a continuous or dimensional concept.

e aetiology of schizophrenia is complex. Genetic factors and struc-
tural and functional brain abnormalities play a crucial role. e current
view is that genetic factors and environmental interact and affect neu-
rodevelopment (van Os and Kapur, 2009). Environmental factors include
pre- and perinatal events (viral infections, obstetric complications), ur-
banicity, social isolation, developmental trauma, cannabis use (van Os,
2008;Mueser andMcGurk, 2004;Murray et al., 2008). Family history and
thus genetic transmission is amongst the most consistent risk factors for
schizophrenia with an estimated heritability of approximately 80%. Ge-
netic transmission does not appear to follow single gene mendelian pat-
terns. But, multiple polymorphisms and copy number variants have been
identi ed that are associatedwith schizophrenia (vanWinkel et al., 2010).
For instance, susceptibility genes for schizophrenia playing a signi cant
role in neurodevelopment include neuroregulin, dysbindin, DISC1 and
COMT.

1.2 22q11 Deletion Syndrome

22q11 deletion syndrome (22q11DS) also known as velo-cardio-facial
syndrome or diGeorge syndrome is the most recurrent copy number
variation (CNV) disorder (Karayiorgou et al., 2010) with an approximate
prevalence of 1:4000 live births (Botto et al., 2003; Kobrynski and Sulli-
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van, 2007). People with this syndrome have a deletion on the long arm of
chromosome 22 (Shprintzen et al., 1978).

e 22q11 deleted region contains about 25-40 genes that are prob-
ably related to the anomalies seen in patients. e length of deletion
varies from 1.5 to 3.0 megabases (Mb) with most subjects (90%) hav-
ing a 3.0Mb deletion, 7% have a 1.5 Mb and others an atypical deletion
(Edelmann et al., 1999). is syndrome is associated with a variety of
clinical features; typical abnormalities of 22q11DS include facial dysmor-
phism, speech and palatal problems, cardiovascular anomalies (congeni-
tal heart defects), immune disorders, learning difficulties (Papolos et al.,
1996). 22q11DS is also associated with increased incidence of psychi-
atric disorders (Gothelf et al., 2008). Several studies have reported anxi-
ety and mood disorders, attention de cits, de cit hyperactivity disorder
(ADHD), autism and obsessive-compulsive disorders (OCD) in children
and adolescents with 22q11DS. However, with the exception of schizo-
phrenia, most of these diagnoses may not meet the criteria set forth in
the literature (Flint, 1998; Karayiorgou et al., 2010). In adulthood, about
30% of the patients develop schizophrenia-like psychosis. e genetic
deletion of chromosome 22q11 is the third-highest risk factor for the
development of schizophrenia, after being the child of two parents with
schizophrenia or the monozygotic co-twin of an affected individual. Of
patients with schizophrenia, approximately 1–2% have a 22q11 deletion
(Karayiorgou et al., 2010). In conclusion, 22q11DS represents an excellent
model for studying the effect of a genetic deletion on the development of
brain structure and function, and on the emergence of schizophrenia-like
psychotic disorder.

In fact, 22q11DS has been in the focus of psychiatric research for the
past 15 years. We now know that people with 22q11DS have an increased
incidence of neuro-anatomical abnormalities (Gothelf et al., 2008). Also,
haplo-insufficiency of one ormore genes on 22q11 such as COMT (Lach-
man 1996; Graf 2001; Gothelf 2008) and PRODH (Li et al., 2004; Paterlini
et al., 2005) may expose 22q11DS patients to dysfunctional dopaminergic
and glutamatergic neurotransmission contributing to high rates of psy-
chosis and other psychiatric disorders. Moreover, copy number variation
has also been associated with 22q11DS and with schizophrenia (Cook,
Jr. and Scherer, 2008; Karayiorgou et al., 1995; St, 2009; Stefansson et al.,
2008). However, the neurobiological mechanisms of the 22q11DS syn-
drome related to the vulnerability to schizophrenia are yet poorly under-
stood.
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1.3 Magnetic Resonance Imaging in Schizophrenia and
22q11DS

MRI has facilitated the studies investigating the neurobiology of psy-
chiatric disorders. Studies employing a variety of MRI methods such
as voxel based morphometry (VBM), diffusion tensor imaging (DTI),
magnetic resonance spectroscopy (MRS), functional and pharmacolog-
ical magnetic resonance imaging (fMRI, PhMRI) have documented sev-
eral neuroanatomical, neurochemical and neurofunctional abnormalities
in schizophrenia. In 22q11DS the available MRI studies, although fewer
than in schizophrenia, also indicate that people with 22q11DS have al-
tered brain morphology and function.

MRI uses a powerful magnetic eld and radio waves to create detailed
images of the organs and tissues within the body. MRI signals are gen-
erated from hydrogen atoms present in the human body proving means
of discriminating between grey matter, white matter and cerebral spinal
uid in structural images of the brain. Findings of structural brain ab-

normalities in schizophrenia include enlarged lateral ventricles, higher
prevalence of cavum septum pellucidum, decreases of grey matter, white
matter and whole brain volume (Shenton et al., 2001; Wright et al., 2000
). Recently, results of a meta-analysis have shown that schizophrenia is
associated with progressive structural brain abnormalities, affecting both
gray and white matter (Olabi et al., 2011). Reductions in gray matter in-
clude bilateral areas of the insula, inferior frontal cortex, superior tem-
poral, anterior cingulate gyrus, medial frontal cortex, thalamus and left
amygdala (Bora et al., 2011). In early phases of the disease, volumes are
decreased in the hippocampus, thalamus, amygdala, insula and anterior
cingulate. Later on, in chronic schizophrenia, extensive volume reduc-
tions are observed inmedial and dorsolateral prefrontal cortex, and in the
temporal lobe (Ellison-Wright et al., 2008). Also volume increases have
been documented in striatal regions. Relatives of schizophrenia patients
show reductions in hippocampal brain volume indicating the genetic as-
pect of the disorder (Boos et al., 2007). In addition to volume changes, ab-
normalities in gyri cation and grey matter thickness have been reported.
In schizophrenia associated with 22q11DS reduced fronto-temporal grey
matter volume andwidespread loss of whitematter volume has been doc-
umented (Chow et al., 2002; van Amelsvoort et al., 2001; van Amelsvoort
et al., 2004).
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ere is also increasing evidence for disruptedwhitematter in schizo-
phrenia. DTI has been widely used to study the structure and integrity
of white matter bers connecting grey matter. With DTI one can inves-
tigate the orientation and integrity of white matter tracts by measuring
the amount and direction of water diffusion, which can be isotropic (the
same amount in every direction) or anisotropic.e degree of anisotropy
in particular tissues is often quanti ed through its fractional anisotropy
(FA) value. It is thought that a lower FA is indicative of lower connec-
tivity or integrity of white matter tracts (Basser, 1995; Beaulieu, 2002)
which depends on a number of factors, for instance, myelination, ber
diameter and density. DTI studies in schizophrenia have reported lower
FA in frontal and temporal brain regions, commissural and association
white matter bers (Kanaan et al., 2005; Kubicki et al., 2007). Disrup-
tions in white matter have been associated with decreased FA in bers
of the anterior thalamic radiation, inferior longitudinal fasciculi, inferior
frontal occipital fasciculi, cingulum and fornix (Bora et al., 2011). Also
signi cant FA reductions have been found in rst episode patients but to
a lesser extent than chronic patients (Friedman et al., 2008). In children
with 22q11DS DTI studies suggest pervasive white matter dysfunction.
Reduced FA has been found in frontal, parietal and temporal regions
(Barnea-Goraly et al., 2003; Simon et al., 2005; Sundram et al., 2010) and
clusters of increased FA from posterior areas of the corpus callosum to
the occipital lobes (Barnea-Goraly et al., 2003). Moreover, FA reductions
in the parietal lobe correlated with poor arithmetic task performance
(Barnea-Goraly et al., 2005) ese ndings suggest neuropathology of
white matter and unusual development of brain connectivity.

1H-MRS is another MRI method used for measurement of a number
of brain metabolites that possible re ects the status of important func-
tions of neurons and glial cells. 1H-MRS studies have demonstrated al-
tered neurometabolites in psychiatric disorders including schizophrenia.
e 1H-MRS signal comes from small chemical compounds based on
different resonance frequencies (Dager et al., 2008). e 1H-MRS signal
is transformed to a frequency spectrum and the position of the signal
peaks are expressed as ‘chemical shifts’ (shift in resonance frequency
that is unique to a given molecule). Neurometabolites measured by 1H-
MRS include N-acetyl-aspartate, creatine, choline, myo-Inositol, lactate,
glutamate and glutamine. ese metabolites can be related to neuronal
integrity, density, energy metabolism and protein synthesis that, if al-
tered, may re ect abnormal neuro-developmental features (Soares and
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Law, 2009). In schizophrenia an increasing number of 1H-MRS studies
have been conducted suggesting abnormal concentration of glutamate
(Bartha et al., 1997; eberge et al., 2002; eberge et al., 2003) and NAA
reductions in several regions implicated in the pathogenesis of schizo-
phrenia. Although there has been much evidence in favor of glutamater-
gic alterations in schizophrenia accumulated in recent years, the most
prominent ndings have been decreased NAA in the frontal cortex and
the temporal lobes especially in the hippocampus and superior temporal
lobe (Bertolino and Weinberger, 1999).

Abnormalities in brain structure and neurochemical composition
may consequently lead to abnormal brain function. is can be demon-
strated by functional MRI (fMRI), the MRI method used to study brain
function. fMRI works by detecting the changes in blood oxygenation and
ow that occur in response to neural activity. A brain area that is ac-

tive consumes more oxygen thereby increasing blood ow. is mech-
anism is referred to as BOLD (blood-oxygen-level dependent), which
cause changes in the T*2 signal providing an indirect measure of neural
activity (Logothetis et al., 2001). Investigations with fMRI have shown
abnormal brain activity (hypo- and hyperactivity) in several brain re-
gions in schizophrenia patients. For instance, enhanced activity of au-
ditory and speech cortices have been demonstrated during hallucina-
tory experiences (Dierks et al., 1999). Reduced executive functioning is
accompanied by reduced activation of the dorsolateral prefrontal cor-
tex, anterior cingulate and inferior parietal lobule. Dysfunction of brain
functions involved in reward related brain activation relying in midbrain
dopaminergic neurons projecting to the ventral striatum and dorsolateral
prefrontal cortex. In 22q11DS very few fMRI studies in 22q11DS have
been reported. ese studies have suggested parietal lobe dysfunction
during cognitive tasks (Eliez et al., 2001; Kates et al., 2007). Also, re-
duced fusiform gyrus activation in response to neutral faces compared
to houses has been found in 22q11DS with schizophrenia (Andersson
et al., 2008) and less activation in the right insula and frontal brain re-
gions and increased activation in occipital regions during an emotional
face processing task in adults with 22q11DS (van Amelsvoort et al.,
2006).

Finally, PhMRI is a brain imaging modality that combines fMRI with
a pharmacological challenge making it possible to explore the effect of
a drug agent on the brain. For instance, PhMRI studies assessing the ef-
fects of antipsychotic medication, based on blockage of dopamine recep-
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tors, have shown that typical antipsychotics probably normalize striatal-
related dopaminergic dysfunction in schizophrenia (Juckel et al., 2006;
Schlagenhauf et al., 2008).

1.4 Dopamine and Glutamate Hypothesis of
Schizophrenia

Abnormal dopaminergic neurotransmission plays a crucial role in psy-
chosis. e in uential dopamine hypothesis of schizophrenia proposes
that heightened dopaminergic neurotransmission in themesolimbic path-
way is associated with positive symptoms of schizophrenia, whereas a
decreased dopaminergic function in the mesocortical pathway may be
related to negative symptoms (Davis et al., 1991; Howes et al., 2012; Toda
and Abi-Dargham, 2007). Initial evidence for a role of dopamine in psy-
chosis came from studies of psychostimulant drugs that trigger release
of dopamine and psychosis (Angrist et al., 1974; Harris and Batki, 2000).
Furthermore, studies of antipsychotic action on dopamine D2 receptor
blockade support the role of dopamine in the pathophysiology of schizo-
phrenia (Seeman et al., 1975).

At present the main treatment for psychosis and schizophrenia is an-
tipsychotic medication based on the blocking properties of D2 dopamine
receptors (Seeman, 2002; Snyder, 1981). e rst-generation antipsy-
chotic medication introduced in the 1950s (chlorpromazine) was effec-
tive to moderate the positive psychotic symptoms but often lead to ex-
trapyramidal side-effects. e new, second-generation, antipsychotics
(risperidone, olanzapine, quetiapine, ziprasidone, aripiprazole) were in-
troduced in the past 15 years aiming to improve the psychotic symptoms,
and also the negative and cognitive aspects of the syndrome. is treat-
ment is effective for positive symptoms, however an effective treatment
against negative and cognitive symptoms remains subject of research.

Despite treatmentwith dopaminergic antagonists,many patientswith
schizophrenia remain chronically impaired. Although the dopamine hy-
pothesis has received much support in the past 50 years, several aspects
of schizophrenia (e.g. negative and cognitive symptoms) cannot be ex-



Aim and Outline of this Thesis | 11

..

C
ha
pt
er

1

plained based upon dopaminergic dysfunction alone. Moreover, mod-
ulation of dopaminergic neurotransmission involves other neurotrans-
mitters and their interactions. e need for alternative explanations has
brought us to the glutamate theory of schizophrenia, which is based on
the ability of N-methyl-D-aspartate (NMDA) receptor antagonists to in-
duce schizophrenia-like symptoms. Available literature suggests distur-
bances of NMDA related gene expression in schizophrenia (McCullum-
smith et al., 2012; Sodhi et al., 2008). Moreover, dopamine and gluta-
mate interactions in controlling synaptic function have been documented
in the hippocampus (Lisman and Otmakhova, 2001) and between glu-
tamatergic afferents and subcortical dopaminergic nuclei (Lisman and
Grace, 2005). Increasing evidence has also pointed to a dysfunction of
glutamatergic neurotransmission, related to NMDA receptor hypofunc-
tion which, accounts for positive and negative symptoms, and cognitive
de cits (Soares and Innis, 1999; Zhang et al., 2008). Currently, glutamate
receptors are targets for drug research and development based on po-
tential pre- and postsynaptic and glial mechanisms leading to NMDA
receptor dysfunction.

1.5 Aim and Outline of this Thesis

e overall aim of the studies described in this thesis was to increase our
understanding of the neurobiological basis of schizophrenia, including
schizophrenia associated with 22q11DS. We investigate several aspects
of brain structure and function that may be underlying the vulnerabil-
ity to schizophrenia. We employed structural MRI, DTI, 1H-MRS, fMRI
and PhMRI to explore brain structure and white matter integrity, gluta-
matergic and neurometabolism, and dopamine–related brain function in
schizophrenia, 22q11DS and healthy individuals.

Chapter 1 contains a general introduction of this thesisIn Chapter 2
we report a DTI study in 22q11DS patients with and without schizophre-
nia compared to ‘idiopathic’ schizophrenia patients and also compared
to healthy controls. Our aim was to enhance our understanding of white
matter integrity in adults with 22q11DS and its association with schizo-
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phrenia. We explored whether measures of white matter integrity differ-
entiates between patients with 22q11DSwith and without schizophrenia.
In Chapter 3 we describe a 1H-MRS study in 22q11DS with and without
schizophrenia and healthy controls. We expected glutamatergic abnor-
malities in people with 22q11DS with schizophrenia since glutamate play
a crucial role in schizophrenia. In Chapter 4 we review pharmacological
MRI studies with atypical antipsychotic medication providing support
for the revised dopamine hypothesis of schizophrenia. In Chapter 5 we
report a pharmacological challenge study of the brain reward system in
healthy individuals. We investigate the effects of dopamine depletion us-
ing fMRI and a monetary incentive delay task. In addition to BOLD con-
trast we assessed the effect of dopamine depletion on peripheral mark-
ers for dopamine. Similarly, in Chapter 6 we investigated the effects of
dopamine depletion in schizophrenia and how it would interfere with
activation of the brain reward system compared to healthy controls. In
Chapter 7 we summarize the ndings of the studies of this thesis and
discuss implications, limitations and future directions of research.
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chapter 2
White Matter Abnormalities in Adults

with 22q11 Deletion Syndrome with and
without Schizophrenia

da Silva Alves F, Schmitz N, Bloemen O, van der Meer J, Meijer J,
Boot E, Nederveen A, de Haan L, Linszen D, van Amelsvoort T

Schizophrenia Research, 2011; 132:75-83

Abstract

Dysfunction of cerebral white matter (WM) is a potential factor underlying the neurobiol-
ogy of schizophrenia. People with 22q11 deletion syndrome have altered brain morphology
and increased risk for schizophrenia, therefore decreased WM integrity may be related to
schizophrenia in 22q11DS. We measured fractional anisotropy (FA) and WM volume in
27 adults with 22q11DS with schizophrenia (n=12, 22q11DS SCZ+) and without schizo-
phrenia (n=15, 22q11DS SCZ-), 12 individuals with idiopathic schizophrenia and 31 age-
matched healthy controls. We found widespread decreased WM volume in posterior and
temporal brain areas and decreased FA in areas of the frontal cortex in the whole 22q11DS
group compared to healthy controls. In 22q11DS SCZ+ compromised WM integrity in-
cluded inferior frontal areas of parietal and occipital lobe. Idiopathic schizophrenia patients
showed decreased FA in inferior frontal and insular regions compared to healthy controls.
We found no WM alterations in 22q11DS SCZ+ vs. 22q11DS SCZ-. However, there was a
negative correlation between FA and PANSS scores (Positive and Negative Symptom Scale)
in the whole 22q11DS group in the inferior frontal, cingulate, insular and temporal areas.
is is the rst study to investigate WM integrity in adults with 22q11DS. Our results sug-
gest that pervasiveWMdysfunction is intrinsic to 22q11DS and that psychotic development
in adults with 22q11DS involves similar brain areas as seen in schizophrenia in the general
population.
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2.1 Introduction

22q11 deletion syndrome (22q11DS) or velocardiofacial syndrome is
caused by an interstitial deletion at the q11.2 locus of chromosome
22 (Carlson et al., 1997). is genetic disorder results in a variable
clinical phenotype comprising somatic, cognitive, behavioural and psy-
chiatric disorders, including schizophrenia-like psychosis (Shprintzen,
2008;Murphy et al., 1999). erefore, the 22q11DS may provide valuable
insight into the neuropathology associated with schizophrenia.

Brain imaging studies in 22q11DS have focused on identifying alter-
ations in neural anatomy that might contribute to observed behavioural
and psychiatric phenotypes associated with the syndrome. Several struc-
tural magnetic resonance imaging (MRI) studies have reported similar-
ities in brain morphology in people with 22q11DS and in people with
schizophrenia. ese ndings include enlarged corpus callosum and lat-
eral ventricles and reduced total cerebral volume and grey matter volume
of the fronto-temporal lobes (Shenton et al., 2001;Tan et al., 2009).

Over the last decade there has been growing evidence for the involve-
ment of cerebral white matter (WM) in the psychopathology of schizo-
phrenia (Walterfang et al., 2006;Konrad andWinterer, 2008;Connor et al.,
2010). Volumetric MRI studies have found decreased WM volume in the
corpus callosum, frontal and temporal lobes in schizophrenia (Kubicki
et al., 2005;Williams, 2008). In 22q11DS reduced WM volume seems to
occur early in life and in the absence of psychosis. Volumetric studies in
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children with 22q11DS report reduction of WM in frontal, parietal and
temporal regions (Campbell et al., 2006;Kates et al., 2001; Simon et al.,
2005;Baker et al., 2010; Eliez et al., 2000;Eliez et al., 2001). However, a re-
cent longitudinal study has shown increased WM volume in adolescents
with 22q11DS (Kates et al., 2011). Moreover, a widespread loss of WM
volume has been associated with the development of schizophrenia in
adults with 22q11DS (van Amelsvoort et al., 2004).

Diffusion tensor imaging (DTI) is a neuroimaging technique em-
ployed for investigation of integrity of WM bers beyond volumetric
measurements. Brain WM consists of bundles of myelinated axons con-
necting several grey matter areas of the brain. Integrity of WM bers
are of vital importance for brain connectivity and information process-
ing (Takeuchi et al., 2010). erefore, disruption of WM integrity may
account for some of the cognitive de cits and psychotic symptoms seen
in schizophrenia and in 22q11DS.

DTI allows for quanti cation of diffusion of water molecules (ex-
pressed as fractional anisotropy (FA)) within axons (Basser, 1995). Lower
FA is indicates lower connectivity or integrity of WM bers (Beaulieu,
2002). DTI studies in schizophrenia reported reduced FA in frontal
and temporal brain regions, in commissural and association WM bers
(Kanaan et al., 2005;Konrad et al., 2009;Kubicki et al., 2007;Peters et al.,
2010). e few DTI studies that have been conducted in people with
22q11DS have been done in children and adolescents. ese studies re-
ported reduced FA in areas of the frontal, parietal and temporal lobes
(Barnea-Goraly et al. 2003; Sundram et al. 2010; Simon et al. 2005) and
clusters of increased FA from the posterior corpus callosum to the oc-
cipital lobes (Barnea-Goraly et al., 2003). Increased FA was also found
in frontal and parietal clusters and in areas of the anterior to poste-
rior cingulate gyrus, extending to the posterior corpus callosum and in
the right inferior parietal lobe (Simon et al., 2008; Simon et al., 2005).
Moreover, FA reductions in the left inferior parietal lobe correlated with
poor arithmetic task performance (Barnea-Goraly et al., 2005). ese
ndings suggest disturbed functional development of the brain in youth

with 22q11DS. During transition to adulthood progressive and abnor-
mal changes in brain structure in 22q11DS may take place that proba-
bly is critical for the development of schizophrenia. Furthermore, brain
changes in 22q11DSpatientswith schizophreniamay develop in a distinc-
tivemanner compared to 22q11DSwithout schizophreniawith particular
implication of WM (van Amelsvoort et al., 2004).
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e aim of the study was to enhance our understanding of WM in-
tegrity in adults with 22q11DS and its association with symptoms of
schizophrenia. Based on the above ndings, we expected altered WM
integrity in posterior and frontal brain areas in adults with 22q11DS.
Moreover, we hypothesize that in 22q11DS with schizophrenia changes
in FA would extend from parietal to fronto-temporal regions, perhaps
showing similar FA aberrations as in idiopathic schizophrenia. In addi-
tion, we explored whether FA and WM volume differentiates between
22q11DS patients with and without schizophrenia.

2.2 Methods

Subjects

We included 27 adults with 22q11DS (mean±SD) (22q11DS SCZ+ n=12,
age 31.17±6.78; 22q11DS SCZ- n=15, age 28.80±8.56), 31 healthy controls
(HC age 32.35±9.74) and 12 males with idiopathic schizophrenia (age
23.33±3.47). Individuals with 22q11DSwere recruited through theDutch
22q11DS family association and several Dutch Clinical Genetics Centres.
Individuals with idiopathic schizophrenia were recruited from the Ado-
lescent Clinic of the Department of Psychiatry, Academic Medical Cen-
tre, University of Amsterdam (AMC). Healthy volunteers were recruited
by local advertisement. e study was conducted at the Department of
Psychiatry, Academic Medical Centre Amsterdam, e Netherlands and
was approved by the local Medical Ethics Committee. All participants
were capable of giving written informed consent and did so, after receiv-
ing full information on the study.

All individuals with 22q11DS were interviewed by a physician using
semi-structured psychiatric interview. None of the healthy participants
had a history of psychiatric disorders, medical conditions affecting brain
function, substance or alcohol abuse and they were not using any med-
ication at the time of testing. e 22q11DS group was subdivided into
2 groups: those who were ful lling DSM-IV criteria for schizophrenia
(22q11DS SCZ+) all taking antipsychotic medication and duration of ill-
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ness>1 year) and those who did not have a psychiatric history (22q11DS
SCZ-) and were neuroleptic and psychostimulant naïve. Clinical diag-
noses of individuals with idiopathic schizophrenia were made according
to the DSM-IV criteria by two psychiatrists independent of the study.
Idiopathic schizophrenia patients were receiving care at the psychiatric
open-ward inpatient and day care units of AMC, and were all medicated
at the time of testing.

e Positive and Negative Symptom Scale (PANSS) (Kay et al., 1987)
was used to assess positive, negative and general psychopathology in the
patient groups. In addition, for assessment of intelligence quotient (IQ)
we used the shortened Dutch version of the Wechsler Adult Intelligence
Scale (WAIS-III–NL) consisting of 5 subtests: vocabulary, comprehen-
sion, similarities (verbal IQ), block design, and object assembly (perfor-
mance IQ) (Canavan et al., 1986;Wechsler, 1997).

MRI Data Acquisition

Whole brain magnetic resonance image (MRI) acquisition took place at
the Department of Radiology (Academic Medical Centre Amsterdam,
e Netherlands) using a 3 Tesla Intera MRI system (Philips, Best, e
Netherlands) equipped with a 6 channel sense head coil. DTI data were
acquired using 3D multi-slice spin echo single shot echo-planar imaging
with a repetition time (TR)/echo time (TE) 4834/94 diffusion sensitivities
of b=0 and b=1000 s/mm2; 32 diffusion gradient directions; 38 contin-
uous (no inter-slice gap) slices, slice thickness 3mm, 230x230mm FOV;
acquisition matrix 112×109; acquisition voxel size 2.05×2.10×3mm.
For anatomical localization transversal high-resolution structural 3D
T1-weighted sequences; full head coverage; TR/TE of 9.8/4.6 ms; ax-
ial orientation; 120 continuous (no inter-slice gap) slices; slice thickness
1.2 mm; ip angle 8°; 224x117mm eld of view (FOV); acquisition matrix
192×152x120; acquisition voxel size 1.17×1.17×1.20 mm.

MRI Data processing

All data were processed using SPM8 (Statistical Parametric Mapping
software, version 8, http://www.fil.ion.ucl.ac.uk/spm) and VBM8 (Voxel-
Based Morphometry toolbox for SPM8) toolboxes on Matlab R2007a
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platform (e MathWorks Inc., USA version 7.4). To register the MRI
images (T-1 weighed volumetric images and FA), we used the Diffeomor-
phic Anatomical Registration using Exponentiated Lie algebra algorithm
(DARTEL) (Ashburner, 2007;Ashburner and Friston, 2009;Klein et al.,
2009) tools integrated in both SPM8 and VBM8. Because DARTEL pro-
duces a more accurate registration, it improves the sensitivity of nding
differences and localizing differences between groups in the concentra-
tion ofWM. In order to normalize images toMNI space, an already exist-
ing DARTEL template in MNI space was used. is template was derived
from 550 healthy European subjects of average age in IXI-database (http:
//www.brain{-}development.org). erefore, no study-speci c DARTEL
template was created. All images were rst converted from scanner-
speci c PAR/REC format to the NIFTI format.

T1-weighed images were checked for scanner artefacts and gross
anatomical abnormalities. e individual T1 images were subsequently
rigidly aligned to a pre-existing T1 template in MNI space. Following,
individual probabilisticWM images were extracted using the VBM8 tool-
box (http://dbm.neuro.uni{-}jena.de/vbm.html). Transformation param-
eters ( ow- elds) and Jacobian determinants were calculated. e ow
elds were applied to anatomically warp the individual WM probabilistic

images to the DARTEL template and the Jacobian determinants were ap-
plied tomodulate thewarped images to account for local volume changes.
e WM images were smoothed with a Gaussian kernel of 12-mm full
width at half-maximum (FWHM).

e DTI data were post processed using Philips Achieva software to
create FA valuemaps. Image distortions inDTI data induced by eddy cur-
rents and head motion were corrected by applying a full affine alignment
of each diffusion image to the mean no-diffusion-weighted image. e
FA images were rigidly co-registered to the (segmented) WM image of
the corresponding subject. As the FA closely resembles the WM images,
and is in register with them, the ow elds that were used to warp WM
to DARTEL space were also applied to the FA images in order to warp
them directly into MNI space. Finally as with the VBM, the FA images
were smoothed with a 12 mm FWHM Gaussian lter.
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2.3 Statistical analysis

Demographic Data

Group differences in age, IQ and PANSS were examined using analysis
of variance (ANOVA). Group differences in gender were tested with Chi-
square tests. Compiled data are expressed asmean±SD. Level of statistical
signi cance was de ned as P<0.05 (two tailed). Statistical analyses were
performedwith SPSS, release 16.0.2 forWindows (SPSS Inc., Chicago, IL,
USA).

Voxel-Based Analysis of Fractional Anisotropy and White Matter Volume

To test for FA andWMvolume differences between 22q11DS patients, id-
iopathic schizophrenia and controls voxel-wise statistics were performed
twice using independent-sample t-tests implemented in the general linear
model approach of SPM8. In the rst model without covariates, the anal-
ysis were conducted using t-contrasts “1 -1” for groupA>B and “-1 1” for
group A < B. Group comparisons were corrected for multiple compar-
isons using family wise error correction (FWEcor) at cluster level P<0.05.
In the second model, these same analyses for 22q11DS were performed
including IQ as nuisance covariate, which means that all effect that can
be explained by IQwas removed from the data. For the idiopathic schizo-
phrenia group, analyses were performed including IQ, age and gender as
covariate.

Voxel coordinates are given as an indication of location in a stan-
dardized brain. Additionally, resulting cluster maps of FA images were
overlaid for visualization. Voxels and clusters were localized in Mon-
treal Neurological Institute (MNI) space and transformed into Talairach
and Tournoux coordinates. To further localize signi cant voxel clusters
brain bers up-to-date atlases were consulted (Talairach and Tournoux,
1988;Brett et al., 2002; Mori et al., 2005).
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2.4 Results

Demographics

Demographics are displayed in Table 2.4.1. 22q11DS and healthy con-
trols did not differ with regard age (HC 32.35±9.74, 22q11DS SCZ+
31.17±6.78, 22q11DS SCZ- 28.80±8.56, P=0.99). e group of idiopathic
schizophrenia patients was signi cantly younger than healthy controls
(23.33±3.47;P=0.012). Sexwas signi cantly different between the groups;
idiopathic schizophrenia group was composed exclusively of males (HC
17m/14f, 22q11DS SCZ+ 7m/5f, 22q11DS SCZ- 6m/9f, idiopathic schizo-
phrenia 12m; P=0.013).

Patients had a lower total IQ than healthy controls (HC 104.13±12.54,
22q11DSSCZ+67.50±16.93, 22q11DSSCZ- 78.67±7.57, idiopathic schiz-
ophrenia 88.50±15.28; P<0.001). Total IQ was signi cantly different be-
tweenHC vs. 22q11DSSCZ+ (P<0.001),HC vs. 22q11DSSCZ- (P<0.001)
and HC vs. idiopathic schizophrenia (P=0.027). Total IQ was also sig-
ni cantly different between idiopathic schizophrenia vs. 22q11DS SCZ+
(P=0.027) and 22q11DS SCZ+ vs. 22q11DS SCZ- (P=0.036).

e mean scores on the PANSS subscales were signi cantly differ-
ent between the patient groups (P<0.05). Scores on positive symptoms
(P=0.007), negative symptoms (P=0.008) and general psychopathology
(P=0.004) were signi cantly higher in 22q11DS SCZ+ vs. 22q11DS SCZ-.
In addition, positive symptoms scores were signi cantly higher in id-
iopathic schizophrenia vs. 22q11DS SCZ- (P=0.001). e scores of to-
tal PANSS symptoms were higher in 22q11DS SCZ+ vs. 22q11DS SCZ-

Table 2.4.1: Demographic and clinical variables (mean±SD)

22q11DS
SCZ+

22q11DS
SCZ-

Idiopathic
SCZ

Healthy Controls

N (male/female) 7m/5f 6m/9f 12m 17m/14f
Age 31.17±6.78 28.80±8.56 23.33±3.47 32.35±9.74
IQ 67.50±16.93 78.67±7.56 88.50±15.28 104.13±12.53
PANSS Positive Scale 11.00±3.55 7.46±0.78 12.67±2.93
PANSS Negative Scale 17.64±7.42 10.69±2.63 13.33±4.92
PANSS General psychopathology Scale 32.18±10.39 22.15±4.04 26.17±5.42
Total PANSS 60.82±18.26 40.31±5.76 52.17±8.66

PANSS: Positive and Negative Symptom Scale
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Table 2.4.2: Fractional Anisotropy: regions of signi cant differences between patients and
healthy controls

Cluster size Brain Area P value T & T Z value Tract
x y z

A. Model without Covariates
22q11DS Patients vs. HC
Decreased FA

1151 R Frontal Precentral 0.021 54 -3 31 4.30 slf
R Parietal Postcentral 44 -19 42 4.23 slf

2778 R Frontal Sub-Gyral 0.025 44 18 18 3.83
Increased FA

2155 L Anterior Cingulate 0.002 -9 38 9 4.39 cg/cc/gcc
L Frontal Sub-Gyral 15 41 6 3.86 cg/cc
R Anterior Cingulate -21 27 27 3.55 acr

22q11DS SCZ- vs. HC
Increased FA

3872 R Frontal Sub-Gyral 0.006 26 26 19 3.53 cg/cc/acr

22q11DS SCZ+ vs. HC
Increased FA

2660 L Anterior Cingulate 0.025 -11 39 7 4.01 cg/cc
L Frontal Sub-Gyral -20 24 28 3.69 cg/cc/acr

PFWE< 0.05 corrected for multiple comparissons; L: Left R: Right; T&T: Talairach and Tournoux coordinates of
most signi cant voxels; slf: superior longitudinal fascicuulus; cg: cingulum; cc: corpus callosum; acr: anterior
corona radiata; unc: uncinate fasciculus; ifo: inferior fronto-occipital fasciculus; pcr: posterior corona radiata; scr:
superior corona radiata; ilf: inferior longitudinal fasciculus; ptr: posterior thalamic radiation; scc: splenium of
corpus callosum

(P=0.001) and in idiopathic schizophrenia vs. 22q11DS SCZ- (P=0.050).
ere were no signi cant differences in the PANSS subscales between
22q11DS SCZ+ and idiopathic schizophrenia.

Fractional Anisotropy

FA results including brain localization, voxel coordinates and P values
for patient-controls and patient-patient comparisons are displayed in Ta-
ble 2.4.2.
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Table 2.4.2 (continued)

Cluster size Brain Area P value T & T Z value Tract
x y z

B. Model with Covariates
22q11DS Patients vs. HC
Decreased FA

5903 R Superior Frontal 0.001 21 8 56 4.14 cc/cg
2317 R Frontal Precentral 0.001 47 -4 43 3.83 slf

R Parietal Sub-Gyral 38 -31 43 3.62 slf
1679 L Frontal Precentral 0.005 -30 -13 54 3.84 slf

L Parietal Postcentral -45 -17 43 3.79 slf
1252 L Parahippocampal 0.016 -28 -36 -5 3.20 ilf
1229 R Parahippocampal 0.017 23 -19 -14 3.25 unc/ilf

22q11DS SCZ- vs. HC
Decreased FA

3196 L Frontal Precentral 0.000 -27 -10 56 4.11 slf
L Middle Frontal -26 3 57 4.15 slf/cc

3869 R Frontal Precentral 0.000 36 -18 55 4.58 slf
R Middle Frontal 23 2 61 4.14 slf/cc
R Superior Parietal 23 -61 56 4.13 slf

22q11DS SCZ+ vs. HC
Decreased FA

936 R Frontal Precentral 0.032 33 -9 49 4.16 slf
1841 L Frontal Precentral 0.003 -32 -16 54 4.01 slf

L Parietal Postcentral -41 -19 42 3.91 slf
4808 R Parietal Precuneus 0.001 27 -48 49 3.79 pcr

R Medial Frontal 21 5 61 3.54 scr
5240 L Inferior Frontal 0.001 -35 26 -11 3.61 unc/ifo

R Inferior Frontal 27 11 -18 3.41 unc/ifo
R Middle Frontal 16 39 -20 3.37 ifo/cc/unc

7911 L Middle Occipital 0.001 -39 -78 16 4.00 ifo/ilf/ptr

Idiopathic SCZ vs. HC
Decreased FA

5637 R Frontal Sub-Gyral 0.003 33 32 3 3.85 ifo/cc/unc
R Insula 44 5 12 3.76 slf
R Inferior Frontal 44 27 -5 3.65 unc/ifo

PFWE< 0.05 corrected for multiple comparissons; L: Left R: Right; T&T: Talairach and Tournoux coordinates of
most signi cant voxels; slf: superior longitudinal fascicuulus; cg: cingulum; cc: corpus callosum; acr: anterior
corona radiata; unc: uncinate fasciculus; ifo: inferior fronto-occipital fasciculus; pcr: posterior corona radiata; scr:
superior corona radiata; ilf: inferior longitudinal fasciculus; ptr: posterior thalamic radiation; scc: splenium of
corpus callosum
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Patient-Control & Patient-Patient Comparisons - Model without
Covariates

ewhole 22q11DS group compared to healthy controls had signi cantly
decreased FA in the right hemisphere in the pre-central and post-central
areas (FWEcor=0.021) and frontal sub-gyral (FWEcor=0.025), and signi -
cantly increased FA in the anterior cingulate (bilaterally) (FWEcor=0.002).

ere was no decreased FA in 22q11DS SCZ+ patients compared to
healthy controls surviving the correction for multiple comparisons but
signi cantly increased FA in the left anterior cingulate and left frontal
sub-gyral area (FWEcor=0.025).

ere was no decreased FA in 22q11DS SCZ- patients compared to
healthy controls surviving the correction for multiple comparisons but
signi cantly increased FA in the right frontal sub-gyral (FWEcor=0.006).

ere were no signi cant differences in FA in idiopathic SCZ patients
compared to healthy controls surviving the correction for multiple com-
parisons. Also, there were no signi cant differences in FA in idiopathic
SCZ patients compared to 22q11DS SCZ+ and in idiopathic SCZ com-
pared to 22q11DS SCZ-.

Patient-Control & Patient-Patient Comparisons - Model with covariates

e whole 22q11DS group compared to healthy controls had signif-
icantly decreased FA in the pre-central and post-central areas (bilat-
erally), in the right parietal sub-gyral (FWEcor<0.001), right superior
frontal area (FWEcor<0.001) and in the parahippocampal area (bilater-
ally) (FWEcor=0.017).

22q11DS SCZ+ patients compared to healthy controls had signi -
cantly decreased FA in several areas of the frontal lobes bilaterally, in-
cluding inferior frontal area and in posterior areas of the brain including
parietal and occipital regions (FWEcor<0.001) (Figure 2.4.1).

22q11DS SCZ- patients compared to healthy controls had signi -
cantly decreased FA in the precentral areas and the middle frontal areas
(bilaterally) and in the right superior parietal sub-gyral area
(FWEcor<0.001). ere was no signi cant increased FA in any of the
above comparisons.

ere was no signi cant decreased or increased FA in 22q11DS SCZ+
patients compared to 22q11DS SCZ- patients.
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Figure 2.4.1: Brain areas of decreased fractional anisotropy in 22q11DS patients with schizo-
phrenia compared to healthy controls.
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Table 2.4.3: Regions of signi cant negative correlation between FA and PANSS in the whole
22q11DS group

Cluster size Brain Area P value T & T Z value Tract
x y z

Positive symptoms
1632 R Inferior Frontal 0.002 30 18 -14 5.09 unc

R Superior Temporal 35 6 -21 4.06 unc/ilf
R Inferior Temporal 50 -5 -27 3.83 unc/ilf

1328 L Inferior Frontal 0.006 -24 26 -8 4.16 unc/ilf
L Frontal Sub-Gyral -12 33 -14 3.83 unc/ifo/cc
L Frontal Precentral -33 -21 55 3.57 scr

Negative symptoms
2456 L Medial Frontal

Gyrus
0.000 -8 -1 61 4.90 scr

L Frontal Sub-Gyral -15 -22 43 4.59 scr
1224 L Temporal

Sub-Gyral
0.008 -47 -16 -20 4.00 ilf

L Pons 0 -31 -24 3.83 scp

Total psychopathology
3890 L Temporal

Sub-Gyral
0.000 -50 -21 -18 4.81 ilf

1907 L Medial Frontal
Gyrus

0.001 -5 -1 59 4.52 scr

L Cingulate -9 -4 43 4.35 cg
1220 L Sub-lobar Insula 0.008 35 19 5 4.40 unc/ifo

R Inferior Frontal 30 22 -10 3.90 unc/ifo
R Frontal Sub-Gyral 12 16 -10 3.68 unc/ifo

PFWE< 0.05 corrected for multiple comparissons; L: Left R: Right; T&T: Talairach and Tournoux coordinates of
most signi cant voxels; unc: uncinate fasciculus; ilf: inferior longitudinal fasciculus; ifo: inferior fronto-occipital
fasciculus; cc: corpus callosum; scr: superior corona radiata; scp: superior cerebellar penducle; cg: cingulum

Idiopathic SCZ patients compared to healthy controls had signi -
cantly decreased FA in the right frontal sub-gyral area, right insula and
right inferior frontal area (FWEcor<0.002).

ere were no signi cant differences in FA in idiopathic SCZ pa-
tients compared to 22q11DS SCZ+ and in idiopathic SCZ compared to
22q11DS SCZ-.
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Correlation FA and PANSS in 22q11DS

In the whole 22q11DS group FA was negatively correlated with scores of
the positive, negative and total symptoms of the PANSS scale. Table 2.4.3
shows the correlations between FA in the whole 22q11DS group and the
PANSS including brain localization, voxel coordinates and P values.

Severity of positive symptoms was associated with signi cantly de-
creased FA in areas of the frontal (bilaterally) and right temporal areas
(FWEcor<0.005) (Figure 2.4.2). Severity of negative symptoms associated
with decreased FA in areas of the left frontal (FWEcor<0.001) and left
temporal lobe (FWEcor<0.005). Scores of total PANSS including general
psychopathology were associated with decreased FA in areas of the left
temporal lobe and frontal lobe (bilaterally) (FWEcor<0.001) and left in-
sula (FWEcor=0.008).

ere was no signi cant correlation between PANSS scores and FA
in idiopathic SCZ patients.

White Matter Volume

We found widespread WM decreases bilaterally in posterior areas in
22q11DS.WM results including brain localization, voxel coordinates and
P values for patient-controls and patient-patient comparisons are dis-
played in Table 2.4.4.

Patient-Control & Patient-Patient Comparisons - Model without
Covariates

e whole 22q11DS patients compared to healthy controls had signi -
cantly decreased WM volume in the occipital lobe (bilaterally), left mid-
dle frontal lobe and parahippocampal cortex and right pons
(FWEcor<0.001), left parietal subgyral and precuneus (FWEcor=0.007).

22q11DS SCZ+ patients compared to healthy controls had signi -
cantly decreased WM volume in the occipital lobe (bilaterally), pons (bi-
laterally) and left temporal and parahippocampal lobe (FWEcor<0.001).

22q11DS SCZ- patients compared to healthy controls had signi -
cantly decreased WM volume in the occipital lobe (bilaterally) and in the
right pons (FWEcor<0.001).
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Figure 2.4.2: Brain areas of negative correlation between positive symptoms and fractional
anisotropy in 22q11DS patients.
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Table 2.4.4: WM volume: Regions of signi cant decreases between 22q11DS patients and
healthy controls

Cluster size Brain Area P value T & T Z value
x y z

A. Model without Covariates
22q11DS Patients vs. HC

26155 L Occipital Cuneus 0.000 -12 -76 9 7.24
R Occipital Cuneus 17 -70 9 6.71

13265 R Brainstem Pons 0.000 5 -13 -26 6.04
5085 L Parahippocampal 0.000 -27 -31 -3 5.13

L Middle Frontal Gyrus -38 50 -12 4.6
2624 L Parietal Sub-Gyral 0.007 -27 -42 51 4.1

L Parietal Precuneus -17 -54 55 3.76
22q11DS SCZ+ vs. HC

5942 L Occipital Cuneus 0.000 -15 -76 9 5.64
R Occipital Cuneus 2 -75 23 5.62

1351 R Pons 0.000 3 -13 -24 4.74
L Pons -8 -33 -21 4.51

951 L Temporal Sub-Gyral 0.000 -29 -29 -3 5.1
L Parahippocampal Gyrus -15 -36 -2 4.51

22q11DS SCZ- vs. HC
6114 L Occipital Cuneus 0.000 -12 -76 7 6.09

R Occipital Cuneus 17 -72 9 5.42
729 R Pons 0.001 3 -13 -26 4.92

B. Model with Covariates
22q11DS Patients vs. HC

9329 L Occipital Cuneus 0.000 -11 -76 7 5.82
R Occipital Cuneus 17 -70 9 5.06

2864 R Brainstem Pons 0.005 3 -13 -24 4.56
4405 R Superior Temporal lobe 0.001 50 -12 2 4.56
1568 L Parietal Postcentral lobe 0.034 -37 -19 45 4.66
3353 R Parietal Postcentral lobe 0.003 50 -12 40 4.11

22q11DS SCZ+ vs. HC
3540 L Occipital Cuneus 0.002 -14 -75 6 4.24

R Occipital Lingual 13 -89 2 3.91
3538 R Temporal Sub-Gyral 0.002 35 -30 0 4.12
1557 R Pons 0.032 2 -13 -23 3.69

22q11DS SCZ- vs. HC
5853 L Occipital Cuneus 0.000 -12 -76 7 4.43

R Occipital Cuneus 16 -69 13 4.12
3600 R Superior Temporal 0.003 47 0 -11 4.44

R Limbic Parahippocampal 12 -36 -3 3.79
3233 R Parietal Postcentral 0.005 18 -40 63 4.14

R Parietal Precuneus 18 -49 52 3.95
2146 R Pons 0.020 2 -12 -24 4.14

22q11DS SCZ- vs. Idiopathic SCZ
6645 R Occipital Cuneus 0.002 6 -85 25 5.04

L Occipital Cuneus -11 -73 12 4.76

PFWE< 0.05 corrected for multiple comparisons; L: Left R: Right; T&T: Talairach and Tournoux coordinates of
most signi cant voxels
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ere was no signi cant decreased or increased WM volume in
22q11DS SCZ+ patients compared to 22q11DS SCZ- patients.

ere were no signi cant differences in WM volume in idiopathic
SCZ compared to healthy controls. Also, the comparisons ofWMvolume
in idiopathic SCZ vs. 22q11DS SCZ+ and idiopathic SCZ vs. 22q11DS
SCZ- showed no signi cant differences.

Patient-Control & Patient-Patient Comparisons - Model with Covariates

e whole 22q11DS patients compared to healthy controls had signi -
cantly decreasedWMvolume in the cuneus (bilaterally) (FWEcor<0.001),
right superior temporal lobe (FWEcor=0.001) and in the post-central ar-
eas (bilaterally) (FWEcor=0.034).

22q11DS SCZ+ patients compared to healthy controls had signi -
cantly decreasedWMvolume in the occipital lobe (bilaterally), right tem-
poral sub-gyral (FWEcor<0.001) and in the right pons (FWEcor<0.032).

22q11DS SCZ- patients compared to healthy controls had signi -
cantly decreased WM volume in the occipital lobe (bilaterally)
(FWEcor<0.001), right superior temporal and parahippocampal areas
(FWEcor=0.003), right parietal post-central and precuneus
(FWEcor=0.005) and in the right pons (FWEcor=0.020).

ere was no signi cant decreased or increased WM volume in
22q11DS SCZ+ patients compared to 22q11DS SCZ- patients.

ere were no signi cant differences in WM volume in idiopathic
SCZ compared to healthy controls. ere were no signi cant differences
in WM volume in idiopathic schizophrenia compared to 22q11DS SCZ+
patients.

Idiopathic SCZ patients compared to 22q11DS SCZ- patients had
signi cantly increased WM volume in the occipital cuneus (bilaterally)
(FWEcor <0.001).



Discussion | 37

..

C
ha
pt
er

2

2.5 Discussion

is is the rst DTI study combined with VBM to investigate WM in
adults with 22q11DS and its relation with schizophrenia. e results
of this study show that reduced WM volume, particularly in posterior
brain regions, is a typical feature of 22q11DS. Our ndings con rmed
the hypothesis of altered WM integrity posterior and frontal brain areas
in adults with 22q11DS compared to healthy controls. Also, in line with
our expectations we found decreased FA in posterior brain areas and
widespread decreased FA in frontal lobes in 22q11DS SCZ+ compared to
healthy controls. Particularly, ndings in 22q11DS SCZ+ vs. controls re-
semble comparisons between idiopathic schizophrenia vs. controls, with
FA reductions encompassing inferior frontal WM. Contrary to our ex-
pectations, we found no areas of increased or decreased FA and WM
volume that could differentiate 22q11DS SCZ+ from 22q11DS SCZ-. In
thewhole 22q11DS group, scores of positive and negative symptomswere
associated with reduced FA in areas previously implicated in schizophre-
nia mainly in frontal, cingulate, insula and temporal areas.

Earlier studies of brain volume in 22q11DS have proposed that WM
alterations in 22q11DS affect particularly posterior areas of the brain
(Campbell et al., 2006;Eliez et al., 2000;Kates et al., 2001). Similarly, we
have found WM volumes decreased in occipital, parietal and tempo-
ral brain areas in the whole 22q11DS and in the patients subgroups
(22q11DS SCZ+, 22q11DS SCZ-) compared to healthy controls. How-
ever, WM alterations in adults with 22q11DS are not limited to the pos-
terior brain since our FA results showed decreased values in several brain
regions including frontal lobes.eFA reductions thatwe observed in the
whole 22q11DS sample are localized inWMareas encompassing bers of
the cingulum and corpus callosum, the superior longitudinal fasciculus,
the inferior longitudinal and the uncinate fasciculus.ese ndings of de-
creased FA in 22q11DS are consistent with previous DTI studies investi-
gatingWM integrity in young people with 22q11DS (Barnea-Goraly et al.
2003; Sundram et al. 2010; Simon et al. 2005). us, alterations in fronto-
parietal and fronto-temporal WM bers may disrupt signal transmission
and brain connectivity in adults with 22q11DS consequently implicating
altered brain function and behaviour.

Increased FA has been reported mainly in children and adolescents
with 22q11DS in posterior areas of the brain (Barnea-Goraly et al., 2003;
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Simon et al., 2005; Simon et al., 2008). We found increased FA in the
whole group of adults with 22q11DS in frontal and parietal areas encom-
passing WM bers of the corpus callosum, cingulum, and from anterior
to posterior corona radiate. However, in line with Sundram et al. (2010)
the statistical signi cance of increased FA disappeared after covarying for
IQ. e ndings of increased FA, perhaps related to increased neuronal
density or rearrangements of ber organization, may be speci c to the
abnormal development of the brain in 22q11DS during childhood. Dis-
proportional increases in WM volume and FA have also been reported
in children with autism spectrum disorder (Ben et al., 2007;Cheng et al.,
2010) and in young-onset schizophrenia (Douaud et al., 2009). However,
increases in FA may be also due to the confounding effects of IQ. Earlier
FA studies in children with 22q11DS did not control for cognitive dis-
ability (Barnea-Goraly et al., 2003;Simon et al., 2005;Simon et al., 2008),
which is a well established feature of 22q11DS. Since we controlled for
IQ, our ndings of FA decreases instead of increases may be accurately
attributed to 22q11DS. Moreover, a recent study showed reduction of
totalWMvolume in adolescents with 22q11DS compared to IQ-matched
controls suggesting that dysfunction of WM in 22q11DS independent of
IQ and inherent to 22q11DS (Baker et al., 2011).

For a better understanding of WM integrity in 22q11DS and its as-
sociation with schizophrenia we split the 22q11DS group in 22q11DS
SCZ+ and 22q11DS SCZ-. e comparison of the 22q11DS subgroups
showed no differences in FA or WM volumes. Narrowing our compari-
son down to each 22q11DS subgroup vs. healthy individuals we observed
similar areas of decreasedWMvolume in occipital lobes in both 22q11DS
SCZ+ and 22q11DS SCZ-. But in 22q11DS SCZ- WM volume was also
decreased in parietal brain regions. Moreover, in 22q11DS SCZ- com-
pared to idiopathic schizophrenia we found lower WM volume areas of
the occipital lobe.ese ndings indicate that disruptedWM in posterior
brain is a typical feature of 22q11DS independent of schizophrenia. On
the other hand, decreased FA in 22q11DS SCZ+ compared to healthy
individuals affected mostly areas of frontal regions. Contrary to 22q11DS
SCZ-, the 22q11DS SCZ+ had FA reductions inWMencompassing bers
of the inferior fronto-occipital, inferior longitudinal fasciculus and pos-
terior thalamic radiation, the uncinate fasciculus and anterior corpus cal-
losum compared to healthy controls. Furthermore, severity of symptoms
of schizophrenia, including positive, negative and total psychopathology
symptoms, in the whole 22q11DS group was associated with decreased
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FA in inferior frontal, cingulate, insula and temporal areas. Disruption
of these WM networks is thought to contribute to psychotic symptoms
and cognitive de cits in schizophrenia (Kubicki et al., 2007). Also, a
meta-analysis of DTI studies in schizophrenia has identi ed FA reduc-
tions predominantly inferior frontal in WM bers interconnecting the
frontal lobe, thalamus and cingulate gyrus and in a network comprising
the frontal lobe, insula, hippocampus–amygdala, temporal and occipital
lobe (Peters et al., 2010;Ellison-Wright and Bullmore, 2009). In line with
these ndings, we report reduced FA in inferior frontal and in the insula
encompassingWM bers of the inferior fronto-occipital and the uncinate
fasciculus in our group of idiopathic schizophrenia patients compared to
healthy controls. Hence, our ndings in 22q11DS may indicate the in-
volvement of inferior frontal and temporalWM bers in the development
of schizophrenia in 22q11DS.

Several factors may contribute to disrupted WM integrity as mea-
sured by DTI. However, the cause and mechanism of dysfunction of
WM anisotropy in people with 22q11DS is still subject to research. Al-
tered anisotropy as measured by DTI may re ect abnormal coherence or
organization of the ber tracts, oligodendrocytes or myelin disruption.
In schizophrenia, integrity of WM bers has been associated with mal-
function of genes and neurotransmitters (e.g. dopamine and glutamate)
that are involved in oligodendrocyte and myelin development (Alix et al.,
2010; Feng et al., 2008). e same may hold for 22q11DS, particularly
since people with 22q11DS are haploinsufficient for COMT and often
also for PRODH (genes involved in dopaminergic and glutamatergic neu-
rotransmission, respectively). us, haploinsu ciency of these, and per-
haps other, genes in 22q11DS may be implicated in WM pathology asso-
ciated with 22q11DS. For instance, we previously reported that genetic
variation at the COMT and PRODH genes was associated with abnormal
WMvolume in schizophrenia (Zinkstok et al., 2008) and in 22q11DS (van
Amelsvoort et al., 2008). In healthy children WM anisotropy was also
altered depending on genetic variation at the COMT gene (omason
et al., 2010). Further studies are needed to unravel the association be-
tween genetic variations in 22q11DS, neurotransmission and changes in
anisotropy of WM.

Our study has several strengths. In contrast to earlier DTI studies in
22q11DS, this study included exclusively adults with 22q11DS allowing
us to investigate WM integrity in the mature brain. In addition, to verify
whether our ndings in 22q11DS SCZ+ were related to schizophrenia we
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included a group of patients with idiopathic schizophrenia. We explored
the relationship between WM changes and schizophrenia in 22q11DS
presenting data uncorrected but also corrected for IQ, which provides
insight in the relation between IQ and FA in 22q11DS. Furthermore the
combined DTI and VBM measures allowed us to extend the ndings of
WM alterations in 22q11DS by differentiating areas of decreased WM
volume from those of decreased FA.

e results of the present study should be interpreted in light of the
following considerations. First, the sample size, although quite large com-
pared to previous studies, may have limited the power to detect WM
alterations in 22q11DS SCZ+ vs. 22q11DS SCZ-. However, anatomical
features including WM changes in 22q11DS SCZ+ and 22q11DS SCZ-
may be of subtle and overlapping nature making discrimination between
the groups difficult. e in uence of medication cannot be ruled out; in
schizophrenia antipsychotic treatments may modulate structural brain
changes (ompson et al., 2008; Keshavan et al., 1998). Also the sam-
ple size of patients with idiopathic schizophrenia may have been small
to detect alterations in WM and signi cant correlation between FA and
the PANSS scores. As brain changes in WM volume in schizophrenia
may occur and progress differently across individuals over time (Olabi
et al., 2011), the relatively early stage of the illness has possibly accounted
for no changes in WM volume in our group of idiopathic schizophrenia
compared to healthy controls. Lastly, voxel based analysis of FA does not
provide information about speci city of brain bers. Fiber-tracking and
post-mortemmethods are required to con rm the localization of affected
WM bers.

In summary, this study reports altered WM volume and FA in dis-
tinct areas of the brain in adults with 22q11DS. Our ndings suggest
that extensive decreased WM volume in posterior brain is intrinsic to
22q11DS and independent of the development of schizophrenia, whereas
widespread decreased FA in frontal areas and consequently disrupted
neuronal communication via WM bers of the inferior frontal and tem-
poral lobes may be related to psychotic symptoms in patients with
22q11DS SCZ+. Futuremultimodal imaging studies including ber track-
ing and exploring genetic variations involved inWM integrity will help to
clarify the role of WM in the vulnerability to schizophrenia in 22q11DS.
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Abstract

People with velo-cardio-facial syndrome or 22q11 deletion syndrome (22q11DS) have be-
havioral, cognitive and psychiatric problems. Approximately 30% of affected individuals
develop schizophrenia-like psychosis. Glutamate dysfunction is thought to play a crucial
role in schizophrenia. However, it is unknown if and how the glutamate system is altered in
22q11DS. Peoplewith 22q11DS are vulnerable for haploinsufficiency of PRODH, a gene that
codes for an enzyme converting proline into glutamate. erefore, it can be hypothesized
that glutamatergic abnormalities may be present in 22q11DS. We employed proton mag-
netic resonance spectroscopy (1H-MRS) to quantify glutamate and other neurometabolites
in the dorsolateral prefrontal cortex (DLPFC) and hippocampus of 22 adults with 22q11DS
(22q11DS SCZ+) and without (22q11DS SCZ-) schizophrenia and 23 age-matched healthy
controls. Also, plasma proline levels were determined in the 22q11DS group. We found
signi cantly increased concentrations of glutamate and myo-inositol in the hippocampal
region of 22q11DS SCZ+ compared to 22q11DS SCZ-. ere were no signi cant differ-
ences in levels of plasma proline between 22q11DS SCZ+ and 22q11DS SCZ-. ere was
no relationship between plasma proline and cerebral glutamate in 22q11DS. is is the rst
in vivo 1H-MRS study in 22q11DS. Our results suggest vulnerability of the hippocampus in
the psychopathology of 22q11DS SCZ+. Altered hippocampal glutamate and myo-inositol
metabolism may partially explain the psychotic symptoms and cognitive impairments seen
in this group of patients.
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3.1 Introduction

Velo-cadio-facial-syndrome or 22q11 deletion syndrome (22q11DS) is
a genetic syndrome caused by a deletion on chromosome 22 which is
accompanied by several somatic, behavioral, cognitive and psychiatric
problems, and structural and functional brain abnormalities (Gothelf et
al., 2008).e estimated prevalence of 22q11DS in the general population
is 1 in 5950 births (Botto et al., 2003). Adults with 22q11DS face a 25
times higher risk of developing schizophrenia than the general population
(Murphy et al., 1999) and in people with schizophrenia an increased fre-
quency of 22q11 deletions has been reported (Hoogendoorn et al., 2008;
Stone et al., 2008). Hence, a 22q11 deletion is among the highest risk
factors for the development of schizophrenia.

People with 22q11DS are vulnerable to haploinsufficiency of approx-
imately 30 genes located on the deleted region of chromosome 22q11,
including the proline dehydrogenase gene (PRODH) (Lindsay, 2001).is
gene, which encodes for the PRODH enzyme also called proline oxidase
(POX), is involved in converting proline to glutamate (Phang et al., 2001).
Dysfunction or genetic variations of the PRODH gene, and consequent
hyperprolinemia, have been associated with susceptibility to schizophre-
nia and with learning disabilities (Bender et al., 2005; Jacquet et al., 2002;
Lui et al., 2002; Paterlini et al., 2005; Raux et al., 2007;Willis et al., 2008). In
fact, proline has been shown to function as modulator of glutamate neu-
rotransmission through NMDA receptors (Cohen et al., 1997; Cohen et
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al., 1997) and dysregulation of the glutamatergic system has been widely
implicated in schizophrenia.

e involvement of glutamate in schizophrenia is particularly related
to NMDA receptor hypofunction. Evidence for the role of NMDA recep-
tor hypofunction in schizophrenia comes from pharmacological studies
of phencyclidine (PCP) and ketamine.eseNMDA receptor antagonists
have shown to produce schizophrenia-like behaviors in rodents (Arguello
et al., 2006); to induce positive and negative symptoms in healthy humans
(Krystal et al., 1994); and to aggravate psychotic symptoms in patients
with schizophrenia (Lahti et al., 1995). Glutamate also plays a role in
synaptic plasticity via NMDA receptors mediating higher cognitive func-
tions such as learning andmemory. NMDA receptor dysfunction has also
been implicated in the cognitive de cits of schizophrenia (Moghaddam,
2004). In these people, agents that enhance NMDA receptor activity have
shown to improve negative symptoms and to facilitate memory consoli-
dation (Goff et al., 1999).

e brain areas associated with NMDA receptor hypofunction in
schizophrenia include the prefrontal cortex and hippocampus (Beneyto
et al., 2007; Burbaeva et al., 2003; Harrison et al., 2005; Pilowsky et al.,
2006). e relationship between NMDA receptor hypofunction and glu-
tamate release is not fully understood. NMDA hypofunction in schizo-
phrenia could be related to insufficient or excessive glutamate release
which may also differ between brain regions (Olney et al., 1999). In-
creased glutamate exposure and its duration could explain the psy-
chotoxic effects in schizophrenia.

Proton Magnetic Resonance Spectroscopy (1H-MRS) is a feasible
method for in vivo quanti cation of glutamate concentration and other
brain metabolites that, if altered, may re ect abnormal neuro-develop-
mental features (Soares et al., 2009). In schizophrenia an increasing num-
ber of 1H-MRS studies have been conducted. Although inconclusive, 1H-
MRS ndings also suggest abnormal glutamatergic neurotransmission
(Bartha et al., 1997; eberge et al., 2002; eberge et al., 2003).

To date, the glutamatergic system in 22q11DS has not been investi-
gated. People with 22q11DS have an increased prevalence of schizophre-
nia and similar neuroanatomical abnormalities. Hence, in this study we
employed 1H-MRS to measure glutamate in the dorsolateral prefrontal
cortex and hippocampus in 22q11DS patients with (22q11DS SCZ+) and
without schizophrenia (22q11DS SCZ-). We hypothesized altered glu-
tamate concentrations in individuals with 22q11DS SCZ+ compared to
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healthy individuals and, in 22q11DS SCZ+ compared to 22q11DS SCZ-.
Besides glutamate, we also analyzed other neurometabolites from 1H-
MRS spectra includingN-acetylaspartate, choline, myo-inositol and cre-
atine which re ect the status of neuronal functioning and glial cells, pos-
sibly disturbed in 22q11DS.

Furthermore, we assessed levels of plasma proline and plasma glu-
tamine in the 22q11DS group. Increased proline has been reported in
22q11DSpatients (Goodman et al., 2000). In childrenwith 22q11DS there
was a relationship between increased plasma proline and decreased brain
function (Vorstman et al., 2009). High levels of proline in 22q11DS, con-
sequence of POX de ciency, may be related to glutamate dysfunction
particularly in 22q11DS SCZ+. Hence, we expected that plasma proline
will be increased in 22q11DS SCZ+ and that it will correlate with gluta-
mate concentrations in the brain.

3.2 Materials and Methods

Subjects

We included 22 adults with 22q11DS (mean±SD) (22q11DS SCZ+ n=12,
age 29.25±8.24; 22q11DS SCZ- n=10, age 28.50±8.47) and 23 healthy con-
trols (HC, age 31.22±9.58).

Individualswith 22q11DSwere recruited through theDutch 22q11DS
family association and through the departments of three Dutch Clinical
Genetics centers. Healthy volunteers were recruited by local advertise-
ment. e study was conducted at the Department of Psychiatry, Aca-
demic Medical Centre Amsterdam (AMC), e Netherlands and was ap-
proved by the Medical Ethics Testing Committee/AMC. All participants
were capable of giving written informed consent and did so, after receiv-
ing full information on the study.

All individuals with 22q11DS were assessed by an experienced psy-
chiatrist and a physician for people with an intellectual disabilities using
available information from medical records and a semi-structured psy-
chiatric interview. All diagnoses reported are DSM-IV diagnoses (Amer-
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Table 3.2.1: Medication and dosage taken by 22q11DS patients with schizophre-
nia

Drugs Dosis (mg/d) Haloperidol equivalent (mg/d)a N

Aripiprazole 5-15 1-7.5 3
Atomoxetine b 80 1
Clozapine 200-300 4-6 2
Methylphenidate c 36 1
Olanzapine 5 2.5 1
Quetiapine 50 0.5 2
Risperidone 3-4 5-6.7 2
Zuclopentixol 6 1.2 1

aHaloperidol equivalents derived from Kane et al (2003)
bOne patient took an antipsychotic and a selective norepinephrine inhibitor
cOne patient took an antipsychotic and a psychostimulant drug

ican Psychiatric Association, 1994). e 22q11DS group was subdivided
into 2 groups: those who were ful lling DSM-IV criteria for schizophre-
nia (22q11DS SCZ+) all taking antipsychotic medication and having du-
ration of illness >1 year (dose ranges and haloperidol equivalents (Kane
et al., 2003) are displayed in Table 3.2.1) and those who did not have a
past or current psychiatric history and had never taken antipsychotic or
stimulant medication (22q11DS SCZ-).

In addition, the Positive and Negative Symptom Scale (PANSS) (Kay
et al., 1987)was used to assess positive, negative and general psychopathol-
ogy in the 22q11DS SCZ+ group. e PANSS includes 30 items, sub-
divided in three categories: positive symptoms, negative symptoms and
general psychopathology. A patient who rates “absent” (or 1) on all items
would receive a total score of 30 and a subject who rates “extreme” (or 7)
on all 30 items would receive a total score of 210. All patients underwent
a formalized clinical interview of 35-40 minutes and the questions were
in regard to the last two weeks.

For assessment of intelligence quotient (IQ) we used the shortened
Dutch version of the Wechsler Adult Intelligence Scale (WAIS-III–NL)
consisting of 5 subtests: vocabulary, comprehension, similarities (verbal
IQ), block design, and object assembly (performance IQ) (Canavan et al.,
1986; Wechsler, 1997).

All healthy volunteers were seen by a physician.eywere included in
the study after screening for psychiatric disorders andmedical conditions
affecting the brain. None of the participants had a history of substance
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Figure 3.2.1: Sagittal T1-weighted magnetic resonance image of the brain showing voxel
(2×2×2 cm) placement for proton magnetic resonance spectroscopy (1H-MRS) in the left
dorsolateral prefrontal cortex and left hippocampus.

or alcohol abuse. Urine drug screening (cocaine, tetrahydrocannabinol,
opiates, amphetamines, benzodiazepines) was performed at study day
and was negative in all subjects. Healthy participants were not using any
medication at the time of testing.

1H-MR spectroscopy acquisition

1H-MRS data acquisition took place at the Department of Radiology
(AcademicMedical Centre Amsterdam,eNetherlands) using a 3 Tesla
Intera MRI system (Philips, Best, e Netherlands) equipped with a 6
channel sense head coil. For estimation ofmetabolite concentrations, two
single 8 ml voxels of interest positioned in the left dorsolateral prefrontal
cortex (DLPFC) (2x2x2 cm) and left hippocampus (2x2x2 cm) were ob-
tained for each subject (Figure 3.2.1). More speci cally, the hippocam-
pal voxel included areas of the hippocampus, parahippocampal gyrus,
fusiform gyrus and collateral sulcus. Iterative rst order shimming was
performed and water suppressed spectra was acquired using a point-
resolved spatially localized spectroscopy sequence (PRESS, TE 36ms, TR
2000 ms, 128 averages).

For anatomical localization transversal high-resolution structural T1-
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Figure 3.2.2: Sample of a 1H-MRS spectrum from hippocampus of a patient with 22q11DS as
t by LCModel.

weighted volumetric images, with full head coverage, using 130 contigu-
ous slices (1.2 mm thick, with 0.89 x 0.89 mm in-plane resolution) and a
TR/TE of 9.8/4.5 milliseconds ( ip angle 8”, FOV 224 cm) were obtained.

1H-MRS spectra were analyzed using the Linear Combination of
Model spectra (LCModel) commercial spectral- tting package
(Provencher, 1993). LCModel used a library of reference spectra in a
basis set recorded speci cally for the scanner and calibrated using the
tissue water signal as an internal standard. e spectra were analyzed
with a range of 3.8ppm to 0.2ppm (Figure 3.2.2). From the metabolites
included in the LCModel basis set, we analyzed absolute levels of cre-
atine plus phosphocreatine (Cr), glycerophosphocholine plus phospho-
choline (choline), myo-inositol, N-acetylaspartate (NAA), NAA plus N-
acetylaspartylglutamate (NAAG), glutamine and glutamate.

In addition, we analyzed the combination of glutamate plus glutamine
(Glx). Glutamate and glutamine are closely related amino acids involved
in intermediary metabolism, protein synthesis and neurotransmission.
Metabolite concentrations are expressed in millimoles per liter.
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Data were excluded from analysis if the voxel coordinates were not
or incorrectly recorded. Spectral width (full width at half maximum,
FWHM) was always lower than 0.1 p.p.m. and signal to noise ratio (SNR)
greater than 11 as estimated by LCModel. Cramer-Rao minimum vari-
ance bounds (SD) was lower than 50% for glutamine and lower than 15%
for the other metabolites.

Plasma amino-acid analyses

Plasma proline and plasma glutamine concentrations of the 22q11DS
group were assessed by automated ion exchange chromatography with
post-column ninhydrin derivatization. Plasma amino-acid analyses were
performed on a JEOL AminoTac (JEOL AminoTac JLC-500/V, Tokyo,
Japan) following a morning blood draw.

Statistical analyses

We used non-parametric Kruskal-Wallis H test to compare metabo-
lite concentrations, age and IQ between the 3 groups (HC, 22q11DS
SCZ+and 22q11DSSCZ-) because the assumption of normal distribution
was not met. Following, Post Hoc analyses were conducted with Mann-
Whitney U tests. Correlation analyses were conducted with Spearman’s
rho test. Results are reported as signi cant when P≤ 0.05 (2-tailed). Sta-
tistical analyses were performed with SPSS, release 16.0.2 for Windows
(SPSS Inc., Chicago, IL, USA. 2008).

3.3 Results

Demographics

Patients and healthy controls did not differ with regard to sex (HC
12m/11f, 22q11DS SCZ+ 8m/4f, 22q11DS SCZ- 4m/6f P=0.45) and age
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Table 3.3.1: Metabolites concentrations (mean/SD) in the DLPFC and hippocampal region in
healthy controls and 22q11DS with and without psychosis

DLPFC HC SCZ- SCZ+ HIP HC SCZ- SCZ+
n=23 n=7 n=11 n=16 n=7 n=9

Glu 6.44/1.35 6.35/1.02 6.39/1.32 Glu a 6.26/0.65 5.71/0.94 6.99/1.04
Gln 2.86/0.94 2.66/0.83 3.25/1.37 Gln 3.03/0.83 3.12/0.58 3.88/1.67
Glx 9.17/2.06 8.64/1.29 9.65/2.28 Glxa b 9.29/0.94 8.83/1.11 10.87/1.66
mI 3.51/0.54 3.35/0.50 3.46/0.83 mIa 3.87/0.63 3.47/0.40 4.43/0.76
NAA 6.07/0.79 5.38/0.63 5.89/0.82 NAA 5.03/0.57 4.63/0.85 5.25/1.18
NAA+NAAG 6.68/0.82 5.96/0.92 6.41/1.11 NAA+NAAG 5.64/0.75 5.44/0.72 6.06/1.09
Cho 1.38/0.16 1.34/0.22 1.43/0.20 Cho 1.58/0.18 1.54/0.17 1.71/0.25
Cr 5.06/0.60 4.80/0.38 5.06/0.60 Cr 4.96/0.54 4.70/0.64 5.25/0.86

HC: Healthy controls; SCZ-: 22q11DS without psychosis; SCZ+: 22q11DS with psychosis; Glu: glutamate; Gln:
glutamine; Glx: Glu+Gln; NAA: N-acetylaspartate; NAA+NAAG: NAA+N-acetylaspartylglutamate; mI:
myo-inositol; Cr: creatine Cho:choline; Metabolite concentrations are expressed in millimoles per liter

a P<0.05 for SCZ- vs. SCZ+
b P=0.05 for HC vs. SCZ+

(HC 31.22±9.51, 22q11DS SCZ+ age 29.25±8.24, 22q11DS SCZ-
28.50±8.47; P=0.89).

Patients had a lower total IQ than healthy controls (HC 111.88±14.82,
22q11DS SCZ+ 69.67±13.82, 22q11DS SCZ- 81.86±7.01; P<0.001). Also
verbal IQ (HC112.88±15.96, 22q11DSSCZ+75.00±11.24, 22q11DSSCZ-
85.86±9.33; P=0.001) and performance IQ (HC 109.38±19.91, 22q11DS
SCZ+ 67.89±16.60, 22q11DS SCZ- 79.43±10.53; P=0.002) were signi -
cantly different between the groups. Post hoc analysis showed that HC
compared to 22q11DS SCZ+ differed signi cantly for total IQ P=0.001,
verbal IQ P=0.001 and performance IQ P=0.001. HC compared to
22q11DS SCZ- differed signi cantly for total IQ P=0.004, verbal IQ=
P=0.005 and performance IQ P=0.01. 22q11DS SCZ+ compared to
22q11DS SCZ- differed signi cantly for total IQ P=0.02 and verbal IQ
P=0.02 but not performance IQ P=0.17.

For the 22q11DS SCZ+ group, the mean score on the general psy-
chopathology PANSS subscale was 30.69±11.94, the negative subscale
was 17.55±8.21 and the positive subscale was 10.69±3.81. e mean of
total PANSS score was 58.95±21.85.
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Metabolites

Metabolite concentrations for the DLPFC and hippocampal region are
displayed in Table 3.3.1. Kruskal-Wallis H test showed no signi cant
group differences in any of the metabolite concentrations in the DLPFC.
In the hippocampal region, signi cant group differences were found
in concentrations of glutamate (P=0.03) Glx (P=0.03) and myo-inositol
(P=0.03). Post Hoc analysis indicated that these metabolite concentra-
tions were signi cantly higher in 22q11DS SCZ+ compared to 22q11DS
SCZ- patients (glutamate P=0.02; Glx P=0.03 and myo-inositol P=0.01).
HippocampalGlxwas higher in 22q11DSSCZ+compared toHC (P=0.02).
In the DLPFC there was a signi cant positive correlation between glu-
tamine concentration and antipsychotic dosage (n=10 ρ=0.64 P=0.05)
and a trend towards a positive correlation between Glx and antipsychotic
dosage (n=10 ρ=0.59 P=0.07). ere were no signi cant correlations be-
tween hippocampal metabolites and antipsychotic dosage.

Plasma Proline and Plasma Glutamine

For the whole 22q11DS group, the mean±SD for plasma proline was
n=13, 354±128.88 µmol/l and for plasma glutamine n=8, 540.62±68.14
µmol/l. e correlation between these variables was not signi cant (n=8
ρ=0.26 P=0.53). e normal laboratory range for plasma proline was 77-
343 µmol/l and for plasma glutamine 344-743 µmol/l.

ere were no signi cant differences between 22q11DS SCZ- and
22q11DS SCZ+ for plasma proline (22q11DS SCZ- n=8, 376.37±145.64
µmol/l, 22q11DS SCZ+ n=5, 318.20±100.56 µmol/l; P=0.56) or plasma
glutamine (22q11DS SCZ- n=4, 555.25±79.47 µmol/l, 22q11DS SCZ+
n=5, 540.80±63.70 µmol/l; P=0.78). ere was no signi cant correlation
between plasma proline and plasma glutamine in any of the two 22q11DS
groups.

e correlation betweenDLPFC glutamate and plasma proline for the
whole 22q11DS group was not signi cant (n=11 ρ=0.26 P=0.43). Also,
there was no signi cant correlation between proline and DLPFC gluta-
mate for the 22q11DS SCZ- (n=5 ρ=0.30 P=0.62) and 22q11DS SCZ+
group (n=6 ρ=0.37 P=0.47).

e correlation between hippocampal glutamate and plasma proline
for the whole 22q11DS group was not signi cant (n=10 ρ=0.21 P=0.56).
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ere was no signi cant correlation between proline and hippocampal
glutamate for the 22q11DS SCZ- (n=6 ρ=0.03 P=0.96) and 22q11DS
SCZ+ group (n=4 ρ=0.40 P=0.80).

3.4 Discussion

In this rst in vivo 1H-MRS study in 22q11DS we measured metabolite
concentrations of the DLPFC and hippocampal region in adults with
and without schizophrenia and in healthy controls. Our main ndings
are increased hippocampal glutamate andmyo-inositol concentrations in
22q11DS SCZ+ compared to 22q11DS SCZ-. Metabolites of the DLPFC
did not differ signi cantly across the groups.

1H-MRS studies of the hippocampus in schizophrenia have shown
ambivalent results concerning glutamate; some studies reported no al-
terations of glutamate concentrations in subjects experiencing prodro-
mal symptoms of schizophrenia (Stone et al., 2009) or in chronic schizo-
phrenia (Kegeles et al., 2000; Lutkenhoff et al., 2008). Other studies re-
ported increased hippocampal glutamate in patients with schizophrenia
(Van Elst et al., 2005) or a tendency towards increased glutamate in a
group of medicated rst episode patients (Olbrich et al., 2008).

In the present 1H-MRS study we found increased concentration
of glutamate and Glx in the hippocampal region of 22q11DS SCZ+
compared to 22q11DS SCZ-. Also, hippocampal Glx was increased in
22q11DS SCZ+ compared to healthy controls. Excessive release of glu-
tamate and consequent overstimulation of postsynaptic receptors might
have an in uence on the cognitive and psychotic symptoms associated
with the NMDA hypofunction in schizophrenia (Olney et al., 1999).
In line with this observation and in agreement with previous research
in schizophrenia, our nding of increased hippocampal glutamate in
22q11DS SCZ+ suggests that glutamate disturbance may be underlying
psychotic symptoms in 22q11DS SCZ+. Moreover, the 22q11DS SCZ+
had overall lower IQ than 22q11DS SCZ-. Increased hippocampal gluta-
mate could also explain the cognitive impairment in 22q11DS SCZ+ since
this brain area is involved in learning and memory functions. Although
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speculative, increased hippocampal glutamate in 22q11DS SCZ+ might
also indicate NMDA receptor hypofunction in this group.

Glutamate neurotransmission may in part be in uenced by proline.
Increased concentrations of proline associated with hyperprolinemia
type II (proline levels 10–15 fold above normal) have been shown to
potentiate glutamate transmission in hippocampus and cerebral cortex
(Cohen et al., 1997; Delwing et al., 2007). Hyperprolinemia of the type I
has been observed in patients with 22q11DS (plasma proline levels with a
range of 3–10 fold above normal) which results from inherited de ciency
of POX enzyme (Raux et al., 2007; Goodman et al., 2000). In the present
study half of the 22q11DS patients had elevated proline levels. Contrary
to our expectation, we found similar proline levels in 22q11DS SCZ+ and
22q11DS SCZ-. Increased proline levels may depend on genetic variation
of the PRODH allele (Bender et al., 2005) or on interaction with other
genes. For instance, a study of hyperprolinemia in 22q11DS showed an
association between hyperprolinemia and psychosis in 22q11DS patients
only when Met, the low activity allele of the COMT gene, was taken into
account (Raux et al., 2007). We found no correlation between plasma
proline, plasma glutamine and cerebral glutamate concentrations in the
whole 22q11DS group or in 22q11DS SCZ- vs. 22q11DS SCZ+. us,
although we found increased hippocampal glutamate concentrations in
22q11DS SCZ+, its underlying mechanisms remain unclear.

In addition to increased hippocampal glutamate, we found higher
concentrations of myo-inositol in 22q11DS SCZ+ compared to 22q11DS
SCZ-. Increased concentrations of myo-inositol have previously been re-
ported inmild cognitive impairment andAlzheimer disease (Catani et al.,
2001; Siger et al., 2009). Also in Down syndrome increased hippocampal
myo-inositol has been associated with reduced cognitive ability (Beacher
et al., 2005). Changes in myo-inositol levels may re ect abnormalities in
membrane metabolism, in intracellular signaling mechanisms, neuronal
development and survival (Irvine et al., 2001). Hence, increased myo-
inositol may explain part of the hippocampal brain abnormalities and
learning disabilities seen in 22q11DS SCZ+.

e nding of increased glutamate and myo-inositol may be tightly
related to each other in the psychopathology in 22q11DS SCZ+. Myo-
inositol is primarily found in astrocytes (Fisher et al., 2002) which interact
with neurons and play a critical role in the synthesis of glutamate (Sc-
housboe, 2003; Danbolt, 2001). Elevated concentration of myo-inositol
may indicate increased number or increased metabolic activity of astro-
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cytes. Astrocyte dsysregulation in turn may trigger increased glutamate
uptake and glutamate-glutamine cycling conversion.is could re ect al-
tered glutamatergic neurotransmission in this genetic predisposed group,
which combined with environmental interaction may increase the vul-
nerability for development of schizophrenia.

We found no signi cant variation in neurometabolites concentration
between the whole 22q11DS patient group and the healthy control group.
is might be explained by group differences in the proportion of gray
matter/white matter within the DLPFC and hippocampal voxels. Also,
we found no evidence for altered glutamate in the DLPFC of 22q11DS
patients (22q11DS SCZ+ vs. 22q11DS SCZ-) vs. healthy controls. In pa-
tients with chronic schizophrenia, 1H-MRS studies of the frontal cortex
have shown increased (Van Elst et al., 2005; Chang et al., 2007; Rusch et
al., 2008) and reduced glutamate concentrations (eberge et al., 2003;
Lutkenhoff et al., 2008; Ohrmann et al., 2007; Tayoshi et al., 2009). Per-
haps, brain dysfunction associated with psychosis in 22q11DS involves
speci c regions of the temporal lobe (Kates et al., 2006; Eliez et al., 2001).
Furthermore, it is also possible that abnormalities in glutamatergic func-
tion in this brain region may exist at the level of NMDA receptor or in
second messenger signaling without alterations in glutamate concentra-
tion.

An interesting observation is that most of the metabolite contents are
in the order of 22q11DS SCZ-<HC< 22q11DS SCZ+.We are not aware
of an existing explanation for this relation in the literature. However,
we hypothesize that prior to the development of schizophrenia patients
with 22q11DS in generalmay have decreased neuronalmetabolism as has
been observed for glutamate in individuals with increased vulnerability to
schizophrenia (at risk mental state - ARMS) (Bloemen et al., 2011; Stone
et al., 2010). On the other hand, an instable neuronal metabolism may
predispose a subgroup of 22q11DS patients to psychotic decompensa-
tion. Another possibility is that higher metabolites in the 22q11DS pa-
tients are the result of the transition to psychosis instead of the cause.is
would mean that high metabolic rates in 22q11DS are state- instead of
trait-related. Due to the cross-sectional design of our study we are unable
to con rm this hypothesis. Longitudinal research in 22q11DS patients
before and after transition to psychosis is therefore warranted.

e strengths of this study include the evaluation of neuronal in-
tegrity in 22q11DS according to psychiatric status of 22q11DS SCZ- and
22q11DS SCZ+ and in comparison to agematched healthy controls. Also,
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all MRS spectra were carefully inspected and were included only if ful ll-
ing the quality criteria of LCmodel.

We have to acknowledge some limitations of the study; unfortunately
at the time of the study we were not able to analyze plasma samples
of proline and glutamine of healthy controls. Future studies with large
sample sizes including healthy volunteers, should elucidate the relation-
ship between plasma levels (of proline, glutamate, glutamine), cerebral
metabolites and the vulnerability to schizophrenia.We did not determine
the size of deleted region in each 22q11DS patient although the majority
of patients have a typically deleted 3Mb region.We did not to apply a cor-
rection for multiple comparisons because the possibility of in ating type
II error (Perneger, 1998). Since increased hippocampal glutamate possi-
bly corroborates the involvement of glutamate in psychosis (Paterlini et
al., 2005; Olbrich et al., 2008; Coyle, 2006) and converging evidence from
animal and human studies propose the hippocampus as crucial brain area
involved in the vulnerability to schizophrenia (Lipska, 2004; Goldman et
al., 2009) we chose to avoid a too stringent evaluation. We were not able
to determine tissue contributions tomeasuredmetabolites; the use of un-
segmented voxels (i.e., assessment of metabolite concentrations without
addressing the impact of different tissue included in the voxel of interest)
may increase the standard error of measurement and diminish the power
to detect signi cant differences. e cubic shape of hippocampal voxel
may have allowed for contamination signals from adjacent regions of the
hippocampus. Moreover, the effect of medication can be a potentially
confounding factor in 1H-MRS studies (Bertolino et al., 2001). In our
study, antipsychotic drugs may have affected metabolites concentrations
of frontal lobe in 22q11DS SCZ+. In fact, in the DLPFC, unlike in the
hippocampus, we found a signi cant positive correlation between dosage
of medication and glutamine concentration and a trend towards posi-
tive correlation between dosage of medication and Glx concentration in
22q11DS SCZ+ patients. is may also indicate that antipsychotics mod-
ulates neuronal metabolism in a regionally speci c fashion.

Due to similar chemical components glutamate and glutamine over-
lap signi cantly in the 1H resonance spectrum. e use of higher eld
strengths and implemented spectroscopy analysis technique makes it
possible to improve glutamate quanti cation. Discrepancies across ear-
lier 1H-MRS studies that proposed to investigate glutamate in psychosis
could have resulted from differences in brain regions of interest, patient
population and stage of disease or issues of spectroscopy measurements.



60 | 1H-MRS in 22q11 Deletion Syndrome

In conclusion, our ndings suggest vulnerability of the hippocampus
in the psychopathology of 22q11DS SCZ+. Although the generalizability
of the results is restricted by the relatively small sample size, altered glu-
tamate and myo-inositol metabolism may partially explain the psychotic
symptoms and cognitive impairments seen in this group of patients. Fu-
ture 1H-MRS studies with larger sample sizes including other prefrontal
and temporal brain regions will help to clarify brain metabolism and in-
tegrity in 22q11DS.
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Abstract

e revised dopamine hypothesis states that clinical symptoms of schizophrenia are caused
by an imbalance of the dopaminergic (DA) system. In this paper we aim to review evidence
for this hypothesis by evaluating functional magnetic resonance imaging studies (fMRI) in
schizophrenia. Because atypical drugs are thought to have a normalizing effect on dopamin-
ergic neurotransmission, we have focused on pharmacological MRI (PhMRI) studies that
explore the effect of these drugs on prefrontal and striatal brain activity in schizophrenia
patients. We encountered a total of 13 studies, most of which reported enhanced prefrontal
activity associated with alleviation of negative symptoms and improvement of cognitive
functions, following treatment with atypical antipsychotics. Besides increasing prefrontal
cortex activity, atypical antipsychotics have also shown to be effective in the regulation of
striatal functioning. e current PhMRI ndings support the revised dopamine hypothesis
of schizophrenia by con rming hypoactivity of the prefrontal cortex in schizophrenia and,
following atypical antipsychotics, improvement of prefrontal and subcortical functions re-
ecting enhanced dopaminergic activity.
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4.1 Introduction

e majority of in vivo dopamine (DA) studies of schizophrenia have
been performed with Positron Emission Tomography (PET) and Single-
Photon Emission Computed Tomography (SPECT). e use of these
techniques has allowed the quanti cation of DA transmission in schizo-
phrenia, mainly bymeasuring availability of D2 receptors (Laruelle, 1998;
Zakazanis and Hansen, 1998) and more recently by measuring D1 recep-
tor availability (Okubo et al., 1997; Abi-Dargham et al., 2002; Karlsson
et al., 2002). In contrast to PET and SPECT, functional Magnetic Reso-
nance Imaging (fMRI) is not suitable for direct visualization of changes
in dopamine receptor density; nevertheless this method allows for mea-
suring changes in human brain activity in absence of radiation exposure
and with a higher temporal and spatial resolution than SPECT or PET.
Because fMRI measures hemodynamic changes induced by local alter-
ations in neuronal activity, fMRI investigations coupled with dopaminer-
gic manipulation can provide information on the physiological effects of
dopamine beyond its primary site of action (Chen et al., 1999; Marota et
al., 2000; Rausch et al., 2002). is innovative approach in imaging, phar-
macological MRI (PhMRI) can be used for assessments of cognitive and
emotional functions during pharmacological manipulation that are not
possible with PET or SPECT. PharmacologicalMRI is therefore a promis-
ing tool for investigating the hypothesized imbalance of the dopaminergic
system in schizophrenia.
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e discovery of antipsychotic drugs for the treatment of schizophre-
nia in 1952 provided a rst indication for the involvement of dopamine
in this disorder. e original dopamine hypothesis of schizophrenia as-
sumed that the positive symptoms (hallucinations, delusions, thought
disorganization) of this disease were being caused by increased dopamin-
ergic neurotransmission. Neuroleptics were shown to have the capacity
to increase the turnover of dopamine (Carlsson and Lindqvist, 1963; An-
den and Stock, 1973; Seeman 1987) next to the effectiveness to block
dopaminergic (DA) D2 receptors mainly in the subcortical regions (See-
man and Lee 1975; Creese 1977, Burt 1977).

However, given the shortcomings of the conventional antipsychotic
medication to treat negative symptoms (anhedonia, withdrawal, lack of
motivation) and cognitive de cits in schizophrenia, the mechanisms of
actions of antipsychotics and the role of the DA system required further
investigation. In animal studies, hyperactivity of subcortical dopamin-
ergic neurons was found to be related to hypoactivity of frontal cor-
tical dopaminergic neurons (Pycock et al 1980; Louilot, 1989). ere-
fore, the original dopamine hypothesis was revised, and it was suggested
that positive symptoms could be associated with excessive dopaminer-
gic transmission in subcortical regions while negative symptoms could
be related to a concomitant de cit in cortical dopaminergic transmis-
sion (Weinberger, 1987; Davis et al., 1991). Earlier fMRI investigations,
without pharmacologic challenge, have found some evidence for the
concept of frontal hypoactivity, by showing reduced activation during
prefrontal cognitive tasks (working memory, attention and executive
functions) in the ventrolateral prefrontal cortex (VLPFC), dorsolateral
prefrontal cortex (DLPFC) and anterior cingulate in non-medicated or
medication-naïve patients, relative to healthy controls (Barch et al., 2001;
Scheuerecker et al., 2006; Weiss et al., 2007).

How can we review further evidence for the revised dopamine hy-
pothesis of schizophrenia? In contrast to the robust D2 blocking effect
of typical antipsychotics (de Haan et al., 2003), most of the atypical neu-
roleptics have been shown to induce a moderately selective, short-lasting
and low level of subcortical mesolimbic dopamine D2 receptor blockade
(Farde et al., 1992, Meltzer 1996, Kapur and Seeman 2001). In addition,
in animal models these drugs appear to enhance prefrontal dopaminergic
activity (Hertel et al., 1996). If atypical antipsychotics are found to be
more effective in improving cognitive functions and negative symptoms,
then this will provide additional support to the revised DA hypothesis
of schizophrenia because of atypical enhancement of frontal activity and
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mild blockade of subcortical D2. In order to present additional evidence
for the revised dopamine hypothesis of schizophrenia, we review frontal
and subcortical imaging studies that combine PhMRI and dopaminergic
manipulationwith atypical antipsychotic drugs in schizophrenic patients.

4.1.1 Frontal Brain Activity

e rst PhMRI study to evaluate the differential effects of typical and
atypical neuroleptics on frontal brain activation in schizophrenic patients
was conducted by Honey et al. (1999) (Table 4.1.1). is study compared
patients with chronic schizophrenia who continued on typical antipsy-
chotics to patients that had been switched froma typical to an atypical an-
tipsychotic, i.e. risperidone. Following 6 weeks of treatment, patients on
risperidone showed enhanced activity in right dorsolateral prefrontal cor-
tex during performance of a workingmemory task. Although not statisti-
cally signi cant, Honey and colleagues also observed a trend towards im-
provement on symptomatic and cognitive scales in patients treated with
risperidone. Next, a case study conducted by Lund et al. (2002) was able
to show improvements on a working memory task as well as clinical im-
provement following treatment with the atypical drug olanzapine. In this
case study, both a young antipsychotic-naïve schizophrenic man and his
non-medicated schizophrenic mother demonstrated enhanced frontal
lobe activation during fMRI after treatmentwith olanzapine. Comparable
fMRI activations were seen after treatment with olanzapine in 12 healthy
subjects.

Jones et al. (2004) compared fMRI activity between healthy controls
and quetiapine-treated patients in a cross-sectional design. Patients had
to perform a verbal uency task, as a measure of executive function. Both
quetiapine-treated patients and healthy controls showed signi cantly in-
creased activation in the left inferior frontal cortex compared to the drug-
naïve group. Another study evaluated the effects of quetiapine on work-
ing memory and brain activation patterns in schizophrenia following 12
weeks of treatment (Meisenzah et al., 2006). At baseline, patients with
schizophrenia showed hypo-activation in right dorsolateral prefrontal
cortex (DLPFC) and ventrolateral prefrontal cortex (VLPFC) compared
to healthy controls. After treatment, increased activity in VLPFC and
signi cant clinical improvement was observed, but no improvement of
cognitive performance.
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e short-term effects of atypical antipsychotic medication on the
DLPFC and anterior cingulate cortex functioning were the focus of a
study conducted by Snitz et al. (2005). A working memory task was de-
signed to functionally dissociate the two regions, in a group of nevermed-
icated rst-episode schizophrenia patients. After 4 weeks of treatment
with atypical antipsychotic treatment, increased anterior cingulate cortex
activity was found but no changes in the DLPFC. ese ndings sug-
gest that anterior cingulate cortex functioningmay be especially sensitive
to atypical antipsychotic treatment. Wolf et al. (2007) evaluated the ef-
fects of various atypical neuroleptics combined with multimodal psychi-
atric treatment (i.e. occupational therapy, physical exercise, supportive,
psychotherapy and a psychoeducational intervention). In patients with
schizophrenia, frontotemporal activity was bilaterally enhanced after 7–8
weeks treatment.ese changes were associated with improved accuracy
in a variety of cognitive domains and with reduction of psychopathology.

Genetic variations in prefrontal dopamine catabolism have been sug-
gested to in uence prefrontal brain function in schizophrenia (Egan et
al., 2001, Apud and Weinberger 2007). One fMRI study has investigated
the effect of atypicalmedication olanzapine on prefrontal brain activation
by accounting for variations in a functional polymorphism (Val158Met)
in the COMT gene. Following 8 weeks of treatment, individuals carry-
ing a Met allele showed a greater increase in prefrontal activity, work-
ing memory performance and a greater reduction in negative symptoms
(Bertolino et al., 2004).

In contrast with the above-cited studies, two other fMRI studies failed
to show increased frontal activity after treatment with atypical antipsy-
chotics. First, Ramsey et al. (2002) investigated the impact of atypical
antipsychotic medication on brain activity patterns while controlling
for performance differences in executive function. After correction for
differences in performance, medication-naïve patients with schizophre-
nia showed a signi cant elevation of overall brain activity compared to
healthy controls during an executive function task, while brain activity
in medicated patients (olanzapine and clozapine) was similar to healthy
controls. e authors suggested that schizophrenia may be associated
with excessive, and thus ineffective, recruitment of frontal brain circuitry
during logical reasoning. ey proposed that atypical antipsychotics may
reduce this neural inefficiency. Next, Schlosser and colleagues (2002)
examined the effect of typical or atypical antipsychotic treatment on
brain efficiency in schizophrenic patients compared to healthy controls.
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eir study combined fMRI with structural equation modeling analyses.
Both typical or atypical drug treatment was associated with diminished
parieto-frontal connections in the left hemisphere. In addition, poor
brain activation from the right VLPFC to DLPFC connectivity was found
in the atypical treatment group, suggesting a negative effect of atypical
drugs on neural prefrontal communication.

Apart from its in uence on cognitive function, prefrontal dopamin-
ergic transmission is also involved in emotion processing. Two studies
have speci cally investigated the effects of antipsychotics on negative
symptoms and regional cerebral activity. Stip et al. (2004)measured brain
activation in 12 schizophrenia patients with attened affect during pas-
sive viewing of sad lm excerpts before and after treatment with que-
tiapine. Subsequent to the atypical antipsychotic treatment, there was
an increase in prefrontal brain activity and alleviation of negative symp-
toms, as measured with the PANSS. Fahim et al. (2005) evaluated brain
activity changes in schizophrenia patients during presentation of emo-
tionally negative pictures. A 22-week treatment with quetiapine resulted
in signi cant clinical improvement and increased prefrontal cortex ac-
tivation particularly in the right dorsolateral prefrontal cortex and the
right anterior cingulate cortex, along with subcortical activation of the
left putamen, and the right amygdala.

In agreement with the revised dopamine hypothesis of schizophrenia,
nine studies have con rmed enhanced prefrontal activity after treatment
with atypical antipsychotics. In addition, improved prefrontal function-
ing was often associated with amelioration of negative symptoms and
cognitive functions.

4.1.2 Subcortical Brain Activity

We have found two studies that have attempted to answer the question
whether atypical antipsychotics might be more effective in treating nega-
tive symptoms than classic antipsychotics, because of differences in sub-
cortical D2-blockade. First, the previously mentioned study by Fahim et
al. (2005), suggests increased subcortical activity of the left putamen and
improvement of negative symptoms after treatment with quetiapine.

Since negative symptoms may be associated with dysfunction of the
brain reward system in schizophrenia, Juckel et al. (2006a) used a mon-
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etary reward paradigm to measure ventral striatal activation in non-
medicated schizophrenic males and healthy controls. Healthy volunteers
displayed signi cant activation in bilateral ventral striatumduring reward
anticipation, whereas drug-free schizophrenic patients showed reduced
ventral striatal activation and this was associated with severity of neg-
ative symptoms. is nding seems to be at odds with the dopamine
hypothesis and with the results of other studies, where increased, rather
than decreased striatal D2 activity has been found in medication-free
schizophrenics (Hietala et al., 1999; Lindstrom et al., 1999; Abi-Dargham
et al., 2000). However, Juckel et al explained their results by suggesting
that a high baseline striatal dopamine turnover in schizophrenics may
increase the “noise” in the reward system, thus interfering with the neu-
ronal processing of reward-predicting cues by phasic dopamine release.
In agreement with this observation, amphetamine-induced dopamine re-
lease blunted ventral striatal activation elicited by reward-indicating cues
in healthy control subjects (Knutson et al., 2004). In a follow-up study by
Juckel et al. (2006b), patients were treated with either typical or atypi-
cal antipsychotics. Patients on atypical antipsychotics displayed ventral
striatal activation in response to reward similar to healthy controls. In
contrast, patients treated with typical antipsychotics demonstrated no
ventral striatal activation and reduced activation in left ventral striatum.
Moreover, activity in the brain reward system was inversely correlated
with severity of negative symptoms.

4.2 Discussion

e aim of the present paper was to review evidence from fMRI studies
for the revised dopamine hypothesis of schizophrenia. We have focused
on fMRI studies following dopaminergic challenge with antipsychotic
medication in patients with schizophrenia. We have encountered a total
of 13 studies, three of which dealt with the effect of atypical vs. typical an-
tipsychotic treatment.emajority of the studies have evaluated changes
in cerebral activity related to cognitive performance and symptom im-
provement before and after several weeks of treatment with atypical an-
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tipsychotics.ese PhMRI studies support the revised dopamine hypoth-
esis by con rming the presence of decreased PFC activity in schizophre-
nia, aswell as enhanced dopaminergic activity coupledwith improvement
of PFC functions following atypical antipsychotic treatment. In addition,
increased striatal activation and improvement of negative symptoms was
found after treatment with atypical antipsychotics, but not for typical
antipsychotics.

4.2.1 Limitations and methodological considerations

A basic tenet of phMRI is that modulatory effects on brain regions ac-
tivated in response to either a sensory, motor or cognitive input re ect
drug action. However, it can be questioned whether enhanced prefrontal
or striatal fMRI activity following antipsychotic drug therapy in fact rep-
resents enhanced dopaminergic activity. Beyond DA systems, it has been
suggested that atypical drugs modulate frontal neuronal activity through
an interaction between DA and other neurotransmitters. For instance,
serotonin has an inhibitory effect on presynaptic DA release (Meltzer,
1989; Busatto and Kerwin, 1997 Alex and Pehek, 2006). In animals, sero-
tonin 5HT2 blockade increased DA in cortical areas (Pehek, 1996). Most
of the atypical antipsychotics have 5HT2 antagonistic properties andmay
block excitatory actions of serotonin on inhibitory GABAergic interneu-
rons. Consequently, serotonin 5HT2 antagonism may cause prefrontal
activation through GABAergic interneurons (Goldman-Rakic and Sele-
mon 1997). Hence, both DA and concomitant 5HT2 effects of atypical
antipsychotics may result in enhanced functional activation of prefrontal
cortex.

A methodological concern about fMRI studies featuring dopaminer-
gic manipulation is that cerebral vasoregulatory effects of dopaminergic
drugs may affect BOLD signal (Krimer et al., 1999). Changes in BOLD-
signal strength or shape may result from pharmacological effects on the
hemodynamic response of the cortical vasculature instead of pharmaco-
logical effects on neuronal activity. However, the vasoconstrictive actions
of dopaminergic drugs on cerebral blood owdonot necessarily affect the
amplitude of the acute hemodynamic response to experimental stimula-
tion (Gollub et al., 1998). Besides, the suggested vasoconstrictive effects
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of dopaminergic drugs are at odds with the ndings of increased cerebral
blood ow in most of the studies we have found.

Another issue to be considered is the experimental design, i.e. the
characteristics of cognitive and emotional paradigms during functional
imaging studies, which are fundamental for the interpretation of the
imaging results. Likewise, the performance accuracy of patients is likely
to play an important role in the outcome of the imaging analyses.

e studies reporting hypofrontality even after atypical antipsychotic
treatment, appear to be limited by several methodological issues such as
task complexity and failure to account for performance differences, both
between groups andwithin groups (Wolf et al., 2007; Callicott et al., 2003;
Egan et al., 2003;Manoah et al., 2003a; Jansma et al., 2004), for example by
the use of blocked designs (Schlosser et al., 2002;Meisenzahl et al., 2006).
For instance, the equation modeling analyses that Schlosser et al. (2002)
conducted to examine changes in effective connectivity showed worsen-
ing of task performance and decreased neuronal activation in patients
on either typical or atypical drugs. To explain these results, Schlosser
et al. proposed that their data analyses were group-based and did not
take into account the possible variations of cortical activation patterns
in schizophrenic patients. Moreover, the ndings by Ramsey et al. (2002)
indicate that atypical antipsychotics stabilized excessive and ineffective
recruitment of brain systems during logical reasoning, only after control-
ling for differences in performance.

Finally, it should be noted that although the main focus of PhMRI
investigations in schizophrenia patients has been on the effects of atypical
antipsychotics, most studies have adopted a longitudinal design (i.e., pre-
post comparisons). As discussed earlier, this approach has been success-
ful in demonstrating increased prefrontal activity as well as improved
cognitive performance after atypical antipsychotic drug treatment in
medication-naive patients or non-medicated patients. Few studies, how-
ever, have included patients on typical antipsychotics. A comparison
group to evaluate typical vs. atypical antipsychoticswould bemore appro-
priate procedure for investigating the revised DA hypothesis of schizo-
phrenia.
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4.2.2 Other lines of evidence in favor of the revised dopamine
hypothesis

In agreement with the PhMRI studies in the present review, results from
PET studies have revealed a relationship between altered availability of
cortical D1 receptor and cognitive function or severity of negative symp-
toms in schizophrenia (Okubo et al., 1997; Abi-Dargham et al., 2002;
Karlsson et al., 2002), although increased as well as decreasedD1 receptor
availability has been found. ese inconsistencies were also observed in a
number of postmortem studies: cortical D1 receptor level has been found
to be unchanged in schizophrenic brains (Pimoule et al., 1985, Seeman
et al., 1987b, Knable et al., 1996), but in others a relative reduction of
D1 (Hess et al., 1987) or a reduction of dopaminergic innervations (Akil
et al., 1999) was found. Postmortem investigations in medication-naive
patients or non-medicated patients may yield different results since the
administration of antipsychotics, alone or combined with other medi-
cation is likely to induce neuronal adaptations within the dopaminergic
system.

Further evidence in favor of the revised dopamine hypothesis has
been provided by studies of dopamine agonists (like amphetamines or
pergolide) in healthy subjects, which have suggested similar increase
in prefrontal activity and in cognitive performance (Mattay et al., 2000
and 2003; Gibbs and D’Esposito, 2006). In contrast, lowered subcorti-
cal striatal activity and decreased cognitive function have been found
in healthy subjects after administration of typical D2 blocking antipsy-
chotics (Tost et al., 2006). In schizophrenia, dopamine-enhancing drugs
like amphetamines (Nolte et al, 2004) or apomorphine (Dolan et al.,
1995) have also been reported to ameliorate negative symptoms and cog-
nitive de ciency, which was related to enhancement of prefrontal ac-
tivity. Conversely, dopamine depletion with alpha-methyl-paratyrosine
(AMPT) was found to result in decreased striatal dopaminergic activity,
and to induce negative dysphoric symptoms in non-medicated schizo-
phrenia patients (Voruganti et al. 2001; Voruganti and Awad 2006) and
in one healthy individual (de Haan et al., 2005).

A nal issue to consider is the role of individual genetic variation in
the pathophysiology of diseases involving the dopaminergic neurotrans-
mitter system. A well-known example is the functional polymorphism
(Val158Met) in the COMT gene, which has been shown to modulate the
effect of dopaminergic challenge. In healthy subjects, amphetamine was
found to improve PFC efficiency in subjects with the high enzyme activity
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variant Val/Val of the COMT gene. Val homozygous subjects probably
have relatively low levels of prefrontal synaptic dopamine, at baseline as
well as with increasing cognitive demands. In contrast, Met allele carriers
(the low activity enzyme) are characterized by higher prefrontal activity at
baseline. In these subjects, however, amphetamine had no effect on corti-
cal efficiency at low-to-moderate working memory load and even proved
to be deleterious at high working memory load (Mattay 2003). ese
results are in line with Bertolino’s (2004) nding that COMT-mediated
variation in prefrontal dopamine turnover impacts the therapeutic pro le
of olanzapine.

4.2.3 Conclusion

e current hypothesis of DA in schizophrenia is that this disorder is
associated with decreased DA activity in the prefrontal cortex, together
with DA hyperactivity in subcortical areas. In the present review we fo-
cused on PhMRI studies that investigate the effect of atypical antipsy-
chotics on brain activity in schizophrenia patients. Although PhMRI is
not suitable for direct measurements of neurotransmitter status, this
technique can be used to explore cognitive and emotional brain function-
ing during pharmacologicalmanipulation. In addition, phMRI has several
other advantages, including superior temporal and spatial resolution, and
absence of radiation exposure. Hence, phMRI may rival PET/SPECT as a
tool for investigating the dopaminergic imbalance in schizophrenia, par-
ticularly in longitudinal designs.

In agreement the revised DA hypothesis, the PhMRI studies pre-
sented here have con rmed decreased activity in prefrontal cortex in
schizophrenia and demonstrated improved function of prefrontal cortex
and striatum, following dopaminergic modulation with atypical antipsy-
chotics. In addition, atypical antipsychotics improved cognition and neg-
ative symptoms of schizophrenia, re ecting enhancement of DA activity.
Dopamine is certainly one of the main neurotransmitters involved in the
pathophysiology of schizophrenia. Nevertheless, genetic variations and
interactions with other neurotransmitters are critical factors involved in
the etiology of this disease. Further studies are necessary to clarify these
interactions and the action of atypical drugs on the various neuronal re-
ceptors.
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chapter 5
Dopaminergic modulation of human
reward system: a placebo controlled

dopamine depletion fMRI study

da Silva Alves F, Schmitz N, Figee M, Abeling N, Hasler G, van der Meer J,
Nederveen A, de Haan L, Linszen D and van Amelsvoort T

J Psychopharmacol. 2010; 25:538-549

Abstract

Reward related behavior is linked to dopaminergic (DAergic) neurotransmission. Our aim
was to gain insight into DAergic involvement in the human reward system. Combining
functional Magnetic Resonance Imaging with DAergic depletion by α-methylparatyrosine
(AMPT)wemeasured dopamine- (DA) related brain activity in 10 healthy volunteers. In ad-
dition to blood-oxygen-level dependent (BOLD) contrast we assessed the effect of DAergic
depletion onprolactin (PRL) response, peripheralmarkers forDAandnorepinephrine (NE).
In placebo condition we found increased activation in the left caudate and left cingulate
gyrus during anticipation of reward. In AMPT condition there was no signi cant brain
activation during anticipation of reward or loss. In AMPT anticipation of reward vs. loss
increased activation in the right insula, left frontal, right parietal cortices and right cingulate
gyrus. Comparing placebo vs. AMPT showed increased activation in the left cingulate gyrus
during anticipation of reward and the left medial frontal gyrus during anticipation of loss.
AMPT reduced levels of DA in urine, homovanyllic acid in plasma and increased PRL.
No signi cant effect of AMPT was found on NE markers. Our ndings implicate distinct
patterns of BOLD underlying reward processing following DA depletion suggesting a role
of DAergic neurotransmission for anticipation of monetary reward.
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5.1 Introduction

eability to anticipate or predict reward and loss are important determi-
nants of motivation and subsequently implicated in goal directed behav-
ior. Dysfunction of the reward system has negative impact onmotivation.
It is implicated in depression (Ebmeier et al., 2006;Dunlop and Nemeroff,
2007), addiction (Everitt and Robbins, 2005;Koob and Le, 2008;Everitt
and Robbins, 2005;Koob and Le, 2008;Wise, 1987) and associated with
negative symptoms like anhedonia, affective attening and apathy in
schizophrenic patients Juckel et al., 2006a;Kirsch et al., 2007. Several
studies investigating the neural substrates of reward stimuli have shown
signi cant involvement of the DAergic mesocorticolimbic system in the
attribution of salience, motivational behaviors and emotional processing
(Kelley and Berridge, 2002;Wise and Rompre, 1989;Wyvell and Berridge,
2000). Understanding theDAergic neurotransmission underlying the dis-
tinct aspects of reward processing is imperative for elucidating the neuro-
pathological mechanisms involved in reward related behavior. However,
until now only a few studies have explored the relationship between
DAergic neurotransmission and brain activation during anticipation of
reward and loss in humans and none has yet investigated the effect of DA
depletion with AMPT on the anticipation of reward and loss.

Brain imaging studies combined with a pharmacological challenge
have been used to investigate the DAergic system. In animal studies using
rats DA antagonists and DA receptor blockers reduced reward-directed
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behavior (Chen and Hsiao, 1996;Marota et al., 2000). In humans, addic-
tive substances such as cocaine and amphetamines cause an excess of DA
which alters brain activation of the brain reward system (Breiter et al.,
1997;Vollm et al., 2004). By contrast, a decline of DAergic transmission
can be achieved by oral administration of AMPT which temporarily in-
hibits the enzyme tyrosine hydroxylase (TRY) in turn reducing the syn-
thesis and release of central and peripheral DA (Biggio et al., 1976;Moja
et al., 1991). Similarly, acute tyrosine/phenylalanine depletion (ATPD)
has been used in challenge paradigms to study DA function (McTavish
et al., 1999;Milner et al., 1986;Tam and Roth, 1997). Positron emission
tomography (PET) and single photon emission computed tomography
(SPECT) studies have shown that ATPD and AMPT administration de-
creased DA availability in the ventral striatum, a region previously im-
plicated in reward behavior (Ellis et al., 2007;Laruelle et al., 1997;Leyton
et al., 2004;Montgomery et al., 2003). Using PET and AMPT depletion,
Hasler et al. (2008) reported increased brain activation of the limbic cor-
ticostriatal circuitry in remitted depressed patients, compared to healthy
controls.

A number of functional magnetic resonance image (fMRI) studies
have employed conditioning paradigms to investigate the brain acti-
vation patterns involved in the prediction of reward and punishment.
ese studies reported a relationship between prediction error (PE) (i.e.,
the difference between actual and predicted reward), the ring of DA
neurons with phasic activity and the BOLD response (McClure et al.,
2003;O’Doherty et al., 2006;Seymour et al., 2004). Anticipation of re-
ward and anticipation of monetary loss or pain elicited activation of
striatal brain regions (e.g. putamen, nucleus accumbens) (Juckel et al.,
2006a, 2006b;Knutson et al., 2001;Menon et al., 2007;Seymour et al.,
2004). Also prefrontal brain regions (e.g. anterior cingulate cortex) have
been involved in anticipation of reward (Dillon et al., 2008;Kirsch et al.,
2003;Knutson et al., 2008;O’Doherty et al., 2001) and anticipation mone-
tary loss (Knutson et al. 2008; Menon et al 2007).

Also, pharmacological fMRI (phfMRI) studies support the involve-
ment of prefrontal and striatal DAergic circuitry in situations of reward
and punishment. In a small group of healthy volunteers, anticipation
of monetary reward following amphetamine administration reduced the
BOLD signal in the ventral striatum whereas during anticipation of loss
activation was increased in this region. e authors reported that ventral
striatal activity in the gain condition, using amphetamine, was altered in
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that the peak of amplitude was reduced but the duration of activation
was increased (Knutson et al., 2004). In another phfMRI study, subjects
given amphetamine showed awider network of PE related BOLD activity,
including striatal regions and anterior cingulate when compared to the
DAblocker haloperidol (Menon et al., 2007).Moreover, in rats, dopamine
depletion with tyrosine-free amino acid mixtures attenuated the changes
in BOLD signal induced by amphetamine in the nucleus accumbens and
prefrontal cortex (Preece et al. 2007).

e aim of the present study was to gain insight into the DAergic in-
volvement in the anticipation of reward and loss in the human reward sys-
tem. We combined fMRI with a pharmacological challenge to assess how
DA depletion interferes with reward function and brain activation in a
group of healthy individuals. We measured alterations in BOLD contrast
during anticipation of reward and loss using themonetary incentive delay
(MID) task (Knutson et al., 2001) before and after acuteDAdepletionwith
AMPT.

Based on prior ndings (Dillon et al., 2008;Kirsch et al., 2003;Knutson
et al., 2000;Knutson et al., 2001; Knutson et al., 2008;Menon et al., 2007)
we hypothesized that patterns of brain activation in the prefrontal cortex
particularly the cingulate cortex and in subcortical regions, such as the
ventral striatum, would differ between the DA depletion and the placebo
condition. In the placebo condition we expected the ventral striatum and
cingulate cortex to be activated during anticipation of monetary reward
and loss. However, the anticipation of loss would evoke reduced striatal
and increased cingulate cortex activation. In the DA depletion condition
we expected reduced brain activation in both brain areas during antici-
pation of reward and loss.

5.2 Materials and Methods

5.2.1 Subjects

We included 10 healthy right-handed male volunteers within the age
range of 18 to 40 years. is study was conducted at the Department of
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Psychiatry, Academic Medical Centre Amsterdam, e Netherlands and
was approved by the local EthicsCommittee. All participants gavewritten
informed consent, after receiving full information on the study.

All participants were seen by a physician and underwent a semi-
structured clinical examination to exclude co-morbid medical disorders
affecting the brain (e.g. Multiple sclerosis, epilepsy) and major psychi-
atric disorders (e.g. Major Depressive Disorder, Obsessive Compulsive
Disorder). None of the participants had a history of substance or alcohol
abuse. Urine drug screening (cocaine, tetrahydrocannabinol, opiates, am-
phetamines, benzodiazepines) was performed at the beginning of the rst
and second study day and was negative in all subjects. e participants
were not using any medication at time of testing.

5.2.2 Study design

All subjects underwent two fMRI measurements (Day I and Day II) with
an inter-scan interval of approximately 8 days. e fMRI study was con-
ducted as a randomized double blind controlled study, with two con-
ditions; (1) administration of AMPT and, (2) administration of placebo
(cellulose, corn starch) tablets.

On day 1, baseline samples of blood and urine were collected and
AMPT or placebo was administered at 8.00h (T0). Subsequently, AMPT
or placebo was administered again 2 hours later at 10.00h (T2) followed
by collection of blood samples at 11.00h (T3). At 12.00h (T4) the last dose
of AMPT or placebo was administrated. e fMRI scanning started one
hour after the last dose of AMPT at 13.00h (T5). At the end of the fMRI
session at 14.00h (T6) the last blood and urine samples were collected.

On day 2 the same procedures were employed, however this time
subjects were assigned to the other treatment condition (AMPT/placebo)
according to the crossover design.

To assess the effects of AMPT on subjective well being we adminis-
tered at T0 and T6 the short version of the ‘subjective well-being under
neuroleptic’ questionnaire (SWN) (de Haan et al., 2002;Naber, 1995) on
both study days. is questionnaire includes six response categories con-
taining 20 statements on ve subscales (mental functioning, self-control,
emotional regulation, physical functioning and social integration).
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5.2.3 Dopamine challenge

ree doses of 500 mg AMPT were orally administered (total dose 1.5 g)
over two intervals of 2 hours. ese doses were similar to those used
by Boot and colleagues (Boot et al., 2008a). e dose and duration in
this study were selected to obtain a signi cant inhibition of TRY activity
and consequently DA depletion, without introducing severe side effects.
To prevent the formation of AMPT crystals in urine, subjects were in-
structed to drink plenty ofwater (Verhoeff et al., 2001). Levels ofAMPT in
plasma were measured at T3 and T6 by using gas chromatography/mass
spectrometry.

5.2.4 Catecholamines, their metabolites and prolactin

AMPT is a competitive inhibitor of the rate-limiting enzymeTRYe and af-
fects bothDAandNE synthesis (Engelman et al., 1968).erefore, in both
treatment conditions (AMPT and placebo) blood samples were drawn at
T0, T3, andT6 for assessment of: (1) plasma levels of PRL; (2) 3-methoxy-
4-hydroxy-phenylglycol (MHPG), a catecholaminergic metabolite of NE;
and (3) homovanyllic acid (HVA), a catecholaminergic metabolite of DA.
Urine samples were collected at T0 and T6 for determining DA and NE
levels.

Plasmawas separated and frozen before blind batch analysis. PRLwas
measured by time-resolved uoroimmunoassay (DELFIA Prolactin,Wal-
lac Oy, Turku, Finland). e total assay variation ranged from 5.8 to 7.6%.
HVA levels were measured with reverse-phase high-performance liquid
chromatography (RP-HPLC) and coulometric electrochemical detection
(ECD) (Hartleb et al., 1993). Intra- and inter-assay variations, calculated
on low, mid, and high levels, ranged from 1.2 to 7.8% (intra-assay) and
4.8–10.4% (inter-assay), respectively. Concentrations of HVA and DA in
urine were determined using RP-HPLC with ECD and uorometric de-
tection (Abeling et al., 1984;Stroomer et al., 1990). For HVA variation cal-
culations on three different levels ranged from 1.2% to 4.1% (intra-assay)
and 3.6% to 8.5% (inter-assay), respectively. For DA variation ranges from
2.4% to 4.1% (intra-assay) and 2.7% to 6.7 % (inter-assay) were calculated.
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5.2.5 fMRI task: Monetary Incentive Delay

We used event-related fMRI to assess BOLD brain activation during the
MID task (Knutson et al., 2001). Before entering the scanner, subjects
were familiarized with the task by completing a 10 min practice session.
e practice session produced an estimate of each individual’s reaction
time for standardizing task difficulty in the scanner.

e MID task was used to evoke anticipation of potential monetary
reward, loss, or no consequential outcome. e MID task consisted of
two sessions of 72 trials of 6 sec, yielding a total of 144 trials and total
duration of 10 minutes. During each trial, subjects were shown one of
seven cue shapes (cue, 250 ms). Cues signaling potential reward were
denoted by circles (n = 54), potential loss was denoted by squares (n = 54),
and nomonetary outcomewas denoted by triangles (n = 36).e possible
amount of money that subjects were able to win was indicated by one
horizontal line for 0.20 Euro, two horizontal lines for 1.00 Euro, and three
horizontal lines for 5.00 Euros. Similarly, loss cues signaled the possibility
of losing the same amounts of money. Subjects were asked to look at the
xation cross in the middle of the screen as they waited a variable inter-

val (delay, 2000-2500 ms), then they had to respond to the white target
square that appears for a variable length of time (target, 160-260 ms).
e Inter Stimulus Interval (ISI) was 5000 ms. Trial types were randomly
orderedwithin each session. During incentive trials, volunteers couldwin
or avoid losing money by pressing the button during target presentation
(Figure 5.2.1).

To succeed in a given trial, volunteers had to press the button during
the time that the white square target was visible. Task difficulty, based on
reaction times collected during the practice trials in each session, was set
such that each subject would succeed on approximately 66% of his or her
target responses, a rate based upon the conditioned reinforcement rate
needed to maintain ring activity of DA neurons in monkeys performing
similar tasks (Fiorillo et al., 2003). Immediately after target presentation,
feedback appeared (“feedback” 1650 ms), notifying volunteers that they
had won or lost money and indicating their cumulative total at that point.
fMRI volume acquisitions were time-locked to the offset of each cue and
thus were acquired during anticipatory delay periods.

Unlike the MID described by Knutson et al. (2001) we were unable to
pay the amount of money earned during the task. us, the reward and
punishment was based on point scoring.
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Figure 5.2.1: Monetary Incentive Delay task, structure for a representative trial

5.2.6 fMRI data acquisition

During event related fMRI, standard task instruction and visual image
were projected automatically via a forward projection system onto a
translucent screen placed at the end of the subject’s gurney. e task
stimuli were generated using e-prime software (SCOPEV2.5.4/Pentium).
e subjects viewed the screen through a mirror positioned on the head
coil andwere asked to avoid head or bodymovements and to keep looking
at the screen. All subjects used a response key box and were instructed
on how to use the correct response keys. To reduce motion artifacts, the
subject’s head was immobilized using foam pads. MRI acquisition took
place at the Department of Radiology of the Academic Medical Centre
Amsterdam using a 3 Tesla InteraMRI system (Philips, Best, eNether-
lands) equipped with a sense head coil.

For theMID task 360 event related, transversalmultislice T2*-weight-
ed gradient-echo planar images (EPI) were acquired with: echo time (TE)
30ms, repetition time (TR) 2000ms, 96x96 matrix, 35 slices, 3x3 mm in-
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plane resolution, slice thickness 3mmwith a 1mm interslice gap, covering
the entire brain. Slices were acquired in interleaved fashion.

For anatomical localization transversal high-resolution structural T1-
weighted volumetric images were acquired in the same session, with full
head coverage, using 130 contiguous slices (1 mm thick, with 0.89 x 0.89
mm in-plane resolution) and a TR/TE of 9.8/4.5 milliseconds ( ip angle
8”, FOV 224 cm).

5.2.7 fMRI data preprocessing

All functional and structural brain images were preprocessed blind for
design condition. e rst two volumes of each functional time series
were automatically discarded to remove non steady-state effects caused
by T1-saturation.

Slice time correction was used to adjust for time differences due
to multislice imaging acquisition. Interpolation (realignment) was em-
ployed to t all volumes to the tenth volume of the series to correct
between-scan movements. After the realignment of the scans, visual in-
spection of motion-correction estimates con rmed that none of the sub-
jects showed headmovement greater than 5mmduring one run with less
than 1 mm translation and 1° rotation in any dimension from one volume
acquisition to the next. Hence, the movement artifacts were not included
as regressors in the further preprocessing. For preprocessing structural
and T2*-weighted images were co-registered. e co-registered struc-
tural images were spatially normalized to a standard template provided
by theMontreal Neurological Institute (MNI) using an automated spatial
transformation (12-parameter affine transformation followed by non lin-
ear iterations using 7×8×7 basis functions). is transformation matrix
was subsequently applied to the T2*-weighted data, followed by down
sampling to a resolution of 3×3×3 mm voxel size. e normalized im-
ages were smoothed with a Gaussian kernel (full width at half maximum,
FWHM at 8 m) to create a locally weighted average of the surround-
ing voxels. e preprocessed functional MRI data were then analyzed in
the context of the general linear model (GLM) approach (Friston et al.,
1995a;Friston et al., 1995b;Friston et al., 1995c) using a two-level proce-
dure.
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5.3 Statistical analysis

5.3.1 Catecholamines, their metabolites and prolactin

Compiled data are expressed as mean±SD. Between-group comparisons
were performed using independent-sample t-tests and analysis of vari-
ance (ANOVA). e Kolmogorov-Smirnov (Lilliefors) test was used to
test whether dependent variables were normally distributed. In the event
of signi cantly skewed distributions, natural base logarithmic transfor-
mations were applied to the data to allow for parametric statistical pro-
cedures. Repeated-measure ANOVA was performed to analyze group
(AMPT and placebo condition) × time interaction, as appropriate for
the DAergic markers and for the SWN. e delta ∆PRL values were
calculated by subtracting baseline values from the maximum levels post-
AMPTadministration. A probability value of 0.05 two-tailedwas selected
as level of signi cance. Statistical analyses were performed with SPSS,
release 16.0.2 for Windows (SPSS Inc., Chicago, IL, USA. 2008).

5.3.2 fMRI data analysis

e analyses focused on changes in BOLD contrast that occurred during
anticipatory delay periods and were conducted using Statistical Paramet-
ric Mapping 5 (SPM5) (http://www.fil.ion.ucl.ac.uk/spm/). e rst level
data analysis was performed by modeling the different conditions (re-
ward, loss and nomonetary outcome indicating cues) as explanatory vari-
ables convolved with Cohen’s gamma-function. Changes in the BOLD re-
sponse can be assessed using linear combinations of the estimated GLM
parameters (beta values) and are contained in the individual contrast im-
ages (equivalent to percent signal change) for the anticipation of potential
monetary gain versus anticipation of no outcome (reward vs. no outcome)
and the anticipation of potential monetary loss versus anticipation of no
outcome (loss vs. no outcome), resulting in a t statistic for each voxel.

In the second level analysis, to detect group activation, we included
individual contrast images (con.img +RESms.img i.e. the BOLD response
differences) of all subjects to compare within-group activation with a
one-sample t test (reward vs. no outcome, loss vs. no outcome). e t-
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statistic maps allowed us to calculate whether the effect of interest in the
cingulate cortex and striatal regions belonged to either the AMPT or the
placebo acquisition. To detect relevant brain activation in the AMPT or
placebo condition, individual contrast images of the rst level analysis
(BOLD response differences) of all subjects were included in a random
effects analysis. A priori regions (the cingulate cortex and striatum) were
compared betweenAMPT vs. placebo and placebo vs. AMPTwith a two-
sample t-test (P<0.001 uncorrected). Data were corrected for multiple
comparisons (P<0.05). e extent threshold was set to 10 voxels. Voxels
and clusters were localized using the MNI coordinates and transformed
into Talairach and Tournoux (T&T) (Talairach and Tournoux, 1988) co-
ordinates (Brett et al., 2002).

5.4 Results

5.4.1 Demographic Data

Ten healthy males with mean age of 35.8±10.4 (mean±SD) years and av-
erage level of education level (i.e. total years spent in formal education)
of 14.8±2.26 years were included in the study. ree of the participants
were smokers.

5.4.2 Behavioral Effects of Dopamine Depletion

ree subjects reported tiredness and three other subjects mentioned
feeling better or pleasant AMPT administration. No serious adverse
events like acute dystonia or crystalluria were present. Plasma levels of
AMPT showed signi cant increase from T3 to T6 (T3 12.51 mg/l±4.53;
T6 16.52 mg/l±2.97, t(7)=-3.41, P=0.01). ere were no signi cant dif-
ferences in any of the SWN subscales or total scores between PLA and
AMPTat T0 andT6. For the total SWNscores therewas no signi cant ef-
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Table 5.4.1: Neuro-Endocrine response and Peripheral markers in placebo and α-
methylparatyrosine conditions

Marker N Condition T0 T3 T6

PRL 9 PLA 9.83±5.32 8.01±4.19 8.61±3.63
(µg/l) 10 AMPT 12.34±3.24 34.30±11.50 25.60±8.92

P=0.10 P<0.001 P<0.001

DA urine 10 PLA 137.40±36.55 - 138.40±37.98
(nmol/mmol creat) 10 AMPT 141.75±40.01 - 64.00±18.38

P=0.81 P<0.001

HVA plasma 9 PLA 49.70±13.31 47.04±12.69 40.81±13.22
(nmol/l) 9 AMPT 49.71±20.84 30.80±17.66 22.37±13.50

P<0.99 P=0.01 P=0.01

NE urine 9 PLA 31.67±7.16 - 21.89±9.65
(µmmol/mmol creat) 10 AMPT 34.00±5.08 - 20.70±7.61

P=0.42 P=0.77

MHPG plasma 9 PLA 46.21±25.06 56.35±20.05 46.50±20.05
(µmmol/mmol creat) 9 AMPT 43.46±18.84 52.42±23.81 32.39±14.62

P=0.80 P=0.73 P=0.11

T0=8.00h; T3=11.00h; T6=14.00h; PRL=prolactin; DA=Dopamine; HVA=homovanillic acid;
NE=norepinephrine; MHPG=3-methoxy-4-hydroxy-phenylglycol; AMPT=α-methylparatyrosine;
PLA=Placebo

fect of time (F(1, 18)=0.62, P=0.44) or effect of condition (F(1, 18)=0.019,
P=0.89).

5.4.3 Task Performance

Hit rate (i.e., proportion of successful button presses during target pre-
sentation) (PLA 70%±14.73% vs. AMPT 67%±18.54%) and reaction times
for hit on reward (PLA 210 ms±65.87, AMPT 230 ms±66.75; t(9)=0.72
P=0.49) and loss (PLA 220 ms±67.66, AMPT 220 ms±63.97; t(9)=0.18
P=0.09) did not differ signi cantly across incentive conditions.
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Figure 5.4.1: Peripheral response to placebo and to AMPT. (A) Mean prolactin level in plasma
(PRL, ug/L); (B) Mean dopamine (DA) level in urine (nmol/mmol creat). Error bars indicate
SEM. *P<0.001; independent-sample t-test comparing measurements of PLA and AMPT.

5.4.4 Neuro-Endocrine Response and Peripheral Markers for
Dopamine and Norepinephrine

Means and standard deviations for neuro-endocrine (PRL) and periph-
eral markers (DA, HVA, NE and MHPG) are displayed in Table 5.4.1.

Baseline values (T0) of PRL were not signi cantly different between
AMPT and placebo condition (Figure 5.4.1A). PRL values increased in all
subjects within the 3h period following the rst AMPT administration
and dropped subsequently at T6, while the values for the placebo condi-
tion remained constant. e PRL response in the AMPT condition was
signi cantly higher at T3 than in the placebo condition. Signi cant be-
tween group effects were also observed at T6 when PRL levels decreased
in comparison to T3 but were still higher during AMPT than during the
placebo condition. ere was a signi cant difference between the groups
for∆ PRL (AMPT 21.96±9.11 vs. PLA -1.82±2.40, t(17)=-7.96, P<0.001).
A one-way repeatedmeasure ANOVA for PRL showed a signi cant effect
of time (F(2, 16)=44.46, P<0.001), condition (F(1, 17)=40.99, P<0.001)
and condition by time interaction (F(2,16)=43.20, P<0.001).

At baseline urine DA levels were similar in both AMPT and PLA
conditions. At T6 urine DA levels were unchanged compared to baseline
in the placebo condition. By contrast, a signi cant decrease of DA lev-
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els at T6 was observed in the AMPT condition (Figure 5.4.1B). At base-
line, HVA levels in plasma were similar in the placebo and in the AMPT
condition and signi cantly decreased in the AMPT condition at T3 and
T6. Repeated measures ANOVA for urine DA showed a signi cant ef-
fect of condition (F(1, 18)= 5.93, P=0.03) and a signi cant effect of time
(F(1, 18)=40.26, P<0.001) and condition by time interaction (F(1,18)=
42.49, P<0.001). Repeated measures for plasma levels of HVA showed
no signi cant effect of condition (F(1, 16)=2.81, P<0.11) but a signi cant
effect of time (F(2, 15)=86.20, P<0.001) and condition by time interaction
(F(2, 15)=4.09, P<0.04).

At baseline and T6, NE levels in urine did not differ between the two
conditions. For plasma levels of MHPG we observed an increase from
baseline to T3 followed by a decrease to T6 in both placebo and AMPT
conditions. ese differences were not signi cant. Repeated measures
for NE in urine showed no signi cant effect of condition (F(1, 17)=0.36,
P=0.85), a signi cant effect of time (F(1, 17)=49.31, P<0.001), and there
was no signi cant interaction of condition with time (F(1, 17)=1.15,
P=0.29). Repeated measures for the plasma levels of MHPG showed no
signi cant effect of condition (F(1, 15)=0.55, P=0.47), a signi cant effect
of time (F(2, 14)=7.58, P=0.006), and there was no signi cant interaction
of condition by time (F(2, 14)=1.65, P=0.23).

5.5 fMRI Findings

5.5.1 PLACEBO condition

During anticipation of reward in the placebo condition subjects signi -
cantly (Pc<0.001, Pc: corrected for multiple comparisons at cluster level)
activated the left caudate body and the left cingulate gyrus (Table 5.5.1). In
addition, on an uncorrected signi cance level, they activated (Punc<0.001
Punc: uncorrected for multiple comparisons at cluster level) the left infe-
rior frontal gyrus (Brodmann area (BA) 44). Brain activation during the
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Table 5.5.1: Brain regions showing signi cant BOLD activation associated with anticipation of
reward and loss

Conditions Brain Regions BA Talairach Coordinates t-value
x y z

1a. Anticipation of reward> no outcome
Caudate Body** L -18 18 9 7.15
Cingulate Gyrus** 32 L -21 12 33 6.08

1. PLA Inferior Frontal Gyrus 44 L -45 3 18 8.60
1b. Anticipation of loss> no outcome - - - -
1c. Anticipation of reward> loss
Putamen** L -24 6 12 7.44
Parietal Postcentral Gyrus** R 39 -21 45 7.04
Posterior Cingulate Gyrus 30 L -21 -60 9 5.72

2a. Anticipation of reward> no outcome
Parahippocampal Gyrus 36 L -27 -36 -9 7.93
2b. Anticipation of loss> no outcome

2. AMPT Putamen L -21 18 0 5.51
2c. Anticipation of reward> loss
Superior Frontal Gyrus* 8 L -18 15 42 4.75
Cingulate Gyrus* 24 R 15 9 27 4.36
Parietal postcentral gyrus * 40 R 60 -21 21 4.53
Insula* 13 R 39 3 15 4.37

3a. Anticipation of reward> no outcome
Cingulate Gyrus* 32 L -21 12 33 4.55
3b. Anticipation of loss> no outcome

3. PLA>AMPT Medial Frontal Gyrus * 6 L -12 -24 54 3.67
Cingulate Gyrus 24 R 9 15 24 4.28
3c. Anticipation of reward> loss
Caudate Head R 3 9 6 4.36
Putamen L -21 21 0 3.61
Superior Frontal Gyrus 9 L -33 45 27 3.65

4a. Anticipation of Reward> no outcome - - - -
4b. Anticipation of Loss> no outcome - - - -

4. AMPT> PLA Precentral Gyrus 13 L -48 -12 12 4.47
4c. Anticipation of reward> loss - - - -

n=10, ρ< .001 uncorrected
AMPT=α-methylparatyrosine; PLA=Placebo; BA=Brodmann Area; L=left; R=Right
**ρ< .001 and *ρ< .05 both corrected for multiple comparisons at cluster level
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anticipation of loss in the placebo condition did not survive the uncor-
rected threshold of Punc<0.001.

Comparison of anticipation of reward vs. loss in the placebo condi-
tion showed signi cant (Pc<0.001) activation in the left putamen and
in the right parietal post central gyrus. In addition, on an uncorrected
signi cance level, subjects also activated (Punc<0.001) the left posterior
cingulate gyrus (BA 30). Brain activation during the anticipation of loss vs.
reward in the placebo condition did not survive the uncorrected thresh-
old of Punc<0.001.

5.5.2 AMPT condition

Brain activation during anticipation of reward or loss in the AMPT condi-
tion did not survive correction for multiple comparisons. However, on an
uncorrected signi cance level, during anticipation of reward subjects ac-
tivated the left parahippocampal gyrus (BA 36) (Punc<0.001) and during
anticipation of loss subjects activated the left putamen (Punc<0.001).

Anticipation of reward vs. loss in the AMPT condition showed signi -
cant (Pc<0.05) activation in the left superior frontal, right cingulate gyrus
(BA 24), right parietal postcentral gyrus (BA 40) and right insula (BA 13).
Brain activation during the anticipation of loss vs. reward in the AMPT
condition did not survive the uncorrected threshold of Punc<0.001.

5.5.3 PLACEBO versus AMPT

During anticipation of reward in the placebo compared to the AMPT
condition subjects showed signi cantly increased activation in the left
cingulate gyrus (BA 32) (Pc<0.05, Figure 5.5.1). During anticipation of
loss signi cantly (Pc<0.05) greater activation in the left medial frontal
gyrus (BA 6) was observed in the placebo vs. AMPT condition. Addition-
ally, on an uncorrected signi cance level, increased activation was found
in the right cingulate gyrus (BA 24) (Punc<0.001).

Brain activation during anticipation of reward vs. loss in the placebo
vs. AMPT condition did not survive correction for multiple compar-
isons. However, on an uncorrected signi cance level, subjects activated
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Figure 5.5.1: SPM t-value for PLA vs. AMPT condition during anticipation of reward showing
signi cant BOLD activation of the left anterior cingulate (P<0.05 corrected at cluster level,
n=10).

the right caudate head, left putamen and left superior frontal gyrus
(Punc<0.001). Brain activation during the anticipation of loss vs. reward in
the placebo vs. AMPT condition did not survive the uncorrected thresh-
old of Punc<0.001.

5.5.4 AMPT versus PLACEBO

Brain activation during the anticipation of reward in the AMPT com-
pared to the placebo condition did not survive the uncorrected threshold
of Punc<0.001 (Figure 5.5.2). During anticipation of loss, on an uncor-
rected signi cance level, subjects had greater activation in the AMPT
than in the placebo condition in the left precentral gyrus (BA 13)
(Punc<0.001). Brain activation during the anticipation of reward vs. loss
or loss vs. reward in the AMPT vs. placebo condition did not survive the
uncorrected threshold of Punc<0.001.
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Figure 5.5.2: Brain sections (x=8, y=16, z=7) showing blood-oxygen-level dependent (BOLD)
activation during anticipation of reward. (A) Placebo (PLA) condition signi cant BOLD activa-
tion of the caudate body (P<0.001 corrected at cluster level); (B) reduced BOLD activation
during a-methylparatyrosine (AMPT) condition.

5.6 Discussion

In the present study we combined fMRI and a DAergic challenge using
AMPT to investigate the effects of DA depletion on neuronal pathways
underlying reward related behavior in the normal human brain.We found
signi cantly increased activation in the striatum and cingulate gyrus dur-
ing anticipation of reward in the placebo condition, but no signi cant
brain activation during anticipation of loss. Comparing the placebo vs.
AMPT condition we found signi cantly increased activation in the left
cingulate gyrus (BA 32) during the anticipation of reward and signi -
cantly greater activation in the left medial frontal gyrus during anticipa-
tion of loss. Brain activation during anticipation of reward or loss follow-
ingAMPTcondition did not survive the statistical correction formultiple
comparisons. However, reward vs. loss in the AMPT condition showed
signi cant activation of the right insula, and left frontal and right parietal
cortices and right cingulate gyrus (BA 24). Our imaging ndings demon-
strated an effect of DA depletion in reward related brain activity. e
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relation between DAergic reward pathways and anticipation of monetary
loss were less clear.

e brain reward system is innervated by DAergic neurons that as-
cend from the ventral tegmental area and substantia nigra to subcortical
limbic structures, such as the ventral striatum, amygdala and hippocam-
pus, and cortical regions, mainly orbitofrontal, medial and dorsolateral
prefrontal and cingulate cortices (Bjorklund and Dunnett, 2007;Koob
and Nestler, 1997;Mogenson et al., 1980). Studies on monetary reward
processing have shown that in the normal DAergic state, anticipation of
reward and loss activate areas of the striatum such as the putamen and
the nucleus accumbens with the later showing greatest activity during an-
ticipatory phases increasing monetary reward (Breiter et al., 1997;Juckel
et al., 2006b;Knutson et al., 2001). When challenging the reward system
with aDAagonist the peak of BOLDamplitudewas reduced in the ventral
striatum during anticipation of reward, but during anticipation of loss
BOLD amplitude was increased in the ventral striatum (Knutson et al.,
2004). In our study, the placebo condition showed increased striatal ac-
tivation in the left caudate body in anticipation of reward compared to
no outcome and, in the left putamen when anticipation of reward was
greater than loss. Anticipation of loss did not activate any of the above
brain areas.

We also found greater activation of the left ACC (BA 32) during an-
ticipation of monetary reward in the placebo condition compared to the
AMPTcondition suggesting that this region failed to activatewhenDAer-
gic transmissionwas reduced.eACC (BA32) comprises the dorsal area
of the anterior cingulate cortex, which in addition its role in motivation
and reward processing also monitors aspects of error detection and re-
sponse con ict (Botvinick et al., 1999;Carter et al., 1998;Schmitz et al.,
2008). In healthy humans, a number of fMRI studies reported that the
anticipation of a monetary reward produced ACC activation (Dillon et
al., 2008;Kirsch et al., 2003;Knutson et al., 2008;O’Doherty et al., 2001).
Accordingly, we found ACC activation as subjects were preparing for ac-
tion during a motivational situation that involved uncertainty to achieve
the reward goal.

In addition to reward expectation, the ACC is also implicated in con-
ditions involving expectation of monetary loss (Dillon et al., 2008;Knut-
son et al., 2008;O’Doherty et al., 2001).We foundno activation of theACC
but, activation in the left medial prefrontal gyrus during anticipation of
loss in the placebo vs. AMPT condition. Similarly to the ACC, the me-
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dial prefrontal gyrus is associated with executive functions and decision-
related processes and also implicated in processing of unfavorable out-
comes (O’Doherty et al., 2001;Talati andHirsch, 2005;Ridderinkhof et al.,
2004).

In our study, we expected reduced brain activation following DA de-
pletion. A recent fMRI study assessed the effects of DAergic modulation
by haloperidol, a DA receptor antagonist. Disrupted BOLD response was
found in areas of the reward system including striatum and anterior cin-
gulate during an aversive conditioning task (Menon et al., 2007). is
nding implicated the involvement of the DAergic reward system in the

processing of unpleasant stimuli; therefore the authors suggested that the
reward system is better characterized as salience network system. Indeed,
DA depletion decreased brain activation during processing of monetary
reward - a powerful positive salient stimulus. But, the monetary loss may
not have been sufficiently salient to yield signi cant brain activation in
the DAergic network.

Following DA depletion, brain activation of striatal areas and the cin-
gulate cortex that was observed in the placebo condition disappeared.
Nevertheless, the anticipation of reward vs. loss in the AMPT condition
showed the recruitment of other DAergic innervated brain areas, namely,
the insula, frontal and parietal cortices. is could suggest a compen-
satory role of these brain areas when DA transmission was reduced. Al-
though speculative, it is likely that subjects recruited other crucial DAer-
gic regions for reward processing and perhaps non-DAergic systems.

To the best of our knowledge this is the rst fMRI study assessing the
effects of DA depletion onmonetary reward in the human reward system
using an inhibitor of DA synthesis. Several investigations have shown that
DA releasing andDA antagonism can increase or reduce the BOLD signal
in the nucleus accumbens (Knutson and Gibbs, 2007). A methodolog-
ical issue in pharmacological fMRI is the relationship between DAergic
modulation and the BOLD signal.e vasoregulatory effects of DA drugs
might affect the BOLD signal (Krimer et al., 1998;Edvinsson et al., 1985).
However the vasoconstrictive effects of DA drugs on cerebral blood ow
do not necessarily change the amplitude of the acute hemodynamic re-
sponse to experimental stimulation (Gollub et al., 1998;Schwarz et al.,
2004). Hence, we believe that the reduced BOLD signal after DA deple-
tion observed in our study is possibly an indication of altered neuronal
activity. In addition, if regionally speci c vascular effects occurred they
would be present in both anticipation of reward and loss, regardless of
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degree of activation. Similarly, ndings from a PET study in combina-
tion with tyrosine depletion have shown changes in regional blood ow
independent of effects of spatial work memory task (Ellis et al. 2007).
Future fMRI studies of pharmacological challengewill have the advantage
to address this issue by the use of cardiovascular measures.

e ndings of reduced DAergic transmission and brain activation in
the reward system after DA depletion are supported by measurements
of the neuro-endocrine response of PRL and peripheral DA markers. DA
of hypothalamic origin provides inhibitory control over the secretion of
PRL (Freeman et al. 2000). Accordingly, PRL levels measured in our study
showed a signi cant increase following the rst AMPT administration
within a short period of time. After reaching a peak within 3 hours PRL
levels started to decrease. However, this nding does not imply steady
or increased DA levels. e tonic inhibitory control of catecholamines
over secretion of PRL is one of the factors that may have contributed to
the drop off levels of this hormone (Freeman et al., 2000). In addition to
the PRL levels, themeasurement of peripheral DAergicmarkers provided
an indication of continuous DA decrease in the AMPT condition. In our
study, DA levels in urine signi cantly decreased with concomitant de-
crease of HVA levels in plasma after DAergic depletion. Similar results
were found in a previous study of DA modulation with AMPT (Boot et
al., 2008b) demonstrating the effects of DA depletion achieved by a total
of 1.5 g of AMPT over 3 intervals of 2 hours.

In the present study we assessed DA related brain activation using
the same paradigm twice, during normal DAergic state (i.e. placebo con-
trolled) and afterDAdepletion.Weused peripheralmarkers such as urine
levels of DA and NE, plasma levels of HVA, MHPG and PRL to assess the
extent of DA depletion which con rmed the effect of AMPT. Following
DA depletion, brain areas that were required for anticipation of reward
and previously activated in the placebo condition did not show a speci c
response to our fMRI design. Our ndings implicate a distinct pattern of
BOLDbrain activation underlying reward prediction followingDAdeple-
tion. Using AMPTwe successfully altered the brain activation patterns of
the DAergic circuit that were activated in the placebo condition.

However, several limitations of our study should be addressed. In
earlier studies, the inhibition of catecholamine synthesis by AMPT af-
fected both the DA and NE systems (McTavish et al., 1999;Sjoerdsma et
al., 1965;Verhoeff et al., 2001). Although we cannot exclude an effect of
AMPT on NE, we found no signi cant differences between the placebo
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and AMPT condition in NE and MHPG levels possibly due to the large
variability across subjects. Boot et al reported comparable NE results
using the same DA depletion regime (Boot et al., 2008a). Moreover, the
effect of AMPT onDAdepletion is not complete.We found that adminis-
tration of 1.5 g AMPT decreased HVA levels in plasma by 66.26%±12.98
and DA in urine by 54.15%±8.39, MHPG levels in plasma were decreased
by 36.94%±23.27 and NE levels in urine by 38.59%±15.69. In addition,
higher doses of AMPT have been implicated only in partial depletion
(Verhoeff et al., 2001).

e effects of AMPT on subjective feelings of well-being and atten-
tion levels could not be dissociated from placebo condition. e long
duration of the study daymay have contributed to the increased tiredness
and decreased alertness during both conditions.e subjects in our study
did not earn the actual amount of money presented during the MID task.
is could have resulted in lower drive to accomplish the best perfor-
mance and consequently having a differential effect on striatal activation.
We used independent samples t-test for our data analysis, therefore we
cannot exclude that differences in activation between the groups might
be due to sampling. Also, we acknowledge that our sample size was small.
However, our sample of 10 subjects is sufficient for a power of 80% and
alpha of 0.002 (Desmond andGlover, 2002).We tested against the null hy-
pothesis using P<0.001 and corrected for multiple comparisons (at alpha
< 0.05) to arrive at signi cant results for fMRI comparisons. Moreover,
earlier fMRI studies of the reward system have found results sustaining
the proposed expectations with similar (or smaller) sample sizes (Knut-
son et al. 2001, 2004).

In summary, the acute and reversible DA depletion with AMPT en-
abled us to explore the effects of induced disrupted DAergic neurotrans-
mission within the anterior cingulate and striatum in the normal human
brain during reward processing. e effects of anticipation of loss were
less evident. is experimental model may resemble disturbed DAergic
neurotransmission and its effects on the reward and motivational be-
haviors seen in depression, addiction and in schizophrenia. To further
explore brain functions associated with the DAergic system, future DA
depletion studies with larger sample sizes and different fMRI tasks will
be needed, allowing a better understanding of neuropsychiatric diseases
and neurobiological dysfunctions.
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chapter 6
Dopaminergic modulation of the reward

system in schizophrenia: a
placebo-controlled dopamine depletion

fMRI study
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Nederveen A, de Haan L, Linszen D and van Amelsvoort T
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Abstract

ebrain reward circuitry is innervated by dopaminewhich is critically disturbed in schizo-
phrenia. In this study we aim to investigate the role of dopamine-related brain activity
during prediction of reward and loss in people with schizophrenia. We measured blood-
oxygen-level dependent (BOLD) activity in 10 patients with schizophrenia and 12 healthy
controls using a monetary incentive delay task after acute dopamine depletion with α-
methylparatyrosine (AMPT) and after placebo. Our results showed that AMPT impaired
recruitment of both striatum and cortical regions in schizophrenia. In patients compared
to healthy controls we found no striatal activation in the placebo condition during antici-
pation of reward and in the AMPT condition we found reduced activation in several brain
areas including ventral striatum.e ndings of reduced dopamine-related brain activity in
the reward system after dopamine depletion are supported by reduced levels of dopamine
in urine and homovanillic acid in plasma and increased prolactin in all subjects. Our re-
sults indicate sensitivity of the striato-cortical reward circuitry to dopamine depletion in
schizophrenia patients. ey also suggest that neuronal functions associated dopamine
neurotransmission and attribution of salience to reward predicting stimuli are altered in
schizophrenia patients.
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6.1 Introduction

Schizophrenia is a serious mental disorder with onset of clinical symp-
toms typically emerging during adolescence and the estimated lifetime
prevalence is approximately 0.3–0.7%.Genetic and environmental factors
affect neurodevelopment and play a role in the etiology of schizophre-
nia (van Os and Kapur, 2009). e positive (delusions, hallucinations,
thought disorganization) and negative (affective attening, social with-
drawal, anhedonia, lack of motivation) symptoms of schizophrenia have
been linked to impaired dopaminergic neurotransmission and dysfunc-
tion of the brain reward circuitry.

Reward processes in the normal functioning brain involve cortical re-
gions, including orbitofrontal, medial dorsolateral prefrontal and cingu-
late cortices as well as subcortical brain areas including ventral striatum,
amygdala, thalamus and hippocampus (Bjorklund and Dunnett, 2007;
Mogenson et al., 1980). is circuitry, innervated by dopaminergic neu-
rotransmission via mesolimbic and mesocortical pathways, is disrupted
in people with schizophrenia (Davis et al., 1991; Heinz and Schlagenhauf,
2010). People with schizophrenia have problems with incentive motiva-
tion, prediction of reward, difficulty in anticipation of future positive and
negative reward situations and have difficulties learning from them (Gold
et al., 2008; Ziauddeen andMurray, 2010). In particular, enhanced release
of dopamine in the mesolimbic pathway in schizophrenia may lead to
inappropriate motivational signi cance or aberrant salience to external
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and internal stimuli (Kapur, 2003). Hence, elucidating the neurobiolog-
ical mechanisms of reward and dopamine in schizophrenia will help to
understand and eventually to develop future interventions for this disor-
der.

e ventral striatum is an area of the mesolimbic pathway receiving
much attention in studies investigating the brain reward circuitry. One
of the rst studies to nd evidence for disrupted striatal dopaminergic
neurotransmission in schizophrenia used single photon emission com-
puted tomography (SPECT) and dopamine depletion with alphamethyl-
paratyrosine (AMPT) (Abi-Dargham et al., 2000). is study showed a
larger increase in striatal dopamine D2 receptor radioligand binding after
dopamine depletion in unmedicated schizophrenia patients compared
with healthy controls. Functional magnetic resonance imaging (fMRI)
studies on reward processing have shown decreased activation of the
ventral striatum unmedicated schizophrenia patients probably because
of increased phasic dopaminergic activity in striatum in patients with
schizophrenia interferes with salience attribution and functional activa-
tion to reward-predicting stimuli (Heinz and Schlagenhauf, 2010; Juckel
et al., 2006a; Juckel et al., 2006b).

In our previousworkwith healthy people dopamine depletion blunted
overall brain activation during a reward predicting task (da Silva Alves
et al., 2011). In the present study, we were interested in brain activation
following dopamine depletion in medicated patients with schizophrenia
compared to healthy controls. We employed fMRI during AMPT and
placebo conditions to investigate howdopamine depletion interferes with
brain activation during reward processing in medicated schizophrenia
patients.

An earlier study with unmedicated schizophrenia patients showed
reduced striatal activation during reward (Juckel et al., 2006a) possibly
due high dopamine levels. In medicated patients, second generation an-
tipsychotics restored activation of this brain area (Juckel et al., 2006b).
erefore, in our group of medicated patients, we expect to nd nor-
mal striatal brain activation during anticipation of monetary reward and
loss. Furthermore, we expect that acute dopamine depletion will reduce
striatal activation during anticipation of reward and loss. However, we
hypothesize that if dopamine levels are not normalizedwith antipsychotic
medication, patients will have lower brain activation in placebo and in
AMPT condition compared to healthy controls.
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6.2 Materials and Methods

Subjects

A total of 10 male patients with schizophrenia (mean age±SD; 22.70±3.2
years) and 12 male healthy controls (34.55±11.21 years) were included in
the study. Individuals with schizophrenia were recruited from the Ado-
lescent Clinic of the Department of Psychiatry, Academic Medical Cen-
tre, University of Amsterdam (AMC). Healthy volunteers were recruited
by local advertisement. e study was conducted at the Department of
Psychiatry, AMC and was approved by the local Medical Ethics Commit-
tee. All participants were capable of giving written informed consent and
did so, after receiving full information on the study.

All individuals with schizophrenia were interviewed by a physician
using semi-structured psychiatric interview. None of the healthy partici-
pants had a history of psychiatric disorders, medical conditions affecting
brain function, substance or alcohol abuse and they were not using any
medication at the time of testing. Clinical diagnoses of individuals with
idiopathic schizophrenia were made according to the DSM-IV criteria
by two psychiatrists independent of the study. Schizophrenia patients
were receiving care at the psychiatric open-ward inpatient and day care
units of AMC, and were all medicated at the time of testing. Urine drug
screening (cocaine, tetrahydrocannabinol, opiates, amphetamines, ben-
zodiazepines) was performed at the beginning of the rst and second
study day and was negative in all subjects.

e Positive and Negative Symptom Scale (PANSS) (Kay et al., 1987)
was used to assess positive, negative and general psychopathology in the
patient group. In addition, for assessment of intelligence quotient (IQ)
we used the shortened Dutch version of the Wechsler Adult Intelligence
Scale (WAIS-III–NL) (Canavan et al., 1986;Wechsler, 1997).

Study Design and Dopamine Challenge

All subjects underwent two fMRI measurements (Day I and Day II) with
an inter-scan interval of approximately 8 days. e fMRI study was con-
ducted as a randomized double blind controlled study, with two con-
ditions; (1) administration of AMPT and, (2) administration of placebo
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(cellulose, corn starch) tablets. On day 1, baseline samples of blood and
urine were collected and AMPT or placebo was administered at 8.00h
(T0). Subsequently, AMPT or placebo was administered again 2 hours
later at 10.00h (T2) followedby collection of blood samples at 11.00h (T3).
At 12.00h (T4) the last dose of AMPT or placebo was administrated. e
fMRI scanning started one hour after the last dose of AMPT at 13.00h
(T5). At the end of the fMRI session at 14.00h (T6) the last blood and
urine samples were collected. On day 2 the same procedures were em-
ployed, however this time subjects were assigned to the other treatment
condition (AMPT/placebo) according to the crossover design. To assess
the effects of AMPT on subjective well being we used the ‘subjective
well-being under neuroleptic’ questionnaire (SWN) (de Haan et al., 2002;
Naber, 1995) on both study days.

ree doses of 500 mg AMPT were orally administered (total dose
1.5 g) over two intervals of 2 hours. ese doses were similar to those
used by (Boot et al., 2008; da Silva Alves et al. 2010). Urine samples were
collected at T0 and T6 for determining dopamine levels. Blood samples
were drawn at T0, T3, and T6 for assessment of plasma levels of prolactin
(PRL) and homovanillic acid (HVA) a catecholaminergic metabolite of
dopamine. Detailed description of AMPT administration and assessment
of catecholamines, their metabolites and prolactin was as previously ex-
plained (da Silva Alves et al., 2010).

fMRI task: Monetary Incentive Delay

We used event-related fMRI to assess BOLD brain activation during the
monetary incentive delay (MID) task (Knutson et al., 2001). Before en-
tering the scanner, subjects were familiarized with the task by complet-
ing a 10 min practice session. e practice session produced an estimate
of each individual’s reaction time for standardizing task difficulty in the
scanner.

e MID task was used to evoke anticipation of potential monetary
reward, loss, or no consequential outcome. e MID task consisted of
two sessions of 72 trials of 6 sec, yielding a total of 144 trials and total
duration of 10 minutes. During each trial, subjects were shown one of
seven cue shapes (cue, 250 ms). Cues signaling potential reward were
denoted by circles (n = 54), potential loss was denoted by squares (n =
54), and no monetary outcome was denoted by triangles (n = 36). e
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possible amount of money that subjects were able to win was indicated
by one horizontal line for 0.20 Euro, two horizontal lines for 1.00 Euro,
and three horizontal lines for 5.00 Euro. Similarly, loss cues signalled the
possibility of losing the same amounts of money. Subjects were asked to
look at the xation cross in the middle of the screen as they waited a
variable interval (delay, 2000-2500 ms), then they had to respond to the
white target square that appears for a variable length of time (target, 160-
260 ms). e Inter Stimulus Interval (ISI) was 5000 ms. Trial types were
randomly orderedwithin each session. During incentive trials, volunteers
could win or avoid losing money by pressing the button during target
presentation.

To succeed in a given trial, volunteers had to press the button during
the time that the white square target was visible. Task difficulty, based
on reaction times collected during the practice trials in each session, was
set such that each subject would succeed on approximately 66% of his
or her target responses a rate based upon the conditioned reinforcement
rate needed to maintain ring activity of dopamine neurons in monkeys
performing similar tasks (Fiorillo et al., 2003; Hasler et al., 2009). Im-
mediately after target presentation, feedback appeared (“feedback” 1650
ms), notifying volunteers that they had won or lost money and indicating
their cumulative total at that point. fMRI volume acquisitions were time-
locked to the offset of each cue and thus were acquired during anticipa-
tory delay periods.

Unlike the MID described by Knutson et al. (2001) we were unable to
pay the amount of money earned during the task. us, the reward and
punishment was based on point scoring.

fMRI data acquisition

During event-related fMRI, standard task instruction and visual image
were projected automatically via a forward projection system onto a
translucent screen placed at the end of the subject’s gurney. e task
stimuli were generated using e-prime software (SCOPEV2.5.4/Pentium).
e subjects viewed the screen through a mirror positioned on the head
coil andwere asked to avoid head or bodymovements and to keep looking
at the screen. All subjects used a response key box and were instructed
on how to use the correct response keys. To reduce motion artifacts, the
subject’s head was immobilized using foam pads. MRI acquisition took
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place at the Department of Radiology of the Academic Medical Centre
Amsterdam using a 3 Tesla InteraMRI system (Philips, Best,e Nether-
lands) equipped with a sense head coil.

For theMID task 360 event-related, transversalmultisliceT2*-weight-
ed gradient-echo planar images (EPI) were acquired with: echo time (TE)
30ms, repetition time (TR) 2000ms, 96x96 matrix, 35 slices, 3x3 mm in-
plane resolution, slice thickness 3mmwith a 1mm interslice gap, covering
the entire brain. Slices were acquired in interleaved fashion. For anatom-
ical localization transversal high-resolution structural T1-weighted volu-
metric images were acquired in the same session, with full head coverage,
using 150 contiguous slices (1 mm thick, with 0.89 x 0.89 mm in-plane
resolution), a 256 x 256 x 124 matrix and a TR/TE of 24/5 milliseconds
( ip angle 45”, FOV 24 cm).

fMRI data preprocessing

All functional and structural brain images were pre-processed blind for
design condition. e rst two volumes of each functional time se-
ries were automatically discarded to remove non steady-state effects
caused by T1-saturation. Slice time correction was used to adjust for
time differences due to multi-slice image acquisition. Interpolation (re-
alignment) was employed to t all volumes to the tenth volume of
the series to correct intra-subject between-scan movements. After the
realignment of the scans, visual inspection of motion-correction esti-
mates showed that some subjects had head movements greater than
5mm during one run with more than 1mm translation and 1° rotation
from one volume acquisition to the next. Hence, the movement artifacts
were included as regressors in the further pre-processing. For statistical
pre-processing, structural and T2*-weighted images were co-registered.
e co-registered structural images were rst segmented and after that
spatially normalized to a standard template provided by the Montreal
Neurological Institute (MNI) using an automated spatial transforma-
tion (12-parameter affine transformation followed by non-linear iter-
ations using 7×8×7 basis functions). is transformation matrix was
subsequently applied to the T2*-weighted data, followed by down sam-
pling to a resolution of 3×3×3 mm voxel size. e normalized im-
ages were smoothed with a Gaussian kernel full width at half maximum
(FWHM) at 8 mm to create a locally weighted average of the surround-
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ing voxels. e pre-processed fMRI data were then analyzed in the con-
text of the general linear model (GLM) approach (Friston et al., 1995)
using a two-level procedure.

6.3 Statistical analysis

Catecholamines, their metabolites and prolactin

Compiled data are expressed as mean±SD. To check whether dependent
variables were normally distributed visual inspection of histograms and
Kolmogorov-Smirnov (Lilliefors) test was applied. In the event of signif-
icantly skewed distributions, natural base logarithmic transformations
were applied to allow for parametric statistical procedures. Between-
group comparisons were performed using independent-sample t-tests
and analysis of variance (ANOVA). Challenge, time and group main ef-
fects and all interaction effects for the dopaminergic markers were tested
with GLM repeated. A probability value of 0.05 two-tailed was selected
as level of signi cance. Statistical analyses were performed with SPSS,
release 16.0.2 for Windows (SPSS Inc., Chicago, IL, USA. 2008).

fMRI data analysis

e analyses focused on changes in BOLD contrast that occurred dur-
ing anticipatory delay periods and were conducted using Statistical Para-
metric Mapping 8 (SPM8) (http://www.fil.ion.ucl.ac.uk/spm/). e rst
level data analysis was performed by modelling the different conditions
(reward, loss and no monetary outcome) as explanatory variables con-
volved with the gamma-variate function described by Cohen (1997) and
similar to Knutson et al. (2001). Changes in the BOLD response can
be assessed using linear combinations of the estimated GLM parame-
ters (beta values) and are contained in the individual contrast images
(equivalent to percent signal change) for the anticipation of potential
monetary gain versus anticipation of no monetary outcome (reward vs.
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no outcome) and the anticipation of potential monetary loss versus an-
ticipation of no monetary outcome (loss vs. no outcome), resulting in a
t-statistic for each voxel. In the second level analysis, individual contrast
images (con.img + RESms.img i.e. the BOLD response differences) of the
rst level analysis were included in a two-sample t-test (P<0.001 uncor-

rected and cluster size>50) to detect relevant brain activation in patients
with schizophrenia and in healthy controls during AMPT and placebo
conditions. Comparisons were corrected for multiple comparisons using
family wise error correction (FWEcor) P<0.05. Next to the whole brain
analyses, we also conducted region of interest (ROI) analyses focusing
on activation within the left and right ventral striatum since these re-
gions have been implicated in reward processing (Knutson et al., 2001)
and are also implicated in the pathology of schizophrenia (Gold et al.,
2008; Juckel et al., 2006a). ROIs were structurally de ned a priori using
the Pickatlas Tool (Wake Forest University, Winston-Salem, NC, USA)
which included the caudate and putamen. We then used the Marsbar
toolbox (http://marsbar.sourceforge.net) to extract mean parameter esti-
mates averaged across all voxels in each ROI. Standard statistical software
was then used to examine between-group differences in these activation
values (p<0.05). Voxels and clusters were localized using the MNI co-
ordinates and transformed into Talairach and Tournoux (T&T) (1988)
coordinates (Brett et al., 2002).

6.4 Results

Demographics

Schizophrenia patients were younger than healthy controls (HC
34.55±11.21, SCZ 22.70±3.2; P=0.006) Table 6.4.1. ere were no dif-
ferences between schizophrenia patients and healthy controls in total
IQ (HC 96.64±11.72, SCZ 90.30±16.24; P=0.31). Scores on the sub-
scale of the PANSS were 12.16±3.18 for positive, 14.42±5.57 for negative
and 25.00±5.45 for general psychopathology. Total of PANSS score was
51.58±9.61. e total SWN score did not differ between the two condi-
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Table 6.4.1: Demographics and Clinical Variables

Patients (10) Controls (12)

Age 22.70±3.2 34.55±11.21
Years of education 10.8 (1.5) 13.7 (2.8)
Handedness 8R/2L 10R/2L
WAIS-III IQ 90.30 (16.24) 96.64 (11.72)
PANSS total 51.58 (9.61)
PANSS positive 12.16 (3.18)
PANSS negative 14.42 (5.57)
Antipsychotic Medication Clozapine (1)

Risperidone (2)
Olanzapine (1)
Quetiapine (2)
Aripiprazole (3)
Haloperidol (1)

tions (AMPT was 66.45±9.8, PLA 66.70±9.55; P=0.95). However, SWN
subscale scores indicated that participants experienced more loss of self
control in the AMPT condition than in the placebo condition (AMPT
17.18±1.84, PLA 15.50±1.78; P=0.05). Four of the healthy controls and 4
patients were smokers (last cigarette approximately 90 min before scan-
ning).

Behavioral Effects of Dopamine Depletion

No serious adverse events like acute dystonia or crystalluria were ob-
served. Plasma levels of AMPT showed signi cant increase from T3 to
T6 in both, healthy controls (T3 12.12 mg/l±3.87; T6 16.75 mg/l±4.75,
t(10)=-2.58, P=0.03) and schizophrenia patients (T3 14.19 mg/l±3.05; T6
18.69 mg/l±2.21, t(9)=-3.71, P=0.005). Plasma levels of AMPT were not
signi cantly different between the groups (F(1, 19)=3.09, P=0.09).
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Task Performance

Healthy controls reaction times during reward (PLA 226.9 ms±71.72,
AMPT268.40ms±84.53; t(22)=-1.30P=0.21) andduring loss (PLA240.82
ms±72.05, AMPT 280.27 ms±86.15; t(22)=-1.22 P=0.24) did not dif-
fer across challenge conditions. Schizophrenia patients were slower in
AMPT than in placebo in both reward (PLA 261.94 ms±96.60, AMPT
346.83 ms±46.31; t(18)=-2.50 P=0.02) and loss (PLA 276.81 ms±76.82,
AMPT 359.59 ms ±19.19; t(18)=-3.31 P=0.004).

Repeated measures ANOVA showed a signi cant main effect of in-
centive value (F(1, 20)=10.96 P<0.001) and a signi cant main effect of
challenge (F(1, 20)=9.31, P<0.001) and group (F(1, 20)=5.60, P=0.03).
ere were no signi cant interactions for challenge x group or incentive x
group or incentive x challenge. Schizophrenia and patients did not differ
for anticipation of reward or loss in the placebo condition.However in the
AMPT condition, patients were slower than healthy controls in both, the
reward condition (t(20)=-2.62P=0.02) and the loss condition (t(20)=-2.84
P=0.01).

Neuro-Endocrine Response and Peripheral Markers for Dopamine

Means and standard deviations for neuro-endocrine (PRL) and periph-
eral markers for dopamine (DA, HVA) are displayed in Table 6.4.2. Re-
peated measures ANOVA for PRL showed a signi cant main effect of
condition (F(1, 14)=20.84, P<0.001) on plasma PRL and a signi cant in-
teraction of condition x group (F(1, 14)=9.34 P=0.009). In both schizo-
phrenia patients and healthy controls levels of plasma PRL decreased be-
tween T0 and T6 in the placebo condition, whereas in the AMPT condi-
tion the prolactin levels showed an increase between T0 and T6. Schizo-
phrenia patients had marked higher levels of PRL compared to healthy
controls in the placebo condition. e difference of PRL levels between
placebo and AMPT was larger in healthy controls than in schizophrenia.

Repeated measures ANOVA for urine DA showed a signi cant effect
of condition (F(1, 16)=16.79, P<0.001)) and a signi cant interaction of
condition x time (F(1, 16)=47.61 P<0.001). DA levels in urine in both
groups decreased from T0 to T6 in the AMPT condition. Schizophrenia
patients had higher levels of DA in urine compared to healthy controls
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in both placebo and AMPT condition. e difference of DA in urine be-
tween T0 and T6 was larger in AMPT than in placebo condition.

Repeated measures ANOVA for plasma HVA showed a signi cant
effect of condition (F(1, 15)=22.37, P<0.001)) and a signi cant interac-
tion of condition x time (F(2, 14)=12.54 P<0.001). Levels of plasma HVA
decreased over time and were lower in AMPT than in placebo condition.
Although not signi cant, in both the placebo and AMPT condition the
schizophrenia had higher levels of plasma HVA at all three time intervals
compared to healthy controls.

6.5 fMRI Findings

Schizophrenia Patients

Placebo vs. AMPT condition
During anticipation of reward in the placebo vs. AMPT condition schizo-
phrenia patients signi cantly (Pc<0.001, Pc: corrected for multiple com-
parisons at cluster level) activated the right inferior frontal gyrus, insula
and middle frontal gyrus (Table 6.5.1, Figure 6.5.1). In addition, they ac-
tivated the medial frontal gyrus bilaterally and the left anterior cingu-
late (Pc<0.05). During the anticipation of loss in the placebo vs. AMPT
condition patients signi cantly activated the right inferior frontal gyrus
(Pc<0.001). Also, areas of the ventral and dorsal striatum showed acti-
vation (Punc<0.05 Punc: uncorrected for multiple comparisons at cluster
level). ROI analysis of the striatum showed signi cant activation of the
left ventral striatum Pc< 0.001.

ere was no signi cant brain activation during the anticipation of
reward vs. loss or loss vs. reward in the AMPT vs. placebo and Placebo
vs. AMPT condition.

AMPT vs. Placebo condition
Schizophrenia patients showed no signi cant brain activation during an-
ticipation of reward or anticipation of loss, anticipation of reward vs. loss
or loss vs. reward in the AMPT vs. Placebo condition.
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Table 6.5.1: Brain regions showing signi cant BOLD activation associated with anticipation of
reward and loss in schizophrenia

Conditions Brain Regions BA Talairach Coordinates t-value
x y z

PLA> AMPT 1a. Anticipation of reward> no outcome
Inferior Frontal Gyrus 45 R 48 22 6 7.2
Medial Frontal Gyrus 10 R 32 42 14 6.8
Insula 13 R 36 12 0 4
Middle Frontal Gyrus 46 R 44 20 18 4
Anterior Cingulate 32 L -6 30 20 4.12

1b. Anticipation of loss> no outcome
Inferior Frontal Gyrus 45 R 48 24 8 7.05
Insula 47 R 34 16 -2 5.59
Medial Frontal Gyrus * 9 L -14 42 14 5.14
Anterior Cingulate* 32 L -12 44 6 4.43
Caudate Head* L -8 16 -4 3.63
Caudate Body* L -18 20 10 3.99
Lentiform Nucleus Putamen ** L -22 10 -10 5.17

AMPT> PLA - - - -

ρ< .05 corrected for multiple comparisons at cluster level
AMPT=α-methylparatyrosine; PLA=Placebo; BA=Brodmann Area; L=left; R=Right
*ρ< .05 uncorrected
**ROI ρ< .001 corrected

Figure 6.5.1: Anticipation of reward in schizophrenia top picture: PLA>AMPT, bottom picture
AMPT>PLA. AMPT impaired recruitment of striatal and cortical regions in schizophrenia.
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Table 6.5.2: Brain regions showing signi cant BOLD activation associated with anticipation of
reward and loss in schizophrenia compared to healthy controls

Conditions Brain Regions BA Talairach Coordinates t-value
x y z

HC>SCZ 1a. Anticipation of reward> no outcome
PLACEBO Superior Temporal Gyrus 41 R 34 -30 6 4.65

Posterior Cingulate 29 L -2 -46 8 3.93

2a. Anticipation of LOSS> no outcome
Superior Temporal Gyrus 38 R 46 16 -12 6.04
Inferior Frontal Gyrus 47 R 38 16 -14 5.84
Parahippocampal Gyrus 34 L -14 0 -16 5.59
Superior Temporal Gyrus 38 L -36 20 -24 4.74
Lentiform Nucleus Putamen ** L -20 14 -6 4.7
Lentiform Nucleus L -16 16 -4 4.65
Inferior Parietal Lobule 40 R 58 -22 24 5.56
Superior Frontal Gyrus 6 L -4 16 62 4.3
Cingulate Gyrus 32 L -6 26 32 4.64
Medial Frontal Gyrus 9 L -16 24 26 4.19
Anterior Cingulate 24 L -4 24 22 4.01

HC>SCZ 1b. Anticipation of reward> no outcome
AMPT Inferior Frontal Gyrus 13 R 38 24 12 5.63

Middle Frontal Gyrus 10 R 32 42 14 4.75
Lentiform Nucleus Putamen * L -28 -14 6 2.78
Lentiform Nucleus ** L -20 12 -6 3.83
Lentiform Nucleus ** L -22 10 -12
Middle Temporal Gyrus* 22 L -54 -38 2 2.82
Hippocampus* L -28 -26 -6 3.03

2b. Anticipation of loss> no outcome
Insula* 13 R 36 -10 12 3.92
Medial Frontal Gyrus* 9 L -14 40 14 4.56
Anterior Cingulate* 24 L -4 24 22 4.5
Anterior Cingulate* 32 L -14 22 24 3.19
Inferior Frontal Gyrus* 47 R 38 16 -14 4.27
Caudate Head* L -14 16 -6 4.9
Lentiform Nucleus Putamen* L -22 10 -10 4.09
Lentiform Nucleus* R 24 -6 2 4.7
Caudate Body* R 20 20 4 3.94
Lentiform Nucleus* R 28 0 -4 3.45
Caudate Head** L -14 18 -8 4.81
Caudate Body** L -18 16 -10 4.63

ρ< .05 corrected for multiple comparisons at cluster level
AMPT=α-methylparatyrosine; PLA=Placebo; BA=Brodmann Area; L=left; R=Right
*ρ< .05 uncorrected
**ROI ρ< .001 corrected
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Figure 6.5.2: Brain activation in schizophrenia patients vs. healthy controls during anticipation
of reward. In the placebo condition we found signi cantly reduced activation in the superior
temporal gyrus and posterior cingulate. Following AMPT we found reduced activation in
several regions including areas of the striatum and the inferior and middle frontal, insular
and cingulate cortex.

Schizophrenia vs. Healthy Controls

Placebo condition
During anticipation of reward in the placebo condition, schizophrenia
patients compared to healthy controls showed signi cant reduced brain
activation (Pc<0.001) in the right superior temporal gyrus and left pos-
terior cingulate (Table 6.5.2, Figure 6.5.2). During anticipation of loss
schizophrenia patients compared to healthy controls showed signi cant
reduced activation in several areas of the brain including the left cingu-
late gyrus and left putamen (ventral striatum) (Pc<0.05). ROI analysis
reduced activation of the left ventral striatum (Pc<0.001) during antic-
ipation of loss.
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AMPT condition
During anticipation of reward in the AMPT condition, schizophrenia
patients compared to healthy controls showed signi cant reduced brain
activation in the right inferior and middle frontal gyrus (Pc<0.001). In
addition, on an uncorrected signi cance level, schizophrenia patients
showed reduced brain activation in areas of the left temporal lobe and
putamen (Punc<0.05). During anticipation of loss schizophrenia patients
compared to healthy controls showed reduced brain activation in the
right insula and left caudate, medial frontal gyrus, anterior cingulate and
inferior frontal gyrus (Punc<0.05). ROI analysis reduced activation of the
left ventral striatum (Pc<0.001) during anticipation of reward and antic-
ipation of loss.

6.6 Discussion

is is the rst study to investigate how dopamine depletion with AMPT
interferes with activity of the brain reward system in medicated pa-
tients with schizophrenia. Our main ndings show that schizophrenia
patients had overall reduced brain activation during anticipation of mon-
etary reward and loss following dopamine depletion.is nding demon-
strated that dopamine depletion may affect reward-related brain activity
in schizophrenia.

Pharmacological challenge with AMPT reduced overall brain acti-
vation in schizophrenia patients. e effect of AMPT to reduce brain
activation is consistent with neuroleptic-induced blunting of the brain
reward system (Abler et al., 2007;Menon et al., 2007). Also in our previous
study in healthy controls we observed similar effects of AMPT reduc-
ing overall brain activity (da Silva Alves et al., 2011). In that study, we
observed striatal and cingulate activity in the placebo condition which
were not present after dopamine depletion. In the present study, whenwe
compared schizophrenia patients with controls, we observed that in the
AMPT condition schizophrenia patients had less brain activation of the
ventral striatum, insula, inferior and medial frontal cortex and anterior
cingulate during anticipation of loss than healthy controls. During antici-
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pation of reward in the AMPT condition, schizophrenia patients showed
less activation than controls particularly in inferior and middle frontal
gyrus and in the ventral striatum.ese ndings indicate sensitivity of the
dopaminergic striato-cortical reward circuitry to dopamine depletion in
schizophrenia patients.

Hasler (2009) found that AMPT reduced function of brain reward
system in medication free patients with major depression and suggested
that this may represent a trait-like biological marker of major depression
disorder. Because our group of schizophrenia patients was medicated we
cannot conclude on the state-trait effects. However, given that dopamine
imbalance is considered a trait feature in schizophrenia we believe that
the sensitivity to dopamine depletion observed in our study may also
represent an inherent aspect of schizophrenia.

In the placebo compared to AMPT condition, we observed no stri-
atal activation during anticipation of reward in the schizophrenia group.
Brain activity in these patients was mainly concentrated in frontal areas
and insular cortex suggesting reduced reward activity and dopamine im-
balance in the striato-cortical circuitry. We found some ventral striatum
activation in placebo compared to AMPT during anticipation of loss.
However, compared to healthy controls, schizophrenia patients had sig-
ni cantly reduced activation in the ventral striatum, frontal and cingulate
cortex during anticipation of loss. is is in contrast to previous stud-
ies of neural responses to monetary reward in medicated schizophrenia
patients which have showed normal brain responses in ventral striatum
(Juckel et al., 2006a; Schlagenhauf et al., 2008; Walter et al., 2009). Our
results may indicate that dopaminergic neurotransmission in subcortical
regions of the brain reward system was possibly not normalized by med-
ication in our group of schizophrenia patients.

Abnormal activity of the ventral striatum during reward processing
in schizophrenia was proposed to be a characteristic of a subset of medi-
cated schizophrenia patients with high negative symptoms (Simon et al.,
2010; Waltz et al., 2010). is was probably not the case in our group of
patients. It is important to note that the patients in this study were rst
episode psychotic patients and in the initial phase of antipsychotic treat-
ment, mostly with atypical antipsychotics which block striatal dopamine
D2 receptors. e schizophrenia patients had low scores on the three
subscales of the PANSS con rming remission of symptoms. It seems that
antipsychotic medication stabilized the symptoms but we could not de-
tect its normalizing effects in brain activity.
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is is the rst study to investigate the effects of dopamine depletion
in the reward system of schizophrenia patients. e randomized double
blind placebo approach and the comparison with healthy individuals is a
strength of this study. Moreover, we used peripheral dopamine markers
to assess the extent of DA depletion which con rmed the effect of AMPT
in both groups. Another effect of AMPT was the impairment of perfor-
mance on the reward task in schizophrenia patients. Several limitations of
this study need to be addressed in future research. First, the patient group
was younger than the healthy controls. e schizophrenia patients were
treated with various types and dosages of atypical antipsychotic medi-
cation which may have some differential effect on the dopamine neuro-
transmission. Although our sample size was relatively small it was suffi-
cient for a power of 80% and alpha of 0.002 (Desmond and Glover, 2002).
Earlier fMRI studies of the reward system have found results sustaining
the proposed expectations with similar or smaller sample sizes (Knutson
et al., 2001; Knutson et al., 2004). e subjects in our study did not earn
the actual amount of money presented during theMID task.e task was
based in point scoring which is commonly used to investigate functional
activation of the reward system. However, we can not discharge the pos-
sibility that this could have resulted in lower drive to accomplish the best
performance and consequently having a differential effect on striatal acti-
vation. Furthermore our study only measures the BOLD response, which
rather indirectly re ects brain activation, and does not directly address
dopaminergic neurotransmission.

In summary this study provided insight in the impairment of dopa-
mine-related reward system in schizophrenia. We found overall reduced
brain activation during anticipation of monetary reward and loss after
dopamine depletion in medicated schizophrenia patients. We show that
this system in schizophrenia is sensitive to dopamine depletion during
reward predicting stimuli. We observed a clear imbalance of dopamine-
related brain activity in the in the early phase of antipsychotic treatment.
Neurobiological mechanisms of reward in schizophrenia involve a com-
plex dopaminergic loop including, next to striatal regions, also frontal
brain regions. Future studies that combine fMRI with other brain imag-
ing techniques measuring the degree of dopamine depletion may help to
further understand the therapeutic effects and resistance to antipsychotic
drugs.
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chapter 7
Summary, Conclusions,

General Discussion





Summary

Schizophrenia is the most severe and highly heterogeneous psychotic
disorder characterized by a variety of clinical symptoms including dis-
turbances in perception, cognition, emotion and behavior and a decline
in general functioning. Similarly, the genetic disorder 22q11DS has been
characterized by psychiatric disorders, cognitive disabilities, behavioural
problems and a decline in functioning in a subset of patients. Moreover,
people with 22q11DS are at increased risk to develop schizophrenia-like
psychosis. is makes 22q11DS a unique model to explore the neural
substrates to vulnerability and etiology of schizophrenia.

Current evidence from in vivo brain imaging corroborates earlier
speculations about the relation of schizophrenia with brain abnormali-
ties. In fact, altered brain structure and function have been linked to psy-
chosis and cognitive impairments in both schizophrenia and 22q11DS.
e overall aim of this thesis was to enhance our understanding of the un-
derlying neural correlates of schizophrenia. We used various MRI meth-
ods to investigate aspects of brain structure and function that could be
related to the etiology of schizophrenia. We focused on three groups:
patients with 22q11DS (with and without schizophrenia), patients with
idiopathic schizophrenia and healthy individuals. Because altered white
matter structure, glutamate and dopamine neurotransmission have been
implicated in schizophrenia, we sought to answer questions such as: do
people with 22q11DS who develop schizophrenia have speci c white
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matter abnormalities compared to 22q11DS without schizophrenia, idio-
pathic schizophrenia and healthy controls? Is glutamatergic dysfunction
also a feature in 22q11DS with schizophrenia? And what are the effects of
dopamine depletion to the brain reward circuitry in healthy individuals
and in schizophrenia?

Chapter 1 contained a general introduction and outline of the thesis.
In chapter 2 we reported the results of the rst study of white matter in-
tegrity in adults with 22q11DSwith andwithout schizophrenia compared
to patients with schizophrenia and to healthy controls. In line with earlier
studies in children and adolescents, we show that adults with 22q11DS
have decreased white matter volume in posterior and temporal regions
of the brain. We present evidence for decreased fractional anisotropy in-
dicating impaired whitematter integrity in regions of the frontal cortex in
the whole 22q11DS group compared to healthy controls. Furthermore, in
the 22q11DS group severity of positive and negative symptomswere asso-
ciated with reduced fractional anisotropy in areas previously implicated
in schizophrenia mainly in frontal, cingulate, insula and temporal areas.
Although our direct comparisons did not show signi cant white matter
differences in 22q11DS with schizophrenia compared to 22q11DS with-
out schizophrenia, we found fractional anisotropy reductions encom-
passing inferior frontal white matter in 22q11DS with schizophrenia vs.
healthy individuals. is nding was similar to our fractional anisotropy
results of idiopathic schizophrenia vs. healthy controls. In summary we
conclude that decreased white matter volume in posterior brain is in-
trinsic to 22q11DS and independent of schizophrenia. e development
of schizophrenia in 22q11DS probably requires disruptions of inferior
frontal and temporal white matter bers. us, widespread decreased
fractional anisotropy in frontal areas and consequently disrupted neu-
ronal communication via white matter bers of the inferior frontal and
temporal lobes may be related to psychotic symptoms in patients with
22q11DS with schizophrenia.

In chapter 3 we hypothesized that glutamatergic abnormalities may
be present in 22q11DS with schizophrenia because glutamate dysfunc-
tion has been thought to be partially underlying the psychopathology
of schizophrenia. Moreover, people with 22q11DS are vulnerable for
genetic haplo-insufficiency of PRODH - a gene coding for an enzyme
that is involved in converting proline into glutamate. We employed 1H-
MRS and found increased concentration of glutamate andGlx (combined
glutamate and glutamine) in the hippocampal region of 22q11DS with
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schizophrenia compared to 22q11DS without schizophrenia and com-
pared to healthy controls. is suggests that glutamatergic disturbances
may be underlying psychotic symptoms in 22q11DS with schizophre-
nia. Increased hippocampal glutamate could also explain cognitive im-
pairments in 22q11DS with schizophrenia since hippocampus is cru-
cial in learning and memory function. In addition to glutamate, myo-
inositolwas another neurometabolite thatwas increased in 22q11DSwith
schizophrenia compared to 22q11DS without schizophrenia. Changes
in myo-inositol levels are thought to re ect abnormalities in intracel-
lular signalling mechanisms and neuronal development. High concen-
trations of myo-inositol have been associated with reduced cognitive
ability in Alzheimer and Down syndrome. We speculate that disrupted
hippocampal neurometabolism has a role in the psychopathology and
development of schizophrenia in 22q11DS. We found no evidence for
altered metabolism in the prefrontal cortex in our sample. We speculate
that antipsychotic drugs could have affected metabolite concentrations
in frontal brain regions in 22q11DS with schizophrenia. In fact, in the
prefrontal cortex, unlike in the hippocampus, we found a signi cant as-
sociation between dosage of medication and metabolite concentration in
22q11DS patients with schizophrenia. We conclude that altered gluta-
mate and myo-inositol metabolism may explain part of psychotic symp-
toms and cognitive impairments associated with 22q11DS.

In chapter 4 we reviewed studies of pharmacological MRI (PhMRI)
that investigated the effect of atypical drugs on prefrontal and striatal
brain activity in schizophrenia. Most of the studies reported enhanced
prefrontal activity and regulation of striatal functioning following treat-
ment with atypical antipsychotics. ese PhMRI ndings support the re-
vised dopamine hypothesis of schizophrenia by con rming hypoactivity
of the prefrontal cortex and following treatment with atypical antipsy-
chotics, improvement of prefrontal and subcortical function re ecting
normalized dopaminergic activity.

In chapter 5we combined fMRIwith a pharmacological challenge us-
ing α-methylparatyrosine (AMPT) to investigate the effects of dopamine
depletion on neuronal pathways underlying reward-related brain activ-
ity in the normal human brain. We found increased brain activation in
the striatum and cingulate gyrus during anticipation of monetary re-
ward in the placebo condition. e comparison of placebo vs. AMPT
showed increased activation in the cingulate gyrus during anticipation
of reward and the medial frontal gyrus during anticipation of loss. Fol-
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lowing dopamine depletion we found no signi cant brain activation in
the dopamine related areas that were activated in the placebo condi-
tion. Healthy controls showed the recruitment of the insula, frontal and
parietal cortices during anticipation of reward compared to anticipation
loss in the AMPT condition. is could suggest a compensatory role of
these brain areas when dopamine transmission was reduced. Reduced
dopaminergic transmission and brain activation after dopamine deple-
tion were also indirectly supported by measurements of prolactine and
peripheral dopaminemarkers. In summary, our ndings supports the hy-
pothesis that dopaminergic neurotransmission in frontal and striatal ar-
eas plays an important role in anticipation of monetary reward in healthy
humans.

In chapter 6 we investigated the effects of dopamine depletion in
patients with schizophrenia and how it would interfere with striatal acti-
vation and activation of the brain reward system compared to healthy
controls. Pharmacological challenge with AMPT blunted overall brain
activation in patients during anticipation of monetary reward and loss.
In placebo vs. AMPT condition during anticipation of reward, brain ac-
tivity in patients was mainly concentrated in frontal areas and insular
cortex. is suggests dopamine imbalance and disrupted activity in the
striato-cortical circuitry of our group of medicated schizophrenia pa-
tients. In patients vs. controls we observed reduced activation in the su-
perior temporal gyrus and posterior cingulate in the placebo condition
and anticipation of reward. In placebo and anticipation of loss, patients
had reduced activation in the ventral striatum, frontal and cingulate cor-
tex. is is in contrast to earlier studies of reward which have shown
normalized striatal responses in medicated schizophrenia patients. us
our results indicate that dopaminergic neurotransmission in subcortical
regions of the brain reward system was possibly not normalized by med-
ication. Following AMPT we found reduced activation in several regions
during anticipation of reward and loss in patients vs. controls including
areas of the striatum and the inferior and middle frontal, insular and
cingulate cortex. ese results indicate sensitivity of the dopaminergic
striato-cortical reward circuitry to dopamine depletion in schizophrenia
patients. Although patients had low scores on the three subscales of the
PANSS, demonstrating that antipsychoticmedication probably stabilized
the symptoms, we could not detect its normalizing effects in brain activ-
ity. In summary this study provided insight in the impairment of frontal
and striatal dopamine-related reward system in schizophrenia.
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Conclusions

e aim of the studies of this thesis was to increase our knowledge on
aspects of brain structure and function thatmay be crucial for the etiology
of schizophrenia. e main conclusions are:

1. Fractional anisotropy reductions encompassing inferior frontal
white matter in 22q11DS with schizophrenia vs. healthy con-
trols are similar to our comparisons between schizophrenia vs.
healthy controls.

2. Decreased white matter volume in posterior brain regions
is intrinsic to 22q11DS and independent of schizophrenia.
e development of schizophrenia in 22q11DS probably in-
volves disruptions of inferior frontal and temporal white mat-
ter bers.

3. In the whole 22q11DS group, positive and negative symptoms
were associated with reduced fractional anisotropy in areas
previously implicated in schizophrenia mainly in frontal, cin-
gulate, insula and temporal areas.

4. People with 22q11DS with schizophrenia have increased hip-
pocampal glutamate and myo-inositol concentration. Altered
glutamate andmyo-inositolmay be underlying psychotic symp-
toms and cognitive impairments in 22q11DSwith schizophre-
nia.

5. Dopaminergic neurotransmission is involved in monetary re-
ward prediction in healthy controls. Dopamine depletion in-
duced by AMPT blunted overall brain activation during an-
ticipation of reward and loss.

6. Reduced dopaminergic transmission and brain activation af-
ter dopamine depletion are indirectly supported by measure-
ments of prolactin and peripheral dopamine markers showing
dopamine decrease in the AMPT condition.

7. Pharmacological challenge with AMPT reduced overall brain
activation in patients with schizophrenia during anticipation
of monetary reward and loss.

8. In the placebo vs. AMPT condition brain activity in schizo-
phrenia patients was mainly concentrated in frontal areas and
insular cortex during anticipation of reward. is suggests
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dopamine imbalance and disrupted activity in the cortico-
striatal circuitry.

9. Following dopamine depletion schizophrenia patients vs.
healthy controls had less activation in the ventral striatum, in-
ferior and middle frontal gyrus during anticipation of reward.
During anticipation of loss patients had reduced activation in
the ventral striatum, frontal and cingulate cortex.

General Discussion

In this thesis we addressed challenges of brain imaging in psychiatry em-
ploying magnetic resonance imaging aiming to enhance our understand-
ing of several aspects of brain structure and function related to schizo-
phrenia. We found that neural correlates of schizophrenia in people with
22q11DS possibly include impaired white matter integrity in inferior
frontal areas and hippocampal glutamatergic dysfunction. Furthermore
we found that in healthy people dopamine modulates brain activation
in the cortico-striatal reward system. is dopamine-related reward ac-
tivation is impaired in schizophrenia. Implications of these ndings to
schizophrenia are discussed below.

Abnormal white matter volume and fractional anisotropy reductions
as well as myelin-related gene abnormalities have been well documented
in the schizophrenia literature (Karlsgodt et al., 2012; Walterfang et al.,
2011). One of the key processes in white matter maturation is myelina-
tion, which occurs in phasic periods during the lifespan. Interestingly,
nal and optimal myelination of the prefrontal cortex and hippocampus

occurs during late adolescence (Benes et al., 1994). is period is no-
table because it coincides with the emergence of psychotic symptoms and
prodomal cognitive de cits. In fact, schizophrenia is currently viewed as
a neurodevelopmental disorder and a disorder of disrupted brain connec-
tivity.

Several altered brain networks have been suggested to be involved in
schizophrenia including prefrontal and temporal connections (Crossley



General Discussion | 141

..

C
ha
pt
er

7

et al., 2009; Friston and Frith, 1995; Meyer-Lindenberg et al., 2005). In-
deed, the results of this thesis point to disruptions in the inferior frontal
and fronto-temporal white matter bers in schizophrenia. We found that
these white matter networks earlier implicated in schizophrenia were
related to schizophrenia in people with 22q11DS. In addition, our nd-
ings of disrupted functional cortico-striatal activation in schizophrenia
are in line with literature suggesting that interactions of fronto-temporal
areas with the ventral striatum are impaired (Buchsbaum, 1990). us,
disruption of the normal trajectory ofwhitematter development affecting
brain connectivity and altered neuronal signaling, could potentially have
a causal in uence on psychotic symptomatology and cognitive de cits in
patients with schizophrenia.

Certainly a cascade of brain changes takes place and the interaction of
several potential mechanismswill lead to the development of schizophre-
nia. For instance, malfunction of genes and factors related to dopamine
and glutamate neurotransmitters are implicated in oligodendrocyte and
myelin development (Alix and Domingues, 2011; Feng, 2008). Signals
from myelinating glial cells may in uence the axonal growth which in
turn may in uence thickness of myelin sheath (Baumann and Pham-
Dinh, 2001) with consequent impact on the dynamics of signal trans-
mission information processing. Most likely, dopaminergic signaling in
synchronization with other modulatory neurotransmission systems (i.e.,
glutamate, GABA, serotonin) interacts with environmental cues and cog-
nitive schemes leading to the development of psychotic symptoms.

A strong and speci c relationship exists between 22q11 deletion and
schizophrenia (Karayiorgou et al., 1995; Xu et al., 2008)making the 22q11
deletion syndrome very relevant model to study vulnerability to schizo-
phrenia. Most of the affected genes in the deleted region are expressed in
the brain (Maynard et al., 2003). COMT and PRODH have found to be
related to dopaminergic or glutamatergic regulation (Gothelf et al., 2008;
Lachman et al., 1996; Li et al., 2004) and consequently may be involved
in white matter integrity. Furthermore, haplo-insufficiency of COMT is
related to high level of prefrontal dopamine in 22q11DS, which possibly
interferes with prefrontal cognitive function contributing to vulnerability
to schizophrenia.

Neurodevelopmental aberrations and susceptibility to schizophre-
nia may manifest at multiple neuronal levels common to 22q11DS and
schizophrenia. In fact, the mechanisms of schizophrenia will be bet-
ter addressed from a system-level with focus on mechanisms of disease
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risk (Meyer-Lindenberg, 2010). We have contributed to this system level
model providing insights from a multidimensional approach, combining
genetic, metabolic, structural and functional aspects.

Strengths

In this thesis we conducted original studies with amultidisciplinary char-
acter to detect common pathways involved in schizophrenia. In partic-
ular, we investigated neural correlates of schizophrenia in people with
increased genetic liability to schizophrenia and in people with schizo-
phrenia. We reported the rst 1H-MRS in 22q11DS and the rst DTI
study in adults with 22q11DS.Moreover, we investigated for the rst time
dopamine related brain activation in healthy individuals and in schizo-
phrenia during baseline dopaminergic state and after dopamine deple-
tion in a randomized double blind placebo approach.We combined brain
imaging methods with neuro-endocrine and peripheral dopamine mark-
ers. In the MRS study we also measured plasma levels of proline and glu-
tamine. Although the sample was small, they present a valuable approach
for future studies.

Limitations

e results of the studies in this thesis should be interpreted with some
caution. Speci c limitations of each study were discussed in the relevant
chapters. Here, we summarize limitations that may have general implica-
tions. Conducting brain imaging studies in psychiatry is a real challenge.
Not only because methodological (quantitative and qualitative) limita-
tions of technology, but also because we are dealing with the human
factor. e quality of MRI data can be seriously affected by the sub-
ject’s behavior in the scanner. Healthy individuals and specially patients
often experience anxiety (claustrophobia) and have difficulties to avoid
movements during the scan sessions. Consequently, our sample size was
reduced after data quality check. us, the relatively small sample size
increases the risk of type II error and may have limited the power to
detect speci c alterations. Nevertheless we were able to detect signi cant
differences that were in line with the literature and our hypothesis. An-
other issue is that patients with schizophrenia were using antipsychotic
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medication, which is a potentially confounding factor in brain imaging
studies. Ideally, studies exploring the neuropathology of schizophrenia
investigate medication naive patients because the properties of medica-
tion in modulating brain changes. However, this poses practical as well
as ethical objections. In some studies only males were included limiting
the generalizability of results, but at the same time increasing speci city
as results are not confounded by gender differences. Furthermore, our
schizophrenia group patients were younger than healthy controls. Finally,
regarding the effects of dopamine depletion in brain activity, we should
note that it is a rather indirect measure of neurotransmission, although
dopamine agonists and antagonists have been shown to affect the BOLD
response in earlier studies.

Future directions

Neuroimaging research has contributed greatly to our knowledge un-
raveling structural and functional brain correlates of schizophrenia. A
promising direction is to approach the mechanisms of schizophrenia
from a system level combining different modalities of brain imaging.

We plan to further investigate dopamine-related brain activity with
fMRI in 22q11DS. Genetic variation resulting in haplo-insufficiency of
the COMT and PRODH gene may expose individuals with 22q11DS to
disrupted dopaminergic and glutamatergic metabolism interfering with
their cognitive functioning and also contributing to the liability to schizo-
phrenia. Hence, we hope to gain more insight in the involvement of
dopamine and glutamate in the development of schizophrenia and its
relation with brain function in people with 22q11DS with and without
schizophrenia.

Psychotic symptoms have been postulated to result from hyper-
dopaminergic sensitivity in subcortical regions whereas negative symp-
toms and cognitive de cits are suggested to result from a prefrontal hy-
podopaminergic state. However, most likely positive symptoms like hal-
lucinations and delusions are produced in synchrony with disrupted cog-
nition in the prefrontal cortex. It will be of great value to design exper-
imental tasks to investigate aspects of positive, negative and cognitive
symptoms of schizophrenia related to the prefrontal cortex. Moreover,
studies designed to investigate subcortical (e.g., striatum, hippocampus,
amygdala) function related to the positive and negative symptoms are
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required to provide a better understanding of brain function and symp-
tomatology in schizophrenia.

Preliminary ndings of our 1H-MRS study suggested dysregulation
of glutamate in the hippocampus. Further studies with large sample sizes
are needed to unravel the role of PRODH haplo-insu ciency, consequent
altered proline metabolism and its relation with disrupted glutamater-
gic dysfunction. Molecular imaging studies (SPECT/PET) in combina-
tion with metabolic (1H-MRS) and pharmacological (PhMRI) will pro-
vide fruitful insights in the glutamatergic and dopaminergic system in
22q11DS and schizophrenia.

Longitudinal studies comparing cognitive, affective and neural de-
velopment in 22q11DS who do and do not develop schizophrenia will
provide important insights into the trajectory from risk to disorder. In
addition, the study of gender speci c factors is warranted because the
onset of schizophrenia occurs earlier in males and it seems that women
may have natural protective factors since the course of the disease is less
detrimental in females. In addition, of high importance is also the inves-
tigation of the involvement of environmental risk factors linked to brain
dysfunction.

Finally, the particular contribution of the different brain imaging tech-
niques and methods will add relevant information to put together the
pieces of the schizophrenia puzzle. e challenge for the coming years
is to integrate the impact of genetics and deal with the problem from a
multimodal, multilevel and multidisciplinary approach. In addition, we
look forward to bridge the gap between research and clinic, identifying
reliable biomarkers for amore accurate diagnosis and effective treatment.
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Schizofrenie is een ernstige psychiatrische stoornis diewordt gekenmerkt
door een verscheidenheid aan klinische symptomen zoals hallucinaties,
wanen, stoornissen in cognitie, emoties en gedrag en een achteruitgang
van het algemene functioneren in het alledaagse leven. De genetische
aandoening 22q11 deletie syndroom (22q11DS) kenmerkt zich eveneens
door psychotische stoornissen, cognitieve problemen, gedragsproblemen
en verminderd functioneren in een subgroep van de patiënten. Mensen
met 22q11DShebben een verhoogd risico om schizofrenie te ontwikkelen
op volwassen leeftijd, en drager zijn van deze mutatie is een van de hoog-
ste risicofactoren voor het ontstaan van schizofrenie. Dit maakt 22q11DS
een uniek model om de neurobiologie en etiologie van schizofrenie te
onderzoeken.

Resultaten van studies van in-vivo beeldvorming van de hersenen be-
vestigen eerdere bevindingen over de aanwezigheid van hersenafwijkin-
gen bij schizofrenie. De afwijkingen in de hersenstructuur en verande-
ringen in de hersenfunctie zijn gerelateerd aan psychosen en cognitieve
stoornissen bij schizofrenie en 22q11DS.Het doel van dit proefschrift was
om de kennis van de onderliggende neuropathologie van schizofrenie te
vergroten. We hebben gebruik gemaakt van verschillende MRI metho-
den om aspecten van de hersenen structuur en de functie die kunnen
worden gerelateerd aan het ontstaan van schizofrenie te onderzoeken.
We hebben gefocust op drie groepen: patiënten met 22q11DS (met en
zonder schizofrenie), patiënten met schizofrenie en gezonde individuen.
Omdat zowel veranderingen in witte stof structuur, aberrante glutama-
terge en dopaminerge neurotransmissie zijn betrokken bij schizofrenie,
hebben we geprobeerd vragen te beantwoorden zoals: “Hebben mensen
met 22q11DS die schizofrenie hebben speci eke witte stof afwijkingen
ten opzichte van 22q11DS zonder schizofrenie, patiënten met schizofre-
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nie en gezonde controles?” “Treedt glutamaat dysfunctie op in 22q11DS
met schizofrenie?” “Wat zijn de effecten van dopamine depletie op de
beloning circuits in de hersenen van gezonde individuen en van patiënten
met schizofrenie?”

Hoofdstuk 1 bevat de algemene introductie en beschrijft de struc-
tuur van dit proefschrift. In hoofdstuk 2 beschrijven we de resultaten
van de eerste studie die witte stof integriteit bepaalt bij volwassenen met
22q11DS met en zonder schizofrenie in vergelijking met patiënten met
schizofrenie en gezonde controles. In lijnmet eerdere studies bij kinderen
en adolescenten, hebbenwe gevonden dat volwassenenmet 22q11DS een
gereduceerd witte stof volume in posteriore en temporale gebieden van
de hersenen. Verder heeft de 22q11DS groep in vergelijking met gezonde
controles verminderd fractionele anisotropie, hetgeen wijst op een ge-
stoorde integriteit van de witte stof in frontale gebieden van de cortex.
Bovendien gingen in de 22q11DS groep de ernst van de positieve en nega-
tieve symptomen gepaardmet een verminderde fractionele anisotropie in
gebieden die aangedaan zijn bij schizofreniemet name de frontale cortex,
het cingulate, de insula en de lobi temporales. Hoewel we geen signi -
cante verschillen in witte stof zagen in 22q11DS patiënten met schizofre-
nie, in vergelijking met 22q11DS zonder schizofrenie, vonden we lagere
fractionele anisotropie in inferieure frontale gebieden in 22q11DS met
schizofrenie ten opzichte van gezonde personen. Deze bevinding stemde
overeen met fractionele anisotropie resultaten van patiënten met schizo-
frenie versus gezonde controles. Samenvattend kunnen we concluderen
dat verminderd witte stof volume in de posterieure hersenen inherent
is aan 22q11DS en onafhankelijk van schizofrenie. De ontwikkeling van
schizofrenie bij 22q11DS hangt vermoedelijk samen met stoornissen van
de inferieure frontale en temporale witte stof banen.

In hoofdstuk 3 hadden werd de hypothese getoetst of glutamaat af-
wijkingen aanwezig konden zijn in patiënten 22q11DS met schizofre-
nie; glutamaat dysfunctie zou immers gedeeltelijk ten grondslag liggen
aan de psychopathologie van schizofrenie. Bovendien, zijn mensen met
22q11DS kwetsbaar voor genetische haplo-insufficiëntie van PRODH -
een gen dat codeert voor een enzym dat betrokken is bij het omzetten van
proline in glutamaat.Met behulp van 1H-MRS vonden we een verhoogde
concentratie van glutamaat en Glx (gecombineerd glutamaat en gluta-
mine) in de hippocampale regio van 22q11DS met schizofrenie, in ver-
gelijking met 22q11DS zonder schizofrenie en gezonde controles. Deze
bevinding suggereert dat afwijkingen in het glutamaat systeem mogelijk
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deels psychotische symptomen in 22q11DS patiënten met schizofrenie
kunnen verklaren. Verhoogde hippocampaal glutamaat zou ook met de
cognitieve stoornissen in 22q11DS met schizofrenie kunnen samenhan-
gen; de hippocampus is immers cruciaal is voor de leer- en geheugenfunc-
tie. Naast glutamaat bleek ookmyo-inositol, een andere neurometaboliet,
verhoogd te zijn in 22q11DS met schizofrenie vergeleken met 22q11DS
zonder schizofrenie. Veranderingen in demyo-inositol spiegels weerspie-
gelenmogelijk afwijkingen in de intracellulaire mechanismen voor signa-
lering en neuronale ontwikkeling. Hoge concentraties van myo-inositol
zijn eerder gevonden in mensen met verminderde cognitieve vaardighe-
den, zoals in de ziekte van Alzheimer en in mensen met het syndroom
van Down. We speculeren dat verstoord hippocampaal neurometabolis-
me een rol in de psychopathologie en de ontwikkeling van schizofrenie
bij 22q11DS heeft. In deze studie vonden we geen aanwijzingen voor
veranderingen in het metabolisme in de prefrontale cortex. Wel vonden
we in de prefrontale cortex, in tegenstelling tot in de hippocampus, een
signi cant verband tussen de dosering van de medicatie en metabolieten
concentratie in 22q11DS patiënten met schizofrenie. Onze conclusie was
dat veranderd glutamaat en myo-inositol metabolisme een gedeelte van
de psychotische symptomen en cognitieve stoornissen geassocieerd met
22q11DS kunnen verklaren.

In hoofdstuk 4 beschreven we in een review van farmacologischeMRI
studies naar het effect van atypische antipsychotica op prefrontale en
striatale hersenactiviteit bij schizofrenie. De meeste studies vonden na
behandeling met atypische antipsychotica een verhoogde prefrontale ac-
tiviteit en verbetering van striatale functioneren. Deze bevindingen zou-
den de herziene dopamine hypothese van schizofrenie kunnen onder-
steunen door van hypo-activiteit van de prefrontale cortex aan te tonen.
Na behandeling met atypische antipsychotica verbeterde de prefrontale
en subcorticale functie als gevolg van de genormaliseerde dopaminerge
activiteit.

In hoofdstuk 5 beschreven we de resultaten van een farmacologische
fMRI studie met α-methylparatyrosine (AMPT), die de effecten van do-
pamine depletie op beloning-gerelateerde hersenactiviteit in de gezonde
menselijke hersenen onderzocht. We vonden verhoogde hersenactiviteit
in het striatum en in de gyrus cingulatus tijdens anticipatie op nanci-
ële beloning in de placebo conditie. De vergelijking placebo vs. AMPT
lieten een verhoogde activiteit in de cingulate gyrus zien in anticipatie
van beloning en in de mediale frontale gyrus in anticipatie van nancieël
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verlies. Na dopamine depletie vonden we geen signi cante hersenactivi-
teit in de dopamine-gerelateerde gebieden die werden geactiveerd in de
placebo conditie. Betrokkenheid van de insula en de frontale en pariëtale
cortex werd gevonden tijdens anticipatie van beloning ten opzichte van
anticipatie van verlies in de AMPT conditie. Dit kan wijzen op een com-
penserende rol van deze hersengebieden tijdens verminderd dopamine
transmissie. Verminderde dopaminerge transmissie na dopamine deple-
tie werd verder aangetoond door de metingen van prolactine en perifere
dopamine markers. Kortom, onze bevindingen ondersteunen de hypo-
these dat dopamine in de frontale en striatale gebieden een belangrijke
rol speelt bij het anticiperen van nanciële beloning bij gezonde mensen.

In hoofdstuk 6 onderzochtenwe de effecten van dopamine depletie bij
patiënten met schizofrenie en hoe dit kan interfereren met striatale func-
tie en activering van de hersenen beloningssysteem in vergelijking met
gezonde controles. Farmacologischemanipulatie met AMPT dempte alle
hersenactiviteit tijdens de anticipatie van nanciële beloning en verlies
bij schizofrenie patiënten. In placebo vs. AMPT was de hersenactiviteit
bij schizofrenie patiënten voornamelijk geconcentreerd in de frontale ge-
bieden en de insulaire cortex. Dit suggereert een verstoorde dopaminer-
ge balans en verstoorde activiteit in het striato-corticale circuit in onze
groep van medicatie gebruikende patiënten met schizofrenie. Schizofre-
nie patiënten vs. gezonde controles hadden minder hersenenactivatie in
de gyrus temporalis superior en het posterieure cingulaa in de placebo
conditie and anticipatie van beloning. In de placebo conditie tijdens anti-
cipatie van verlies, hadden de patiënten minder activiteit in het ventrale
striatum, en in de frontale cortex en cingulate cortex. Dit is in tegenspraak
met eerdere studies naar beloning; die lieten genormaliseerde striatale
activatie in schizofrenie patiënten behandeldmet antipsychotischemedi-
catie. Onze resultaten lieten dus zien dat dopaminerge neurotransmissie
in subcorticale hersenengebieden mogelijk niet genormaliseerd werden
door medicatie. Na dopamine depletie in combinatie met anticipatie op
beloning, hadden de patiënten verminderde activatie in de gyrus frontalis
medialis en inferior, en in het ventrale striatum vergelekenmet controles.
In de AMPT conditie bij anticipatie op verlies vertoonden patiënten met
schizofrenie minder activatie dan de controlegroep in het ventrale stria-
tum en in de frontale cortex, de insula en het cingulaat. Deze resultaten
geven gevoeligheid van het dopaminerge striato-corticale beloningscir-
cuit voor dopamine depletie bij patiënten met schizofrenie aan. Hoewel
patiënten lage scores hadden op de drie subschalen van de PANSS, waar-
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uit blijkt dat antipsychotische medicatie waarschijnlijk de symptomen
hebben gestabiliseerd, konden we de normalisering van effecten in her-
senactiviteit niet ontdekken. Samenvattend geeft dit onderzoek inzicht in
de verstoring van frontale en striatale dopamine-gerelateerde belonings-
systeem in schizofrenie.

Conclusies

Het doel van de studies beschreven in dit proefschrift was het vergroten
van kennis over de aspecten van de hersenstructuur en hersenfuncties
van cruciaal belang voor het ontstaan van schizofrenie. De belangrijkste
conclusies zijn:

1. De bevindingen van verminderde fractionele anisotropie van
de inferieure frontale witte stof in 22q11DS patiënten met
schizofrenie vs. zijn vergelijkbaar met de bevindingen van ver-
minderde fractionele anisotropie in patiënten met schizofre-
nie vs. gezonde controles.

2. Een verminderde witte stof volume in posterieure hersenen-
gebieden is inherent aan 22q11DS en is onafhankelijk van
schizofrenie. De ontwikkeling van schizofrenie bij 22q11DS
gaat waarschijnlijk gepaardmet verstoringen van de inferieure
frontale en temporale witte stof vezelbanen.

3. In de gehele 22q11DS groep gaan positieve en negatieve symp-
tomen gepaardmet verminderde fractionele anisotropie in ge-
bieden die eerder betrokken zijn bij schizofrenie; vooral fron-
tale en temporale gebieden, het cingulaat en de insula.

4. Mensen met 22q11DS met schizofrenie hebben verhoogde
glutamaat en myo-inositol concentraties in de hippocampus.
Veranderd glutamaat en myo-inositol kunnen ten grondslag
liggen aan psychotische symptomen en cognitieve stoornissen
in 22q11DS met schizofrenie.

5. Dopaminerge neurotransmissie is betrokken bij anticipatie
van nanciële beloning bij gezonde controles. Dopamine de-
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pletie veroorzaakt bij AMPT verminderdt de totale hersenac-
tiviteit tijdens anticipatie op beloning en verlies.

6. Verminderde dopaminerge neurotransmissie en hersenactivi-
teit na dopamine depletie worden indirect ondersteund door
metingen van prolactine en perifere dopaminemarkers die do-
pamine daling lieten zien tijdens AMPT conditie.

7. Farmacologische manipulatie met AMPT verminderdt de to-
tale hersenactiviteit bij patiënten met schizofrenie tijdens an-
ticipatie van nanciële beloning en verlies.

8. Hersenactiviteit in de placebo vs. AMPT conditie bij schizo-
frenie patiënten is vooral geconcentreerd in de frontale ge-
bieden en de insulaire cortex tijdens anticipatie van beloning.
Dit suggereert dopamine evenwichtsverstoring en verstoorde
activiteit in het cortico-striatale circuit.

9. Na dopamine depletie en anticipatie van beloning, hebben de
patiënten vs. controles verminderde activatie in inferior en
middel frontaal gyrus en in het ventrale striatum. In antici-
patie van verlies, vertoonden schizofrenie patiënten minder
activatie in het ventrale striatum, frontale, insular en cingulate
cortex.
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A esquizofrenia é um dos mais graves transtornos psicóticos caracte-
rizado por uma variedade de sintomas clínicos, tais como alucinações,
delírios, distúrbios cognitivos e emocionais, problemas comportamen-
tais e declínio em funcionamento geral. Da mesma forma, a síndrome
de deleção 22q11 (SD22q11), um distúrbio genético também conhecido
como síndrome de DiGeorge ou velocardiofacial, caracteriza-se por um
espectro fenotípico bastante amplo, incluindo problemas psiquiátricos,
di culdades cognitivas, problemas comportamentais e declínio em fun-
cionamento em um subgrupo de pacientes. Além disso, pacientes com
SD22q11 apresentam alto risco de desenvolver esquizofrenia na idade
adulta. Isso faz do SD22q11 ummodelo único para explorar os substratos
neurais da vulnerabilidade e da etiologia da esquizofrenia.

Estudos commétodos de neuroimagem corroboram especulações an-
teriores sobre a relação da esquizofrenia com anormalidades cerebrais.
De fato, alterações na anatomia e na função cerebral foram associadas
à psicose e a problemas cognitivos em pacientes com esquizofrenia e
pacientes com SD22q11. O objetivo geral desta tese foi expandir a nos-
sa compreensão dos correlatos neurais subjacentes à esquizofrenia. Para
tal, utilizamos métodos de ressonância magnética (RM) para investigar
os aspectos da estrutura e função do cérebro que podem estar relacio-
nados à etiologia da esquizofrenia. Investigamos três grupos: pacientes
com SD22q11 (com e sem esquizofrenia), pacientes com esquizofrenia
e indivíduos saudáveis. Como alterações da matéria branca, e alterações
dos neurotransmissores dopamine e glutamato têm sido implicados na
esquizofrenia, buscamos responder perguntas tais como: “Pacientes com
SD22q11 que desenvolvem esquizofrenia apresentam anormalidades es-
pecí cas na matéria branca em comparação com SD22q11 sem esqui-
zofrenia, pacientes com esquizofrenia ‘idiopática’ e indivíduos saudá-
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veis?” “Disfunção glutamatérgica é uma característica de pacientes com
SD22q11 com esquizofrenia?” “Quais os efeitos da depleção de dopamina
no circuito de ‘recompensa’ do cérebro em indivíduos saudáveis e em
pacientes com esquizofrenia?”

O primeiro capítulo deste livro contém uma introdução geral e os
objetivos da tese. No capítulo 2, descrevemos os resultados do primeiro
estudo sobre a integridade da matéria branca em adultos com SD22q11
com e sem esquizofrenia, em comparação compacientes com esquizofre-
nia ‘idiopática’ e indivíduos saudáveis. Em consonância comestudos ante-
riores em crianças e adolescentes, observamos que adultos com SD22q11
apresentam um volume baixo damatéria branca nas regiões posteriores e
temporais do cérebro. Além disso evidenciamos diminuição da anisotro-
pia fraccionada em regiões do córtex frontal no grupo total de SD22q11
comparados aos indivíduos saudáveis. Isso possivelmente indica anor-
malidade na integridade da matéria branca. No mais, a gravidade dos
sintomas positivos e negativos nos pacientes SD22q11 foi associada com
a redução da anisotropia fraccionada em áreas anteriormente implica-
das na esquizofrenia principalmente em áreas do córtex frontal, tempo-
ral, insular e no giro do cíngulo. Apesar de as nossas comparações não
mostrarem diferenças signi cantes na matéria branca em SD22q11 com
esquizofrenia vs. SD22q11 sem esquizofrenia, encontramos reduções da
anisotropia fraccionada abrangendo a matéria branca na região frontal
inferior em SD22q11 com esquizofrenia comparado com indivíduos sau-
dáveis. Esse achado é similar aos resultados da anisotropia fraccionada em
esquizofrenia ‘idiopática’ vs. indivíduos saudáveis. Em resumo, concluí-
mos que a redução da matéria branca na parte posterior do cérebro é in-
trínseca à SD22q11 e independente da esquizofrenia. O desenvolvimento
da esquizofrenia em SD22q11 provavelmente requer alterações das bras
da matéria branca em regiões frontais- inferior e temporal. Concluindo,
redução geral da anisotropia fraccionada em áreas frontais e consequente
interrupção na comunicação neuronal através de bras damatéria branca
em regiões frontais- inferior e temporais podem estar relacionados aos
sintomas psicóticos em pacientes com SD22q11 com esquizofrenia.

No capítulo 3, partimos da hipótese de que anormalidades em glu-
tamato podem estar presentes em SD22q11 com esquizofrenia porque a
disfunção glutamatérgico tem sido implicada na psicopatologia da esqui-
zofrenia. Além disso, indivíduos com SD22q11 são geneticamente vul-
neráveis à haplo-insu ciência do PRODH – gene que codi ca uma enzi-
ma envolvida na conversão de prolina em glutamato. Nesta pesquisa uti-
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lizamos espectroscopia de prótons por ressonância magnética (1H-MRS)
e encontramos um aumento da concentração do neurometabolito gluta-
mato e Glx (glutamato+glutamina) na região do hipocampo em pacientes
SD22q11 com esquizofrenia em comparação com SD22q11 sem esquizo-
frenia e indivíduos saudáveis. Isso sugere que o distúrbio glutamatérgico
pode estar subjacente aos sintomas psicóticos em SD22q11 com esquizo-
frenia. O aumento do glutamato no hipocampo também poderia explicar
problemas cognitivos na esquizofrenia em SD22q11, pois o hipocampo é
crucial para funções de memória e aprendizagem. Além do glutamato, o
myo-inositol foi outro neurometabolito com nível elevado em SD22q11
com esquizofrenia em comparação com SD22q11 sem esquizofrenia. Al-
terações em níveis de myo-inositol possivelmente re etem anormalida-
des nos mecanismos de sinalização intracelular e desenvolvimento neu-
ronal. Concentração elevada de myo-inositol é associada com o declínio
da capacidade cognitiva no mal de Alzheimer e na Síndrome de Down.
Nós especulamos que alterações do neurometabolismo do hipocampo
estão envolvidas na psicopatologia e desenvolvimento da esquizofrenia
em SD22q11. Nós especulamos que as drogas antipsicóticas possam ter
afetado as concentrações de metabólitos em regiões frontais do cérebro
em SD22q11 com esquizofrenia. De fato, no córtex pré-frontal, ao con-
trário do hipocampo, encontramos uma associação signi cante entre a
dosagem de medicamentos e concentração dos metabólitos em pacientes
com esquizofrenia SD22q11. Concluímos que alterações dos metabólitos
glutamato e myo-inositol podem explicar parte dos sintomas psicóticos e
prejuízos cognitivos associados com SD22q11.

No capítulo 4, analisamos os estudos farmacológicos deMRI (PhMRI)
que investigaram o efeito de drogas atípicas na atividade cerebral pré-
frontal e no corpo estriado na esquizofrenia. A maioria dos estudos re-
lataram melhoras na atividade pré-frontal e regulação do funcionamento
do estriado em consequência do tratamento com antipsicóticos atípicos.
Esses resultados avalizam a hipótese dopaminérgica revisada da esqui-
zofrenia con rmando hipofunção pré-frontal antes do tratamento e uma
possível melhora da função pré-frontal e subcortical após o tratamento.

No capítulo 5 apresentamos um estudo que combinou ressonância
magnética funcional (RMf) e provocação farmacológica com α-methyl-
paratyrosine (AMPT) para investigar os efeitos da depleção de dopamina
nas vias neuronais relacionadas com o sistema de recompensa do cére-
bro humano saudável. Os resultados mostram que a atividade to cérebro
aumentou nas regiões do estriado e giro do cíngulo durante antecipa-
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ção de recompensa monetária na condição placebo. Comparando pla-
cebo vs. AMPT observamos uma elevada atividade no cíngulo durante
expectativa de recompensa monetária na condição placebo e, no giro
medial frontal durante a expectativa de perda monetária. Após depleção
de dopamina não observamos nenhuma atividade cerebral signi cante
nas áreas dopaminérgicas anteriormente ativadas na condição placebo.
O recrutamento da ínsula, córtex frontal e parietal foi observado durante
a expectativa de recompensa monetária em comparação a expectativa de
perdamonetária na condiçãoAMPT. Isso possivelmente sugere umpapel
compensatório dessas áreas cerebrais quando a transmissão de dopamina
foi reduzida. Esses resultados, redução da transmissão dopaminérgica e
ativação cerebral após depleção de dopamina, foram sustentados pelos
resultados dos exames periféricos de dopamina e prolactina. Em resumo,
os nossos resultados con rmam a hipótese de que a neurotransmissão
dopaminérgica em áreas frontal e estriatal desempenha um papel impor-
tante na antecipação ou expectativa de recompensa monetária em seres
humanos saudáveis.

No capítulo 6, investigamos os efeitos da depleção de dopamina e co-
mo isso interfere na atividade do sistema de recompensa do cérebro e do
estriado em pacientes com esquizofrenia em comparação com indivíduos
saudáveis. A provocação farmacológica com AMPT reduziu a ativida-
de cerebral geral em pacientes com esquizofrenia durante a expectati-
va de recompensa e perda monetária. Na condição placebo vs. condição
AMPT, a atividade cerebral em pacientes com esquizofrenia concentrou-
se principalmente nas áreas frontais e no córtex insular. Isso sugere um
desequilíbrio da dopamina e alterações no circuito estriado-cortical em
nosso grupo de pacientes com esquizofrenia medicados. Em pacientes
com esquizofrenia vs. controles saudáveis observamos atividade redu-
zida do giro temporal superior e cíngulo posterior durante expectativa
de recompensa monetária na condição placebo. Durante expectativa de
perda monetária na condição placebo, observamos redução da atividade
cerebral na parte ventral do estriado, córtex frontal e cíngulo. Isso está
em contraste com os estudos anteriores de recompensa monetária que
demonstraram atividade cerebral normalizada do estriado após o trata-
mento medicinal em pacientes com esquizofrenia. Nossos resultados in-
dicam que possivelmente a neurotransmissão dopaminérgica em regiões
subcorticais do sistema de recompensa do cérebro não foi normalizada
através da medicação. Na condição AMPT e expectativa de recompensa,
pacientes vs. indivíduos saudáveis apresentaram reduções na atividade
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cerebral, emparticular no giro frontal-inferior emedial, e no estriado ven-
tral. Na condição AMPT e expectativa de perda, pacientes com esquizo-
frenia apresentaram atividade reduzida no corpo estriado ventral, frontal
córtex, ínsula e cíngulo. Esses resultados indicam sensibilidade à depleção
de dopamina do circuito de recompensa dopaminérgico striatal-cortical
em esquizofrenia. Embora os pacientes tenham obtido baixos escores nas
três sub-escalas do PANSS, demonstrando que amedicação antipsicótica
provavelmente tenha estabilizado os sintomas, não foi possível detectar
os efeitos normalizadores da medicação na atividade cerebral. Em resu-
mo, este estudo nos permitiu evidenciar o comprometimento do sistema
de recompensa relacionado com a instabilidade dopaminérgica no córtex
frontal e estriado na esquizofrenia.

Conclusões

Oobjetivo dos estudos desta tese foi o de expandir nossos conhecimentos
sobre aspectos da estrutura e função cerebral que podem ser cruciais para
a etiologia da esquizofrenia. As principais conclusões são:

1. Os resultados de anisotropia fraccionada reduzida abrangen-
do a matéria branca na área frontal-inferior do cérebro em
pacientes com SD22q11 com esquizofrenia vs. indivíduos sau-
dáveis estão em concordância com resultados observados em
pacientes com esquizofrenia ‘idiopática’;

2. Baixo volume da matéria branca nas regiões posteriores do
cérebro é uma característica intrínseca de indivíduos com
SD22q11 e independente da esquizofrenia. O desenvolvimen-
to da esquizofrenia em SD22q11 provavelmente envolve al-
terações na qualidade das bras de áreas frontal-inferior e
temporal córtex;

3. No grupo de pacientes com SD22q11, os sintomas positivos e
negativos foram associados com anisotropia fraccionada re-
duzida em áreas anteriormente implicadas na esquizofrenia
principalmente na frontal, cíngulo, ínsula e áreas temporais;

4. Pacientes com SD22q11 com esquizofrenia apresentam um
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aumento na concentração do neurometabolito glutamato e
myo-inositol no hipocampo. Alterações em glutamato e myo-
inositol podem estar subjacentes aos sintomas psicóticos e
problemas cognitivos em pacientes com SD22q11 com esqui-
zofrenia;

5. O sistema dopaminérgico está envolvido na expectativa de re-
compensa monetária em indivíduos saudáveis. Depleção de
dopamina com AMPT reduziu atividade cerebral global du-
rante expectativa de recompensa e perda monetária;

6. Os resultados de redução da transmissão dopaminérgica e ati-
vidade cerebral após depleção de dopamina foram sustentados
pelos resultados dos exames periféricos de dopamina e prolac-
tina;

7. Provocação farmacológica comAMPT reduziu atividade geral
do cérebro em pacientes com esquizofrenia durante expecta-
tiva de recompensa e perda monetária;

8. Na condição placebo vs. condição AMPT, a atividade cerebral
em pacientes com esquizofrenia concentrou-se principalmen-
te nas áreas frontais e no córtex insular durante a expectativa
de recompensamonetária. Isso sugere umdesequilíbrio do sis-
tema dopaminérgico e alterações no circuito estriado-cortical;

9. Após a depleção de dopamina, pacientes com esquizofrenia
em comparação com indivíduos saudáveis apresentaram re-
dução da atividade cerebral no corpo estriado ventral, giro
frontal-inferior e medial durante expectativa de recompensa
monetária. Durante a expectativa de perda monetária pacien-
tes apresentaram redução da atividade do corpo estriado ven-
tral, córtex frontal e cíngulo.
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