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Chapter 1
General Introduction

Part of this chapter has been published as:
Van Schijndel JE and Martens GJM
Gene expression profiling in rodent models for schizophrenia
Current Neuropharmacology, 2010, 8 382-393

Chapter 1 - General Introduction
Individuals are afflicted worldwide with psychiatric disorders. A survey in
developed and less-developed countries (in the Americas, Europe, the Middle East,
Africa and Asia) has shown a 12-month prevalence of having a mental disorder
described in the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV) from 4.3% in Shanghai to 26.4% in the United States
(Demyttenaere et al., 2004). In The Netherlands, the 12-month prevalence of mental
disorders is between 14.9% and 23.3% (Bijl et al., 1998; Demyttenaere et al., 2004),
whereas the lifetime prevalence is 41.2% (Bijl et al., 1998). The mental disorder
schizophrenia has a worldwide lifetime risk of ~1%, with an enormous impact on
society in terms of expenditure and human suffering (Van Os et al., 2009). The first
symptoms of this complex psychiatric disorder usually manifest during late
adolescence or early adulthood, but the origin of the disorder is thought to be
neurodevelopmental (Rehn et al., 2005; Weinberger, 1995). In this thesis, studies on
a rat model for schizophrenia as well as human association studies on schizophrenia
case-control cohorts are presented. In this introductory chapter, various topics dealt
with in this thesis will be described, including human aetiology studies, mRNA
expression studies on various animal models for schizophrenia and the rat model
that is central in this thesis.
Human aetiology studies on schizophrenia
Schizophrenia is characterized by delusions, hallucinations, disorganized speech,
grossly disorganized or catatonic behaviour, and negative symptoms (American
Psychiatric Association, 1994). Negative symptoms concern the absence of or
reduction in basic emotional and behavioural processes and include flat or blunted
emotions, poverty of speech, the inability to experience pleasure, and lack of
motivation. Although at present not considered a diagnostic criterion, many patients
suffer from cognitive impairments such as problems with attention, concentration,
learning, memory and abstract thinking (Keefe et al., 2007; Mueser et al., 2004).
Environmental factors in combination with predisposing genes appear to be
important for the aetiology of schizophrenia. Environmental factors include prenatal
infections, maternal malnutrition during pregnancy, obstetric complications,
poverty, child abuse and neglect, war trauma, loss of parent and migration (Maki et
al., 2005; Mueser et al., 2004; Read et al., 2008; Read et al., 2005). Such factors
may affect gene expression by epigenetic mechanisms (Read et al., 2009; Weaver et
al., 2004). Family, twin and adoption studies have shown that schizophrenia is a
disorder with a substantial genetic contribution (Cardno et al., 2000; McGuffin,
2004). On the basis of linkage analyses, loci on 21 of the 23 chromosomes have
been linked to the disorder. A meta-analysis has revealed that in various populations
chromosomal region 2q, but also Iq, 8p, 22q and other loci, are associated with
susceptibility to schizophrenia (Lewis et al., 2003). Follow-up studies on the
regions implicated by the genome scans have resulted in positional candidate genes
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such as neuregulin-l (NRG1; 8pl2) and catechol-O-methyltransferase (COMT;
22ql 1.21; Riley et al., 2006). In multiple case-control cohorts, a number of other
candidate genes have been tested for association with schizophrenia, including
brain-derived neurotrophic factor (BDNF; Kanazawa et al., 2007), dysbindin,
disrupted in schizophrenia 1 {DISCI), D-amino acid oxidase activator (DAOA/G72)
and proline dehydrogenase (PRODH; Karayiorgou et al., 2006). Yet, variations in
these genes account for the aetiology of only a small percentage of schizophrenia
patients. New technologies have resulted in platforms that allow association studies
for hundreds of thousands of single-nucleotide polymorphisms (SNPs) to search for
polymorphisms associated with schizophrenia and other complex diseases. In the
last few years, a genome-wide association (GWA) scan has been reported for
schizophrenia. For this study, genomic DNAs from 178 Caucasian schizophrenia
patients were hybridized to two chips containing -262000 and -238000 SNPs
(Affymetrix). Compared with 144 healthy controls, one SNP demonstrated
association beyond the significance threshold, namely rs4129148, neighboring
colony stimulating factor 2 receptor alpha chain (CSF2RA) in the pseudoautosomal
region. Sequencing of CSF2RA and the neighboring gene interleukin 3 receptor
alpha (IL3RA) revealed several novel, rare missense variants associated with
schizophrenia (Lencz et al., 2007). The association of SNPs in cytokine receptor
genes may explain the relation of schizophrenia and prenatal infection and/or the
altered immune system observed in schizophrenia patients (Brown et al., 2010;
Leucht et al., 2007). SNP rs6603272 in IL3RA has been associated with
schizophrenia in two Chinese studies (Sun et al., 2008; Sun et al., 2009). However,
replication studies are necessary to confirm these findings. However, the final
outcome of genetic research on schizophrenia is at present unclear, the search for
vulnerability genes for schizophrenia has not resulted in consistent findings, and
many genes associated with psychiatric disorders have only a small effect and are
mostly linked to more than one disorder (Sentali et al., 2008). The inconsistent
results may arise from the clinical heterogeneity displayed by these disorders
(Ruggeri et al., 2009). The debate continues on whether in the fifth edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-V) schizophrenia
should be considered as a single disorder or as a group of several disease entities
(Gaebel et al., 2008).
Animal models for schizophrenia
In order to get a better insight into the function of candidate genes and the aetiology
of schizophrenia, multiple animal models have been developed. A problem
encountered here is that the most prominent symptoms of schizophrenia - delusions,
hallucinations and thought disorder - can not be reproduced in rodents and even not
in non-human primates. Furthermore, a well-established genotype, cellular
phenotype or other biological marker that is characteristic for the disorder is not
10
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available to validate a model. Nevertheless, a number of symptoms such as e.g.
behaviours related to increased dopaminergic transmission (dopamimetric-induced
hyperlocomotion), social withdrawal (reduced contact with unfamiliar partners),
loss of prepulse inhibition (PP1, a symptom at the interface of psychosis and
cognition) and cognitive deficits (impaired performance in a spatial memory test)
have been observed in animal models (Lipska et al., 2000; Van den Buuse, 2010
2010). It is therefore generally accepted that animal models may provide new
insights into the pathophysiology and aetiology of schizophrenia (Lipska et al.,
2000). In general and based on the way they have been created, animal models can
be divided into three groups: (1) neurodevelopmental models, (2) pharmacological
models and (3) genetic models. Such animal models for schizophrenia and their
characteristics have been described in many excellent papers and reviews
(Desbonnet et al., 2009; Marcotte et al., 2001; Tordjman et al., 2007). In this
chapter, mRNA expression profiling studies on these animal models will be
described (table 1 ).
mRNA expression profiling in neurodevelopmental animal models
To generate a neurodevelopmental animal model for schizophrenia, environmental
factors such as stress and viral infection are employed and since they should affect
brain development the factors are applied to animals prenatally (or at a young age).
Epidemiologic evidence has suggested that maternal infection by a virus may lead
to the genesis of schizophrenia (Dalman et al., 2008; Yudofsky, 2009). In mice,
prenatal influenza infection causes effects on brain structure and function such as
increased serotonin levels (Winter et al., 2008). To establish a schizophrenia animal
model, C57BL6J mice have been infected on pregnancy day 18 with H INI
influenza virus. This resulted in a moderate, sublethal infection with a mean virus
titer of IO525 cell culture infectious dose (CC\D)5o/mi (Fatemi et al., 2008). Brain
tissues from the offspring of these mice were collected for mRNA expression
profiling at post natal day (PND) 0, 14 (childhood) and 56 (adulthood). Analysis
with the mouse genome 430 2.0 array (Affymetrix) showed that in the brains of the
prenatally exposed mice compared to the brains of control offspring the highest
number of genes were up- or downregulated at PND 0 (72, 175 and 157 genes in
frontal, hippocampal and cerebellar brain areas, respectively) and PND 56 (110, 62
and 96 genes, respectively), relative to PND 14 (33, 21 and 16, respectively). A
number of genes was validated by quantitative polymerase chain reaction (qPCR),
including v-erb-B2 avian erythroblastic leukaemia viral oncogene (Erbb4),
semaphorin 3A (Sema3a), very-low density lipoprotein receptor (Vldlr), and
ATPase,Na+/K+ transporting, beta 2 polypeptide (Atplb2; Fatemi et al., 2008).
These genes had been implicated previously in the aetiopathology of schizophrenia
(Birchmeier, 2009; Eastwood et al., 2003; Suzuki et al., 2008).
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Table 1. An overview of schizophrenia animal models used in mRNA
expression profiling.
Animal model
C57BL6J mice infected
withHINI influenza
virus on pregnancy day
18

Approach
Mouse genome
430 2.0 array
(Affymetrix)
covering >39000
transcripts

Balb/c mice infected
with H1N1 influenza
virus on pregnancy day
9

Murine 430 highdensity
oligonucleotide
array (Affymetrix)
covering -20000
mouse genes and
ESTs
3DNA Array 350
3ONJ
Expre
Expression Array
(Geni
(Genisphere)
cover
covering 8064
genes
Affymetrix RG
U34A microarray
covering 8799
genes

Lewis rat pups
inoculated with NBD
within 12 hours of birth.
sacrificed at 4 weeks of
age
Pregnant SpragueDawley rats subjected to
a repeated variable stress
paradigm from ED 14 to
ED22, male pups were
subjected to acute stress
at PND56 and sacrificed
VH-lesioned Fisher 344
(F344) rats, daily i.p.
haloperidol treatment for
14 days starting at
PND55

New born F344 rats
separated from their
dams for 8 hours every
other day (PND2 to 10)
Institute for Cancer
Research (ICR) Mice
subjected to isolated
rearing for 4 weeks
ICR mice, daily i.p. PCP
for 24 days
12

GeneFilter® DNA
microarray blots
(Research Genetics
Inc., Huntsville)
covering 37575
cDNA clones

Affymetrix rat
U34A microarray

GeneChip mouse
genome 430 2.0
Array (Affymetrix)
covering 45101
probe sets
Clontech Atlas
glass array mouse

Number of gene(s) with
affected mRNA expression
Hippocampus: 175 (PNDO),
21 (PND14) and 62 (PND56)
Cerebellum: 157 (PNDO), 16
(PND14)and96(PND56)
Prefrontal cortex: 72 (PNDO),
33(PND14)andllO
(PND56)
Whole brain: 39 genes

Reference
(Fatemi et al..
2008)

(Fatemi et al.
2005)

Cerebellum: MT-l/-lI(Mt] a)
9.09 fold increase
Hippocampus: MT-1/-II
(Mtla) 2.95 fold increase

(Williams et
al., 2006)

Frontal pole: 35 genes

(Kinnunen et
al., 2003)

VH-lesioned F344 versus
sham-lesioned F344 rats
- Frontal tissue: 828 genes
- Temporal tissue: 768 genes
Haloperidol treated versus
control VH-lesioned F344
- Frontal tissue: 404 genes
- Temporal tissue: 595 genes
Hippocampal slices: 24 genes
including Ttr (4.85 fold
decrease)

(Wong et al.,
2005)

Dentate gyrus: 22 genes
including Nr4a2/Nurrl and
Npas4

(Ibi et al..
2008)

Cerebral cortical tissue: 73
genes

(Toyooka et
al., 2002)

(Kohda et al.,
2006)
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Animal model

Male Sprague-Dawley
rats injected once with
PCP sacrificed 4 hours
after injection
Male Wistar rats
injected with PCP at
PND8 or PND50 and
sacrificed 60-90 minutes
after injection
Sprague-Dawley rats
with a spinal cord
(segment T8) injury
administered with MK801 one hour before and
after the injury
B6C3F1 mice treated
with a single i.p.
s(+)ketamine injection
anaesthetized and
sacrificed 30 minutes
post injection
Male Wistar
Wistar ιrats
Male
(injected
with MK-801)
(injected with
were
subjecte
were subjected to
ischemic
ischemic
preconditionii (IPC) by
preconditioning
sublethal bilai
sublethal
bilateral
carotid
artery occlusion
carotid artery
(BCAO)
and 3: days later
(BCAO) and
to
lethal
BCA
to lethal BCAO
Male Wistar rats i.p.
injected with MK-801 or
memantine narcotized
with CO2 and sacrificed
4 hours post injection

Male Wistar rats i.p.
injected with (+)MK801 maleate daily
for 14 days, tested for
social interaction and
sacrificed on day of last
injection
APO-SUS versus APOUNSUS Wistar rats

Number of gene(s) with
affected inRN'A expression
Approach
1.0 covering 1000
cDNAs ^ ^ ^ ^
Prefrontal cortex: 477 genes
Affymetrix rat
U34A microarray
covering 8784
probe sets
Affymetrix rat
Thalamus: c-fos, Klf2, Nr4a3,
genome 230 2.0
Klf4 and leiomodin2
array covering
(Lmod2)-like
over 30000
transcripts
Affymetrix Rat
combined T7,T8 and T9
Neurobiology U34 spinal cord segments: 168
oligonucleotide
genes that were not affected
microarray
by spinal cord injury itself
containing 1322
probes
Affymetrix MGUHippocampus/amygdala/
74av2
hypothalamus: 50 genes
GeneChips®
covering 12488
genes

Reference

(Kaiser et al.,
2004)

(Takebayashi
et al., 2009)

(Nesic et al.,
2002)

(Lowe et al.,
2007)

Affymetrix RG
230 2.0 array
covering 31020
probe sets

Hippocampus: 1893 genes

(Feng et al..
2007)

Rat 1.0 Atlas Glass
Microarrays
(Clontech)
containing 86
controls and 1090
well characterized
transcripts
GeneChip® Rat
Expression 230A
array (Aflymetrix)
containing 15923
probe sets

Posterior cingulate and
anterior retrosplenial cortices:
MK-801: 34 genes
Memantine: 28 genes

(Marvanova et
al., 2004)

Amygdala: 39 genes
including AVP and Ttr

(Matsuoka et
al., 2008)

Rat NeuroGEM
2.02 microarrays

Hippocampus: 1 gene, Aph1b

(Coolen et al.,
2005)
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Animal model

Male Sprague-Dawley
albino rats administered
i.p. daily with
olanzapine and
sacrificed 24 h after the
last injection under deep
anaesthesia
Male C57BL/6 mice i.p.
injected with
haloperidol, olanzapine,
or clozapine daily for 7
days and sacrificed
under 4% halothane
anaesthesia five hours
post injection
Male Wistar rats
injected i.p. with
clozapine and sacrificed
1, 6 or 24 hrs post
injection
ICR mice injected
subcutaneous with
clozapine daily for 20
days and sacrificed 20
hours post injection

C57BL6 mice received
daily for 31 days
haloperidol or clozapine
or phenylpropanolamine
via food pellets
Sprague-Dawley rats
injected i.p. daily with
Haloperidol or
Risperidone and
sacrificed 96 hours
(acute treatment) or 4
weeks (chronic
treatment) after initiation
of drug treatment
14

Approach
containing 8478
Sprague Dawley
rat nervous system
cDNAs
Affymetrix rat
genome 230 2.0
array set
containing -28000
rat genes and ESTs

Number of gene(s) with
affected mRNA expression

Reference

Frontal cortex: 69 genes

(Fatemi et al.,
2006)

Affymetrix
GeneChip Mouse
Genome 430 2.0
microarrays
containing over
39000 transcripts

Whole brain: 11941
transcripts by one or more
drugs, 249 transcripts by all 3
drugs

(Duncan et al.
2008)

Atlas Rat 1.2
Array filter
(Clontech)
covering 1176
sequence-verified
cDNAs
Atlas Rat 1.2
Array filter
(Clontech)
covering 1176
sequence-verified
cDNAs

Anterior cingulate and
prefrontal cortices: 217 genes
including 22 genes with a
presynaptic ftinction

(Kontkanen et
al., 2002)

Cerebral cortical tissues:
undefined number of genes
including potassium channel,
prostaglandin D2 synthase,
serotonin receptor type 2 and
myelin-associated
oligodendrocytic basic
protein
Cortex: 1156 transcripts in
one or more models

(Takahashi et
al., 2004)

Prefrontal/fronto-parietotemporal cortices:
Haloperidol:
- acute: 28 genes
- chronic: 9 genes
Risperidone:
- acute: 89 genes
- chronic: 17 genes

(Feher et al.,
2005)

Murine Genome
U74A Array
(Affymetrix)
containing -12000
genes
PXM oligonucleotide slides
(Full Moon
Biosystems)
containing 8000
rat gene-specific,
amino-modified
oligonucleotides

(Mehler-Wex
et al., 2006)
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Animal model
Male Sprague-Dawley
rats injected i.p. with
risperidone daily for 4
weeks and sacrificed
under CO2 anesthesia 24
hours post injection
Nurrl KO mice
generated by mating of
Nurrl +/- animals.
Pregnant females were
sacrificed at ED 12.5 and
Nurrl KO embryos
selected
Reëler mouse at EDI 1.5
Ten weeks old Dfl/+
mice

Approach
GeneMap Rat
Clone Arrays
(Genomic
Solutions Inc.)
containing cDNA
fragments covering
1536 genes
Affymetrix
MGU74Av2 and
MGU74Bv2 gene
chips covering

Qiagen 70mer
oligo chip
Agilent Oligo
Mouse
Microarrays
containing 60-mer
oligonucleotide
probes for 20915
murine genes

Number of gene(s) with
affected mRNA expression
Frontal cortex: 17 genes

Reference
(Chen et al..
2005)

Ventral Midbrain:
Undefined small number of
genes including GTPCH

(Gil et al..
2007)

Brain: 1 gene, mouse
Strawberry Notch 1 mSnol
Hippocampal dentate granule
neurons: 13 genes

(Baba et al..
2006)
(Jurata et al..
2006)

Compared to viral infection in Balb/c mice at pregnancy day 9 (Fatemi et al., 2005),
more and other genes were differentially expressed in the offspring of mice infected
at pregnancy day 18 (Fatemi et al., 2008). One of the genes differentially expressed
in the offspring of mice infected at either pregnancy day 9 or day 18 was forkhead
box P2 (Foxp2) (Fatemi et al., 2005; Fatemi et al., 2008). Foxp2 polymorphisms
have been linked to schizophrenia patients with auditory hallucinations (Sanjuan et
al., 2006). Another viral infection in rats. Neonatal Borna disease (NBD) virus
infection, results in life-long viral persistence and causes behavioural and
neurodevelopmental abnormalities. In the hippocampus and cerebellum of 4-weeks
old Lewis rats that within 12 hours of birth had been inoculated into the right
cerebral hemisphere with NBD, gene expression has been analysed with an 8K
oligonucleotide array. The expression of metallothionein la {Mtla or ΜΓ-Ι/-ΙΙ) was
increased ~9- and ~3-fold in the cerebellum and hippocampus, respectively.
Furthermore, the expression of M i was increased in astrocytes and of solute carrier
family 30 (zinc transporter) member 3 {Slc30a3/ZnT-3) was decreased in the
hippocampus. The alterations in ZnT-3 expression, and astrocytic Mtla and Mt3
induction, in combination with previously described changes in the expression of
cytokine- and apoptosis-related products in NBD rats, suggest a multifactorial
pathway leading to selective damage (Williams et al., 2006).
15
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Another environmental factor that has been implicated in the aetiology of
schizophrenia is prenatal stress (Koenig et al., 2002). To create an animal model,
repeated variable stress paradigms have been applied to pregnant Sprague-Dawley
rats during the last week of gestation. A microarray analysis of the frontal pole
brain area of the prenatally stressed adult offspring and non-stressed adult controls
revealed significant changes in 35 genes. Three differentially expressed genes
encoded neurotransmitter receptor subunits or associated proteins, two were
involved in calcium/calmodulin signaling, two were associated with
neurotransmitter vesicles or vesicle recycling and two were Na /K -transporting
ATPases (Kinnunen et al., 2003). Both the neurodevelopmental animal model based
on prenatal influenza infection (Fatemi et al., 2008) and the model generated by
prenatal stress (Kinnunen et al., 2003) displayed differential expression of Na+/K+ATPase genes and potassium voltage-gated channel genes. However, the majority
of the differentially expressed genes was differentially expressed in only a single
animal model.
A third neurodevelopmental animal model constitutes the neonatal ventralhippocampal (VH) lesion rat model that exhibits many of the behavioural features
of pharmacological schizophrenia models (Lipska et al., 1993; Lipska et al., 2000; ,
2002). The locomotor abnormalities induced by the VH lesions differ between rat
strains and therefore transcript expression was compared between saline- or
haloperidol-treated adult VH-lesioned Fischer-344 and Lewis rats (Wong et al.,
2005). Three variables were compared, namely with respect to strain (Fischer-344
versus Lewis), to age (day 6 versus day 70) and to treatment (saline versus
haloperidol), and suppression subtraction hybridization was used to identify
changes in transcript levels. Genes differentially expressed in all three cases
included mitochondrial cytochrome oxidase (complex IV) subunits including COX1
and 2, mitochondrial tRNA, g and ζ isoforms of 14-3-3, adenosine monophosphate
deaminase 3 (Ampd3), and a 25-kD synaptosomal associated protein (SNAP-25;
Wong et al., 2005).
A further neurodevelopmental animal model concerns the maternal deprivation rat
model. Maltreatment, such as abuse and neglect, is a susceptibility factor for
psychiatric disorders (Palomo et al., 2002). Fisher 344 rat pups were separated for 8
hours from their mother every other day between PND 2 and 10. At the age of 13
weeks, the rats were sacrificed and gene expression in hippocampal slices was
analysed with an U34A (Affymetrix) array. The expression of fifteen genes was
upregulated and of nine genes downregulated. The most prominent change in
expression was found for the transthyretin (Ttr) gene. In the brain the expression of
this gene is nearly restricted to the choroid plexus and therefore the authors
speculated about a possible function for the choroid plexus in stress (Kohda et al.,
2006). However, in other studies the differential expression of Ttr was considered
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to be the result of a tissue-isolation artefact (contaminating choroid plexus) rather
than being a differentially expressed gene of interest (Coolen et al., 2005).
Yet another example of a neurodevelopmental animal model concerns three-weeks
old, weaned Institute for Cancer Research mice that were isolated for 3 days, 2
weeks or 4 weeks, a treatment that may also affect brain development (WhitakerAzmitia et al., 2000). In these mice, mRNA expression in the dentate gyrus was
analysed with a GeneChip mouse genome 430 2.0 array (Affymetrix), but no
obvious changes were found. However, using a general linear model incorporating
the feeding period the downregulation of two genes was observed, namely of
nuclear receptor subfamily 4, group A, member 2 (Nr4a2/Nurrl) and neuronal PAS
domain protein 4 (Npas4; Ibi et al., 2008).
mRNA expression profiling in pharmacological animal models
The neuropharmacological animal models for schizophrenia are based on specific
neurotransmitter systems (typically dopamine (DA) and glutamate).
Psychotomimetic substances (DA agonists, N-methyl-D-aspartate (NMDA)
antagonists) have been used to generate schizophrenia-like symptoms in animals. In
rodents, phencyclidine (PCP) and other antagonists of the NMDA-type glutamate
receptor produce positive and negative symptoms, and cognitive disturbances
remarkably similar to those observed in schizophrenia patients (BubenikovaValesova et al., 2008). Animals in which these symptoms were induced by PCP or
related compounds have therefore been considered to represent useful
pharmacological models for this complex disorder. A single administration of PCP
during the late foetal or early postnatal period in rats (corresponding to the third
trimester of human pregnancy) produced behavioral symptoms indicative of NMDA
receptor blockade lasting for 8 to 10 hours and resulted in increased neuronal death
by apoptosis (Ikonomidou et al., 1999). Acute and chronic prenatal or neonatal
administration of PCP to rats led to changes in behaviour of the adult animal, such
as hyperlocomotion, impairments in information processing and increased
stereotypic behaviour, and changes in the glutamatergic, dopaminergic and
GABAergic systems (reviewed in Bubenikova-Valesova et al., 2008). The influence
of PCP administration on mRNA expression levels has been reported already in
2002. Applying a Clontech Atlas glass mouse 1.0 arrays, 28 genes have been found
to be upregulated (including tyrosine 3-hydroxylase, Th) and 45 genes were
downregulated (including voltage-gated potassium channel, subfamily H (eagrelated), member 1, Kcnhl) in mice injected with PCP once a day for 24 days
(Toyooka et al., 2002). Using newer microarrays representing more genes and
following acute PCP treatment, mRNA expression changes in 477 genes have been
observed in adult rat prefrontal cortex (PFC), a brain area associated with cognitive
dysfunction in schizophrenia. One of the downregulated genes was voltage-gated
K* channel Kcna4 (Kaiser et al., 2004), yet another potassium voltage-gated
17
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channel gene differentially expressed in an animal model for schizophrenia. The
observed upregulation of c-fos, Klf2, Nr4a3, Klf4 has been confirmed in an
independent study that also reported the upregulation of Leiomodin 2 (Lmodl) in
the thalamus of male rats following acute PCP administration at PND 50 but not at
PND 8, suggesting that Lmodl may be involved in the age-dependent onset of druginduced schizophrenia-like psychosis (Takebayashi et al., 2009).
Another antagonist of the NMDA receptor is ketamine, a PCP derivative (Annetta
et al., 2005). In the to our knowledge only report on the genome-wide analysis of
mRNA expression following ketamine administration, 50 genes have been found to
be differentially expressed in the combined hippocampus, amygdala and
hypothalamus regions of singly injected mice (Lowe et al., 2007). A number of the
differentially expressed genes is associated with tissue/organ/system development,
such as gastrulation brain homeobox 2 (GBX2) and early growth response 2 (EGR2)
(Chen et al., 2009; De et al., 2005), or cancer/apoptosis, such as protein kinase C
delta (PRKCD), secreted phosphoprotein 1 {SPP1/OPN), prostaglandinendoperoxide synthase 2 (Ptgs2; also named cyclo-oxygenase 2, COX-2) and
growth arrest and DNA-damage-inducible 45 gamma (GADD45g) (Basu, 2003; de
Moraes et al., 2007; Sheikh et al., 2000; Wai et al., 2004). The investigators
followed up on Troponin Tl (Tnntl) since this gene showed consistently strongly
(2- to 4-fold) elevated expression in the brains of treated mice and was found to be
exclusively regulated by FoxOl, a gene thought to be involved in metabolic
pathways and energy homeostasis (Lowe et al., 2007). The activation of FoxOl in
the hypothalamus of normal mice increases food intake and body weight, whereas
its inhibition decreases both processes, suggesting that FoxOl indeed plays a role in
central energy homeostasis and hunger/appetite behaviours (Kim et al., 2006).
Weight gain and abdominal adiposity may be central to the pathophysiology of the
metabolic syndrome observed among neuropsychiatrie patients (Holt et al., 2004),
and Tnntl may be the link between ketamine and weight gain (Lowe et al., 2007).
A further antagonist of the NMDA receptor is MK-801 or dizocilpine (Woodruff et
al., 1987). The effect of MK-801 on mRNA expression levels following spinal cord
injury (SCI) has already been analysed in 2002 (Nesic et al., 2002). Although SCI is
not linked to schizophrenia, it is still of interest to compare the effects of the
NMDA receptor antagonists PCP, ketamine, and MK-801 following SCI. One hour
after traumatizing adult male Sprague-Dawley rats, the mRNA levels of 165 genes
and expressed sequence tags (ESTs) were changed on rat neurobiology U34
microarrays (Affymetrix). The affected mRNA levels were mostly of genes that are
involved in transcription, inflammation, cell survival and membrane excitability.
Intrathecal administration of MK-801 directly to the injury site at 1 hour before the
injury and at 1 hour after the injury reversed the effect of SCI on the expression
levels of about half of the SCI-affected mRNAs. Additionally, MK-801 treatment
changed the mRNA levels of 168 genes and ESTs that had not been affected by SCI
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(Nesic et al., 2002). In another study, ischemic insults were induced in fasted male
Wistar rats and hippocampal mRNA levels were analysed with an Affymetrix Rat
Genome 230 2.0 array (31020 probe sets). Directly following the lethal ischemic
insult 967 genes were upregulated in vehicle/IPC versus MK-801/1PC rat brains,
while 926 genes were downregulated. The investigators further investigated the
down regulation of COX-2(Ptgs2) and confirmed by Western blot analysis that at
24 h following lethal ischemia the expression of COX-2/Ptgs2 was substantially
reduced in the vehicle/IPC group in comparison to the vehicle/sham (nonpreconditioned) and MK801/1PC groups. Thus, in this study MK.-801 treatment
increased the expression of COX-2/Ptgs2 while in the study of Lowe et al (2007)
ketamine treatment reduced the expression of this gene (Feng et al., 2007; Lowe et
al., 2007). Since the two studies were published simultaneously, this discrepancy
was not discussed by the authors. The use different conditions (3 mg/kg MK.-801
prior to IPC, followed by lethal ischemia after 72 hours versus a single i.p. injection
of 80 mg/kg ketamine) may explain the discrepancy. In another study, the
influences of MK-801 and the uncompetitive NMDA receptor antagonist
memantine (l-amino-3,5-dimethyladamantane) on brain mRNA expression were
compared (Marvanova et al., 2004). Male adult Wistar rats were i.p. injected with
5-50 mg/kg memantine or 1 mg/kg MK-801 and the posterior cingulate and anterior
retrosplenial cortices were dissected for RNA isolation. Microarray analyses (1090
genes) revealed that 34 genes were regulated by the MK-801 treatment and that 28
genes were differentially expressed by the memantine treatment. Of these, 13 genes
were regulated by both treatments, including nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor, alpha (Nflcbia), neurotrophic
tyrosine kinase, receptor, type 2 (Trk2), heat shock protein 4 (Hspa4/Hsp70), heat
shock protein 5 {Hspa5/GRP78), GDP dissociation inhibitor Gdil 1 (), hippocalcinlike 4 (Hpcal4/NVP-2), glutamate receptor, ionotropic, N-methyl D-aspartate 2B
(Gnn2b/NMDAR2B), Neuromedin Β transporter (Nmbr), neuropeptide Y (Npy),
corticotropin releasing hormone (Crh/CRF), Na+/K+ transporting ATPase 2ß
(Atplb2), Ca ' transporting ATPase-isoform 2 (Atp2b2) and protein phosphatase 2
(formerly 2A), catalytic subunit, beta isoform (Ppp2cb; Marvanova et al., 2004). In
a related study, male Wistar rats were repeatedly i.p. injected with 0.13 mg/kg MK801 once daily for 14 days. Gene expression in the bilateral amygdalae was
analysed with a Rat Expression Array 230A Array spotted with 15923 probe sets
(Affymetrix). Twenty-three genes were downregulated and sixteen genes were
upregulated of which arginine vasopressin (Avp), prostaglandin D2 synthase
(Ptgds), myelin-associated oligodendrocyte basic protein (Mobp; all
downregulated) and insulin-like growth factor binding protein 2 (Igfbp2),
somatostatin receptor 2 (Sstr2), ectonucleotide pyrophosphatase/phosphodiesterase
2 (Enpp2) and Ttr (upregulated) were confirmed by qPCR (Matsuoka et al., 2008).
In the four studies applying MK-801 treatment (Feng et al., 2007; Marvanova et al..
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2004; Matsuoka et al., 2008; Nesic et al., 2002), four different sets of affected genes
have been identified, presumably due to the differences in the use of animals,
injection methods, brain tissues and arrays. The significance of these four gene sets
remains to be established.
The most common hypothesis concerning the aetiology of schizophrenia is the
dopaminergic hypothesis which was built on the finding that the clinical
effectiveness of antipsychotic drugs is related to their affinity for DA receptors.
Since then advances in neurochemical imaging and a further understanding of the
genetic aetiology of schizophrenia have led to the hypothesis that multiple (genetic,
environmental) factors interact, resulting in DA dysregulation in schizophrenia
patients (Howes et al., 2009). It is therefore not surprising that DA receptor agonists
are useful in creating animal models to explore this hypothesis. An example of a
DA receptor agonist is apomorphine (Depatie et al., 2001). Apomorphinesusceptible rats (so-called APO-SUS rats) constitute a model for schizophrenia.
These rats have been pharmacogenetically selected based on their susceptibility for
apomorphine as measured by their gnawing behaviour (>500 gnawing counts in 45
minutes). Extensive characterization of the APO-SUS rats and their phenotypic
counterparts apomorphine-unsusceptible (APO-UNSUS) rats has shown that both
genetic and environmental factors influence the complex phenotype of these rats
(Ellenbroek et al., 2000). Microarray analysis of hippocampal mRNA using Rat
NeuroGEM 2.02 microarrays containing 8478 Sprague Dawley rat nervous system
cDNAs revealed that only one gene was differentially expressed between the two
rat lines, namely Aph-lb. Further analysis showed that the expression difference of
this γ-secretase component was caused by a gene-dosage imbalance, namely one or
two copies of Aph-lb in APO-SUS rats and three copies in APO-UNSUS rats
(Coolen et al., 2005).
Pharmacological models can also be generated by the treatment of animals with
schizophrenia drugs such as olanzapine or clozapine (Geyer, 1998). Olanzapine is a
second-generation antipsychotic agent that exhibits greater 5HT2A than D2
receptor antagonism and has high affinity for a number of other receptors, such as
muscarinic, 1-adrenergic, histamine-H 1, 5HT2A, 5HT2C, 5HT1A, 5HT6, 5HT7,
and 5HT3 receptors (Bymaster et al., 1997). Additionally, olanzapine facilitates
NMDA neurotransmission via its effects on glutamatergic NMDA and AMPA
receptors (Tarazi et al., 2003). To study the influence of chronic olanzapine
treatment, adult male Sprague-Dawley albino rats were administered daily for 21
days with 1 ml olanzapine (2 mg/kg/day, i.p.) and sacrificed 24 h after the last
injection under deep anaesthesia. Gene expression in the frontal cortex was
analysed using an Affymetrix rat genome 230 2.0 array set. The results showed
down regulation of 31 genes and upregulation of 38 genes in the drug-treated versus
control brains. The application of real-time qPCR verified the magnitude and
direction of the changes for a number of significantly affected genes, including
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calbindin 3 (SJOOg), reelin, RGS2, and insulin 2 (Fatemi et al., 2006). Recently,
Duncan et al. (2008) compared the effects of the conventional antipsychotic drug
haloperidol on gene expression with the effects of the atypical drugs olanzapine and
clozapine (Duncan et al., 2008). Haloperidol (1 mg/kg), olanzapine (10 mg/kg), or
clozapine (10 mg/kg) was administered via daily i.p. injection for 7 days to male
C57BL/6 mice. Five hours after the last injection, the mice were sacrificed under
4% halothane anaesthesia. Whole-brain gene expression profiles were analysed
using the Affymetrix GeneChip Mouse Genome 430 2.0 microarrays. Data analysis
revealed that ~12,000 out of over 39,000 transcripts showed > 1.5-fold change by at
least one drug compared with saline-treated controls and 249 transcripts were
coregulated by all three antipsychotic drugs. Twenty candidate genes were chosen
for further expression analysis based on their regulation by multiple drugs, the
chromosomal location of their human orthologs, pattern of expression, or relevant
neurobiological function (Duncan et al., 2008). Some of these genes have been
genetically associated with schizophrenia, namely neuroplastin (Nptn/Sdfrl), numb
homolog (Drosophila)-like (Numbl), proteolipid protein 1 (Pipi), gammaaminobutyric acid (GABA) A receptor, al (Cabrai), and reticulon 4 (Rtn4/NogoA)
(Novak et al., 2002; Passos Gregorio et al., 2006; Petryshen et al., 2005; Qin et al.,
2005; Saito et al., 2007). Thirteen out of the twenty genes showed a statistically
significant change in mRNA expression as determined by qPCR. To examine
whether the changes in mRNA expression had led to changes into protein
expression, whole-brain expression of three of the proteins was analysed with
Western blots. The Kv channel interacting protein 3 (KcnipS) was downregulated in
brain tissues of the haloperidol- and olanzapine-treated rats, K^l.l was upregulated
in the haloperidol-treated rats and NEDD4 was downregulated in the olanzapinetreated rats. The authors hypothesised that the specific effects of multiple
antipsychotic drugs on the expression of four genes regulating voltage-gated ion
channels -potassium voltage-gated channel, Shaker-related subfamily, member 1
(Kcnal), Potassium voltage-gated channel, Shaker-related subfamily, beta member
1 (Kcnabl), KcnipS and Neural precursor cell expressed, developmentally downregulated gene 4 (Nedd4)- may indicate a role for these neuronal regulators in
antipsychotic drug action (Duncan et al., 2008). In another study on clozapinetreated rats, no genes encoding a potassium voltage-gated ion channel have been
found to be deregulated (Kontkanen et al., 2002). Male Wistar rats (-200 g) were
given a single clozapine (25 mg/kg) i.p. injection and sacrificed 1, 6 or 24 hrs after
the drug administration. Gene expression in the prefrontal and anterior cingulate
cortices was analyzed with an Atlas Rat 1.2 Array filter (Clontech) of 1176
sequence-verified cDNAs. In situ hybridization was used to validate the regulation
of 35 genes with the most pronounced changes in the filter array experiments or
their close functional relatives. These genes belong to many different functional
classes. A modest but consistent increase (-15%) of chromogranin A (Chga)
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mRNA was observed in the outer and inner layers of the prefrontal cortex at 6 hrs
after a single clozapine injection. Twenty four hrs after clozapine treatment
synaptotagmin V mRNA was down regulated in the inner layers of the frontal
cortex (~30%), and in the outer and inner layers of the parietal cortex (-15-20%).
These results were consistent with the filter array results. In situ hybridization
confirmed the upregulation (-20%) of calcineurin A mRNA in the inner layers of
the infralimbic cortex 6 hrs after clozapine treatment and a more pronounced
upregulation (-70%) in the inner layers of the frontal cortex 24 hrs after the
treatment. Following a chronic treatment (daily injection for 17 days) with
haloperidol or clozapine, six of the 35 genes were differentially expressed as shown
by in situ hybridization. The chronic clozapine treatment changed the expression of
Chga, Son of sevenless (Sos) and Syntaxin binding protein 1 (Stxbpl/Secl)
(Kontkanen et al., 2002). An effect of such chronic clozapine treatment has been
reported previously for Chga mRNA expression in striatum, nucleus accumbens,
dorsal raphe nucleus and prefrontal cortex (Bauer et al., 2000; Kroesen et al., 1995).
The expression of Inhibitor of DNA-binding 2 (Idi), RAB12, member RAS
oncogene family (RabI2) and Visinin-like protein 2 was changed by chronic
treatment with haloperidol. Interestingly, yisinin-like protein 1 has been found
previously to be down regulated 1 and 24 hrs after a single PCP injection (8 mg/kg)
in the entorhinal cortex and nucleus accumbens of male Sprague-Dawley rats,
respectively (Kajimoto et al., 1995). Investigators who studied previously the effect
of PCP on gene expression in mice (Toyooka et al., 2002) also studied gene
expression in male Institute of Cancer Research mice (Charles River Laboratories)
that received daily subcutaneous injections of clozapine (7.5 mg/kg) for 20 days.
Mice were sacrificed 20 hrs after the last injection and mRNA expression in the
cerebral cortical tissues was analysed with a Clontech Atlas Mouse 1.2 Array
membrane. Of the 1176 genes on this membrane, the expression of potassium
channel Kcnabl and Ptgds was decreased, while the expression of serotonin
receptor type 2 and myelin-associated oligodendrocytic basic protein was increased
(Takahashi et al., 2004). In a more recent study, the chronic effects of haloperidol,
clozapine and phenylpropanolamine (an anorexiant drug used to encourage weight
loss) on 10-12 week old male C57BL6 mice were examined (Mehler-Wex et al.,
2006). Mice were administered with the drugs orally via food pellets daily for 31
days and gene expression in the cortices was analysed using the Murine Genome
U74A Array (Affymetrix) containing -12000 genes. The authors focused on
differentially expressed genes involved in body weight regulation since
antipsychotic drugs such as clozapine are associated with clinically significant
weight gain (Taylor et al., 2000). However, although the mice treated with
clozapine had the highest food intake they weighed significantly less than the
control mice, presumably because the induced weight gain in rodents treated with
antipsychotic drugs is influenced by a variety of factors (Cooper et al., 2008). The
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genes aldolase 3 (Aldo3) and phospholipase C beta 1 (Plebi), involved in glycolysis
and lipid metabolism, respectively, were differentially expressed in the clozapinetreated but not in the haloperidol-treated mice (Mehler-Wex et al., 2006),
suggesting that these genes are involved in the regulation of body weight rather than
in schizophrenia. Although drugs such as haloperidol and the atypical antipsychotic
risperidone may have different receptor affinities, they interfere with neural
plasticity and signal transduction in a similar manner (Feher et al., 2005). Adult
Sprague-Dawley rats were daily injected i.p. with haloperidol or risperidone and
following acute or chronic (4 weeks) treatment gene expression in the
prefrontal/fronto-parieto-temporal cortices was analysed with arrays containing
8000 rat genes. The acute treatment with risperidone affected the expression of
more genes than the acute haloperidol treatment (89 and 28 genes, respectively).
This could be due to the fact that the high-potential D2-, 5HT2- and NA-antagonist
risperidone binds to diverse receptors, while haloperidol acts only as a D2antagonist. Of the 28 genes differentially expressed upon haloperidol treatment, 18
were also differentially expressed following risperidone treatment. In general, each
of the drugs affected genes with specific functions in signal transduction,
transcriptional and translational regulation, protein turnover, and cellular
metabolism (Feher et al., 2005). The effect of chronic risperidone treatment of rats
on mRNA expression levels in the frontal cortex was also studied by Chen and
Chen (2005). The use of GeneMap Rat Clone Arrays containing cDNA fragments
of 1536 genes revealed 17 genes to be differentially expressed, eight of which were
validated by qPCR. None of these eight genes were found to be differentially
expressed in the acute and chronic risperidone study of Fehér et al. (Feher et al.,
2005).
mRNA expression profiling in genetic animal models
In most cases, a genetic animal model for schizophrenia carries a mutation in a gene
involved in brain development (Chen et al., 2006). The mutation is usually in a
dopaminergic or a glutamatergic gene, in line with the use of DA agonists and
NMDA antagonists in pharmacological models for schizophrenia (Gainetdinov et
al., 2001). Examples of dopaminergic and glutamatergic mutant animals include the
DA transporter (DAT), Nurrl and glutamate receptor, ionotropic, NMDA2A
(Gnn2a/NR2A) knockout (KO) mice, and glutamate receptor, ionotropic, NMDA I
(Grinl/NRl) knock down mice (Miyamoto et al., 2001; Mohn et al., 1999;
Spielewoy et al., 2000). To our knowledge, gene expression has not been analyzed
in any of these nor in other dopaminergic or glutamatergic mutant mice, except in
the Nurrl KO mice. Nurrl, an orphan member of the steroid/thyroid hormone
receptor family, is an absolute requirement for the proper development of midbrain
DA neurons. Homozygous Nurrl KO mice fail to generate midbrain DA neurons,
are hypoactive and die soon after birth (Zetterstrom et al., 1997). Gene expression
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has been analyzed in the ventral midbrain of homozygous Nurrl KO mice at
embryonic day 12.5 and PNDO using Affymetrix MGU74Av2 and MGU74Bv2
gene chips. Among the differentially expressed genes were DA-related genes such
as tyrosine hydroxylase (77/) and DAT, and also guanosine 5'-triphospate (GTP)
cyclohydrolase 1 (Gchl/GTPCH), a rate-determining enzyme in the synthesis of
tetrahydrobiopterin (BH4), a cofactor essential for TH (Gil et al., 2007).
Genetic animal models have also been developed on the basis of genes thought to
play an important role in the aetiology of schizophrenia. One of such genes is
Reelin {RELN) (Grayson et al., 2006; Impagnatiello et al., 1998; Kahler et al., 2008)
and therefore the heterozygous reëler mouse, with a reelin insufficiency, has
become of interest as an animal model (Tueting et al., 1999). In the reëler mouse
brain, the expression of the mouse homologue of Strawberry Notch (Sno) was
reduced. In vitro assays have shown that reelin treatment indeed enhanced the
expression of Sno. Being a component of the notch signaling pathway in Drosophila
(Majumdar et al., 1997), Sno thus links the reelin signal to the regulation of
neurogenesis (Baba et al., 2006). A further schizophrenia animal model is
represented by the Dfl/+ mouse because it carries a hemizygous deletion from Es2
to Ufdll (referred to as Dfl (Lindsay et al., 1999)), a region syntenic with a human
22qll deletion causing DiGeorge syndrome; 35% of the DiGeorge syndrome
patients develop schizophrenia (Jurata et al., 2006). In hippocampal dentate granule
neurons of 10-weeks-old Dfl/+ mice, two genes with a ribosomal protein function
(Rps2 and Arbp) have been found to be upregulated. Eleven genes were
downregulated, ten of which were located in the 22q 11 region, including the gene
encoding COMT. The only down-regulated gene not located in the deleted region
was B-cell CLL/lymphoma 7a (Bcl7a), a gene with an unknown function (Jurata et
al., 2006). Other genetic animal models for schizophrenia concern mice lacking the
protein kinase C interacting protein/histidine triad nucleotide binding protein 1
(PKCI/HINT1) (Barbier et al., 2007; Vawter et al., 2004), brain-derived
neurotrophic factor (BDNF) (Gorski et al., 2003; Kernie et al., 2000; Lyons et al.,
1999), neural cell adhesion molecule (Ncam) 180 (Wood et al., 1998), cyclindependent kinase 5 (Cclk.5) (Ohshima et al., 1996), neural PAS domain protein 3
(NPAS3) (Erbel-Sieler et al., 2004) or LIM homeobox protein 5 (Lhx5) (Paylor et
al., 2001), mice carrying a mutation in proline dehydrogenase 2 (PRODH2) (Gogos
et al., 1999), Disrupted-in-Schizophrenia-1 (DISCI) (Li et al., 2007; Pletnikov et
al., 2008) or neuregulin-1 (Karl et al., 2007) as well as the Chakragati (Ckr) mouse
(Torres et al., 2004). No gene expression analyses have been performed on any of
these genetic animal models.
This overview of the microarray analyses performed in animal models for
schizophrenia illustrates that we still can not provide a conclusive answer to the
question which genes play a role in the aetiology of this complex disorder. The
24

Chapter 1 - General Introduction
numerous mRNA expression studies have resulted in even more genes that could
play a role in the onset of schizophrenia than was previously thought.
APO-SUS and APO-UNSUS rat model
In this thesis, the APO-SUS/APO-UNSUS rat model mentioned above is examined.
This model has been generated from Wistar rats on the basis of their susceptibility
to the DA receptor agonist apomorphine and is characterized by dopaminergic
dysregulation. The APO-SUS rats display a high susceptibility to apomorphine, an
increased susceptibility to dopamimetric drugs, an increased expression of TH
(arcuate nucleus and substantia nigra pars compacta) and DA receptor Dl (lateral
caudate putamen) mRNAs, and an increased DA receptor D2 binding in the lateral
and medial caudate putamen when compared to APO-UNSUS rats (Cools et al.,
1990; Ellenbroek et al., 2000; Rots et al., 1996a). The pharmacogenetic selection
has been performed twice, independently and with a decade difference in time,
resulting in the so-called original and replicate APO-SUS and APO-UNSUS rat
lines (Ellenbroek et al., 2000). The genetic and epigenetic background of both the
original and replicate rat lines have been studied (Coolen et al., 2006a; Coolen et
al., 2006b; Coolen et al., 2005; Van Loo et al., 2007). The APO-SUS and APOUNSUS rats differ not only in their dopaminergic pathway, but also in a number of
other aspects. For example, APO-SUS rats display a reduced propulse inhibition
(PPI) (Ellenbroek et al., 1995), a relative dominance of type 2 helper Τ cells
(Kavelaars et al., 1997), an increased occurrence of periodontitis (Breivik et al.,
2000), and a reduced sensitivity for (lung) cancer/metastasis (Teunis et al., 2002)
and rheumatoid arthritis (Van de Langerijt et al., 1994) relative to APO-UNSUS
rats. Interestingly, schizophrenia patients also display abnormalities in their brain
information processing and immune system (Braff et al., 1990; Leucht et al., 2007).
The rats also differ in their neuroendocrine systems. The APO-SUS rats from the
original line have a hyperactive hypothalamic-pituitary-adrenal (ΗΡΑ) axis
compared to APO-UNSUS rats. In the plasma of APO-SUS rats the basal and
stress-induced levels of adrenocorticotropic hormone (ACTH) are higher and this
difference in the ΗΡΑ-axis seems to occur earlier in the development of the rats
than the difference in the dopaminergic system (Rots et al., 1995; Rots et al., 1996b;
Rots et al., 1996c). Interestingly, in schizophrenia patients higher basal levels of
ACTH and an hyperactive ΗΡΑ-axis have also been described (Ryan et al., 2004;
Walker et al., 2008; Walsh et al., 2005). On the basis of the above, the APO-SUS
rats have been proposed to represent a model with features reminiscent of
characteristics displayed by schizophrenia patients (Ellenbroek et al., 1995).
Scope and outline of this thesis
The aim of this thesis was to identify candidate genes associated with
schizophrenia. To this end, two research lines were pursued. The APO-SUS rats
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were studied to get an insight into the molecular pathways underlying their
dopaminergic dysregulation and to get more information on the connection between
the ΗΡΑ-axis and the dopaminergic pathway. Furthermore, human genetic
association studies were performed to identify non-synonymous SNPs in
neurodevelopmental genes associated with schizophrenia.
Chapter 2 describes mRNA expression profiling in various APO-SUS and APOUNSUS brain regions. The analysis using an Affymetrix GeneChip® Rat Exon 1.0
ST Array harbouring 27,342 transcripts reveals that besides the previously reported
Aph-lb only one other gene, encoding the potassium channel-interacting protein
KCnlPl, is significantly differentially expressed with a similar regulation
(upregulated) in the brain tissues from both the replicate and original APO-SUS
rats. We discuss the possible implication of this finding for the APO-SUS/APOUNSUS rat model and for the complex disorder schizophrenia.
Chapter 3 reports a difference between the original and replicate APO-SUS/APOUNSUS rat lines with respect to the activities of their ΗΡΑ-axes. It has been
reported previously that the APO-SUS rats from the original lines display a
hyperactive ΗΡΑ-axis (Rots et al., 1995) and we here measure ACTH and free
corticosterone to replicate these findings. However, we find that APO-SUS rats
from the replicate line do not display a hyperactive ΗΡΑ-axis. We therefore
challenge the previously hypothesized synergistic relationship between the HPAaxis and the dopaminergic pathway. Furthermore, we describe the role of a nonsynonymous SNP in corticosteroid-binding globulin (CBG), a SNP that has
previously been associated with affected free-corticosterone levels (Smith et al.,
1991).
Chapter 4 communicates an association study on 396 selected non-synonymous
SNPs in three independent Caucasian schizophrenia case-control cohorts. A meta
analysis shows ten SNPs that are associated with schizophrenia. Correction for
multiple testing reveals SNP rs6336 in neurotrophic tyrosine kinase receptor
(NTRK1, better known as TRKA) as the most attractive SNP for further study. We
discuss the potential role of this SNP and of TRKA in schizophrenia.
Chapter 5 examines TRKA SNP rs6336 in, besides the three cohorts reported in
Chapter 4, an additional five independent Caucasian schizophrenia case-control
cohorts. In this study, the SNP is found as a risk allele in five cohorts, whereas it
acts as a protective allele in three cohorts. We discuss the dual character of this SNP
and speculate on possible causes for this duality.
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In the general discussion (Chapter 6), the results described in chapters two to five
are discussed and placed in a broader context.
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Chapter 2 - Gene expression in a rat model for complex phenotype
Abstract
Animal models allow insights into complex neurodevelopmental disorders.
Apomorphine-susceptible rats (so-called APO-SUS rats) provide a model that
displays a complex phenotype with schizophrenia-related features and together with
its phenotypic counterpart (APO-UNSUS rats) has been independently generated
twice (original and replicate rat lines). To understand the molecular basis
underlying this phenotype, we here performed mRNA expression profiling in
various APO-SUS and APO-UNSUS rat brain regions. The expression of only the
previously reported Aph-lb and the newly discovered KCnIPl (a member of the
potassium channel-interacting protein family that is known to modulate neuronal
channel activity) was significantly different in the APO-SUS and APO-UNSUS rats
from both the original and replicate rat lines. Thus, KCnIPl may constitute a novel
candidate gene playing a role in the complex phenotype of the APO-SUS/APOUNSUS rat model and further studies on this gene are warranted.
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Introduction
In order to get a better insight into the aetiology of complex neuropsychiatrie
disorders such as schizophrenia, in the last decades a number of animal models
have been developed. Animal models have drawbacks in that some symptoms of
neuropsychiatrie disorders (e.g. delusions and hallucinations in schizophrenia) can
not be reproduced in rodents and even not in non-human primates. Furthermore, to
validate animal models a well-established genotype and a cellular phenotype or
another biological marker is often lacking. Nevertheless, animal models provide
new insights into the pathophysiology and aetiology of complex
neurodevelopmental disorders (Lipska et al., 2000). For instance, animal models
allow studies on the role of genetic and environmental factors in the aetiology of the
disorders. In addition, the models are being used to identify molecular pathways
and neuronal circuits that are responsible for specific neural abnormalities and their
associated behavioral impairment.
For our research, we use rats selected for a high susceptibility to the dopamine (DA)
receptor agonist apomorphine (so-called APO-SUS rats). These rats display also an
increased susceptibility to dopamimetic drugs, an increased expression of both
tyrosine hydroxylase and DA receptor Dl mRNA, and an increased DA receptor D2
binding when compared to rats with a low susceptibility to apomorphine (APOUNSUS rats) (Cools et al., 1990; Ellenbroek et al., 2000; Rots et al., 1996a).
Dopaminergic dysregulation has been observed in schizophrenic patients as well
(Compio et al., 2006; Muller-Spahn et al., 1998). Furthermore, as in schizophrenia
the disturbances in the dopaminergic system occur from adolescence onwards. For
instance, in the lateral caudate putamen of 10- and 18-days old APO-SUS and
APO-UNSUS rats dopamine Dl receptor expression was not different, while in this
brain area an increase in expression was detected at the age of ~60 days (Rots et al.,
1996a; Rots et al., 1996c).
The APO-SUS and APO-UNSUS rats differ not only in their dopaminergic
pathway, but also in their information processing, neuroendocrine and immune
systems. For example, APO-SUS rats display a reduced prepulse inhibition (PPI)
(Ellenbroek et al., 1995), an increased hypothalamus-pituitary-adrenal axis response
to stress (Rots et al., 1996b), a relative dominance of type 2 helper Τ cells
(Kavelaars et al., 1997), an increased occurrence of periodontitis (Breivik et al.,
2000), and a reduced sensitivity for (lung) cancer/metastasis (Teunis et al., 2002)
and rheumatoid arthritis (Van de Langerijt et al., 1994) relative to APO-UNSUS
rats. Interestingly, epidemiological studies have shown that schizophrenic patients
have a reduced PPI (Braff et al., 1990), a higher prevalence of bacterial
(tuberculosis) and viral (HIV, hepatitis B/C) infections and dental problems, and a
lower risk of cancer and rheumatoid arthritis (Leucht et al., 2007). Thus, the APOSUS characteristics other than its dopaminergic susceptibility are also reminiscent
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of features observed in schizophrenia. A number of the APO-SUS characteristics
(and indeed of the schizophrenia characteristics) have not been found in other
neuropsychiatrie or apomorphine-related disorders. For example, no link has been
found between bipolar disorder and cancer risk (Hippisley-Cox et al., 2007) or
between Parkinson's disease and rheumatoid arthritis (Rugbjerg et al., 2009).
Crossbreeding experiments have shown that, like in schizophrenia, genetic factors
contribute to the phenotype of the APO-SUS/APO-UNSUS rats (Abel, 2004;
Ellenbroek et al., 2000). Moreover, cross-fostering of APO-SUS pups (by an APOUNSUS mother) significantly reduced apomorphine-induced gnawing in the adult
APO-SUS rats, whereas maternal deprivation of APO-UNSUS pups resulted in
increased apomorphine-induced gnawing of these rats later in life (Ellenbroek et al.,
2000). The two phenotypes can therefore be permanently reversed by experiences
during critical periods in early life (environmental factors). Based on the abovementioned findings, the APO-SUS rats have been proposed to represent a model
displaying features reminiscent of schizophrenia (Ellenbroek et al., 1995).
The pharmacogenetic selection for apomorphine susceptibility has been performed
twice, independently and with a decade difference in time, resulting in the so-called
original and replicate APO-SUS and APO-UNSUS rat lines (Ellenbroek et al.,
2000). Hippocampal mRNA expression profiling using the Rat NeuroGEM 2.02
microarray (8,478 transcripts), which represents less than a third of the genes
known to date, has shown that in both the original and replicate rat lines only one
gene was differentially expressed, namely anterior pharynx defective 1 homolog Β
(Aphlb) (Coolen et al., 2005); the Aphlb protein is a component of the γ-secretase
complex that cleaves many type I transmembrane proteins (Shirotani et al., 2004).
In order to identify differentially expressed genes other than Aphlb and to get a
more comprehensive insight into the pathways underlying rats with a dysregulated
dopaminergic system, we now performed mRNA expression profiling in a number
of brain regions of the APO-SUS and APO-UNSUS rats with an Affymetrix
GeneChip® Rat Exon 1.0 ST Array harbouring 27,342 transcripts and thus covering
most of the rat transcriptome.
Materials and methods
Animals
The generation of the APO-SUS and APO-UNSUS Wistar rat lines with a high or
low susceptibility for apomorphine, respectively, has been described previously for
the replicate and original lines (Cools et al., 1990; Ellenbroek et al., 2000). Rats
were bred and reared in the Central Animal Facility of the Radboud University
Nijmegen under approved animal protocols and in accordance with institutional
guidelines. Rats were tested for their apomorphine susceptibility two weeks before
decapitation. Adult (~ 250 g) male APO-SUS and APO-UNSUS rats were injected
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with apomorphine (1.5 mg/kg subcutaneously) and gnawing scores were measured
in a gnawing box for 45 minutes, as described previously (Cools et al., 1990). After
decapitation, the hippocampus, striatum, cortex, and mid- and interbrain (hereafter
referred to as midbrain) were dissected, and the tissues were quick-frozen
immediately following dissection in liquid nitrogen and stored at -80C'C.
Microarray experiment
For mRNA expression profiling, brain tissue samples from APO-SUS and APOUNSUS rats (cortex, striatum and midbrain; each η = 2) were homogenized with the
Tissue Lyser (Qiagen) and total RNA was prepared with TRIzol Reagent
(Invitrogen) and purified and DNase treated on NucleoSpin columns (Bioke). Array
experiments were performed at ServiceXS (Leiden, The Netherlands). Quality
control of the samples was performed with the Bioanalyzer (Agilent). The
Aftymetrix Transcript (WT) Single-Stranded Target Labeling Kit and Control
Reagents were used to synthesize Biotin-labeled Single-Stranded cDNA. The
Aftymetrix protocols were strictly followed for hybridizations, washing, staining
and scanning of the Affymetrix Rat Gene-1.OST Genechips. All data were within
the quality control specifications, according to Affymetrix Command Console
specifications.
Microarray data analysis
The Affymetrix Command Console CEL output files were analysed using
GeneSpring GX software (Agilent Technologies). Intensity values were normalized
and summarized using robust multi-array analysis (RMA) for each brain tissue.
Transcripts were filtered at the level of expression (20.0 - 100.0th Percentile). For
cortex, striatum and midbrain samples this resulted in 22481, 22478, and 22351
transcripts, respectively. Normalized intensity values were used to determine the
fold-change ratio for each transcript as an average normalized expression ratio of
intensity for APO-SUS versus APO-LTNSUS. Expression levels were statistically
compared using a two-tailed Student's t-Test with equal variance. Statistical
significance was set at a p-value of less than 0.05. p-Values were not corrected for
multiple testing since the differences in expression of all interesting genes found on
the microarrays were replicated and validated by quantitative PCR.
Real-time quantitative reverse transcriptase-PCR
Three gene transcripts found on the microarrays to be differentially expressed
(RGD1303232, Ke2, and LOC692042) were validated by quantitative PCR (qPCR;
η = 4), showing the validity of the microarray results. Furthermore, the differential
mRNA expression detected by microarray analysis was replicated using qPCR (n =
8). For this purpose, total RNA from hippocampus was prepared with TRIzol
Reagent (Invitrogen). Genomic DNA was removed from the RNA using DNasel (1
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U/μΙ; Fermentas) following manufacturer's instructions. The reverse transcription
reaction was performed using the RevertAid™ H Minus First Strand cDNA
Synthesis Kit (Fermentas) according to manufacturer's instructions. The 10 μΐ
qPCR reaction mixture contained 3 μΐ of 13.3-fold diluted cDNA, lx Absolute
SYBR Green mix (Thermo Scientific) and 4 μΜ forward and reverse primer
(Biolegio). Pipeting was performed with a CAS-1200 robotic workstation (Corbett
Robotics). Primers were designed using Primer Express 2.0 (sequences available
upon request). Amplification was performed on a Corbett Life Science Rotor-Gene
6000 using the following protocol: denaturation for 15 min at 950C and 40 cycles of
15 s 950C, 15 s 60oC, 45 s 720C. SYBR Green fluorescence was measured at the
end of the extension step (720C). After amplification, amplified DNA was
dissociated by a melt from 720C to 950C. SYBR Green fluorescence was measured
during this step to confirm single amplicon amplification. Serial dilutions of cDNA
standards were used to determine the efficiency of each primer set. Critical cycle
threshold (Ct) values were determined using Rotor-Gene 6000 Series Software
(Corbett Research) and the relative expression of the gene of interest (GOI) was
expressed as a ratio of the GOI to ß-actin using the formula according to Pfaffl
(2001).
Results
In an attempt to identify the genes that are differentially expressed in the brains of
rats with a dysregulated dopaminergic pathway, we determined the mRNA
expression profiles in cortex, striatum and midbrain of adult rats from the replicate
APO-SUS and APO-UNSUS lines. In cortex, striatum and midbrain, 73, 93 and 42
transcripts, respectively, were significantly (p<0.05) differentially expressed with a
fold change over 1.3 (fc > 1.3). Seven transcripts, including Aphlb, were
significantly differentially expressed in all of the three tissues (fc > 1.3; table la).
Fifteen transcripts tended to be differentially expressed (fc > 1.3) in all of the three
tissues, although not significantly (table lb). Thirteen transcripts were nearly
significantly differentially expressed (p<0.1) in the three tissues with an > 1.3-fold
change in at least one tissue and an > 1.2-fold change in the other two tissues (table
1 c). Of these thirteen transcripts six represented ribosomal protein L38 (Rpl38), a
gene displaying nucleotide sequence similarity with regions on nearly all rat
chromosomes. To examine whether the thirty-five transcripts that were
differentially expressed in the three brain tissues would be differentially expressed
in other tissues as well, we analyzed the mRNA expression levels of twenty-one of
these genes by qPCR on hippocampal mRNA of APO-SUS and APO-UNSUS rats
from the replicate lines. The expression of seventeen genes (81%) was indeed
differentially regulated in the hippocampus similar to that in the other three tissues
with the difference being significant in eleven cases (52%; p<0.05; table 1). To
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Table 1. Differentially expressed genes in brain regions from APO-SUS and APO-UNSUS rats.
Shown are the Affymetrix transcript IDs, gene symbols, fold change in cortex, striatum and midbrain
of APO-SUS versus APO-UNSUS rats from the replicate lines as determined by microarray analysis,
uncorrected p-values, fold change in hippocampal (hippoc.) mRNA expression in APO-SUS versus
APO-UNSUS rats from the replicate and original lines as determined by qPCR and the
corresponding p-values (p). (a) Genes significantly (p<0.05) differentially (fold change > 1.3)
expressed in all three tissues, (b) Genes differentially (fold change > 1.3) expressed in all three
tissues, (c) Genes with a tendency toward differential expression (p<0.1) in the three tissues with an
> 1.3-fold change in at least one tissue and an >1.2-fold change in the other tissues. 5S ribo. RNA =
5S ribosomal RNA, U1=U1 spliceosomal RNA, ENS=ENSRNOG037554
a
Transcripts
ID
10710295
10715400
10719648
10739195
10839767
10882391
10918364
b
Transcripts
ID
10828442
10769131
10837226
10704133
10769870
10746894
10918368
10732265
10830970
10766998
10798025
10805313
10703508
10788858
10741956
c
I ransmpts
ID
10704895
10812667
10831728
10916028
10720531
10802691
10934530
10774359
10790525
10825236
10842436
10861676
10910458

Gene Symbol
Acsni3
RGI) 1303232
Zfp61
Rpl38
Chchd5_prcd
Nbll
Aphlb

Cortex
fold. : hange
2 43 down
1 86 up
1 85 up
1 34 down
1 70 up
1 36 up
2 16 down

Rps2rl
Pseudog chrl
Ul
Ccdc5
LOC692042
Histonc H2A Ζ
Kcnipl

Cortex
Cold.;hange
1 39 up
1 45 up
1 56 up
195 up
1 59 down
193 down
1 57 down
1 41 up
1 57 down
1 73 down
1 32 down
142 up
1 36 down
1 95 up
1 33 up

Gene Symbol
Zip 180
Grm2
Vps52
Dcps
LNS
Acaa2
LOC680353
Rpl38
Rpl38
Rpl38
Rpl38
Rpl38
Rpl38

Cortex
told change
1 21 up
134 down
1 37 down
144 up
1 28 up
1 28 down
1 33 down
134 down
1 34 down
1 34 down
1 36 down
1 34 down
1 34 down

Gene Symbol
Ke2
Cacybp
Duspl9jrcd
Lairl
Nitl
5Sribo RNA
Aphlb

inno

Ρ
0 003
0013
0013
0 021
0 036
0 009
0 005

Microarray dataι
Striatum
Midbrain
fold ιchange
Tolde:hangc
Ρ
Ρ
2 42 down 0 001 I 67 down 0 007
0014 I 83 up
1 83 up
0 005
1 82 up
0 007 1 50 up
0015
1 45 down 0 045 1 33 down 0031
1 73 up
0 028 1 70 up
0 034
1 50 up
0 005 2 05 up
0 001
2 18 down 0 006 1 90 down 0 003

qPCR
Hippoc replicate Ime
fold change
Ρ
160 down <0 000l
1 87 up
0 071
3 25 up
<0 000l
1 45 down 0019
1 79 up
<0 000l
1 65 up
0 001
ΝΑ

Ρ
0 033
0 000
0 003
0 036
0 027
0 057
0 062
0 097
0 150
0 161
0 167
0 190
0317
0 322
0 366

Microarray dataι
Striatum
Midbrai η
fold ιchange
Tolde.hange
Ρ
Ρ
1 49 up
0 057 142 up
0 005
137 up
0 112 1 32 up
0 030
0 190 1 74 up
0 054
1 43 up
2 22 up
0 002 196 up
0 057
1 43 down 0 038 132 down 0 075
2 01 down 0 160 1 31 down 0 406
I 69 down 0017 143 down 0 009
1 45 up
0 107 1 36 up
0 064
I 46 down 0 071 1 74 down 0 148
3 45 down 0 005 2 73 down 0 085
1 94 down 0 062 1 66 down 0 083
1 50 up
0 196 1 36 up
0 232
2 27 down 0 025 2 07 down 0 099
2 25 up
0 339 2 24 up
0 339
0 070 1 30 up
1 92 up
0116

qPCR data
Hippoc replicate Ime
Hippoc original line
fold change
fold. change
Ρ
Ρ
1 48 up
0 033
1 44 up
0 076
137 up
104 down ns
ns
4 23 down <0 00()1 2 15 up
<0()00l
ΝΑ
8 72 down OOOOI
1 21 down ns
NA
ΝΑ
NA
ΝΑ
NA
2 66 up
<0 0001 1 20 up
0 081
2 76 down 0051
1 52 up
ns
ΝΑ
NA
ΝΑ
NA
1 97 up
<0 0001 1 21 down 0 027
001 up
0 061
1 15 down ns
3 39 down 0 001
1 38 up
0 020
1 83 up
0 020
1 32 up
0 002

Microarray data
Striatum
told(:hange
Ρ
0014
1 32 up
1 30 down 0 034
140 down 0 004
146 up
0018
140 up
0 052
143 down 0014
1 22 down 0 002
1 37 down 0 046
1 37 down 0 046
1 37 down 0 046
1 36 down 0 045
1 37 down 0041
1 37 down 0 046

qPCR data
Hippoc replicate line
Hippoc original line
fold change
fold, change
Ρ
Ρ
1 14 up
ns
NA
1 44 down 0 076
2 35 up
0 0003
1 55 down 0 053
1 52 up
0 029
1 75 up
0017
1 27 up
0 090
ΝΑ
NA
162 down 0 025
190 up
00012
ΝΑ
NA
145 down 0019
1 30 up
0011
1 45 down 0019
1 30 up
0011
0011
145 down 0019
1 30 up
1 30 up
0011
1 45 down 0019
145 down 0 019
1 30 up
0011
1 45 down 0019
1 30 up
0011

0
0
0
0
0
0
0
0
0
0
0
0
0

Ρ
021
059
026
033
060
060
008
031
030
030
006
028
030

Midbrain
fold change
Ρ
0 077
131 up
1 35 down 0 064
129 down 0 004
1 26 up
0 001
123 up
0 025
123 down 0 071
1 26 down 0018
129 down 0015
1 29 down 0014
1 29 down 0014
129 down 0 003
129 down 0 004
1 29 down 0014

data
Hippoc original line
fold. change
Ρ
1 38 down ns
1 14 up
ns
1 31 down 0011
1 30 up
0011
1 04 down ns
1 44 down 0 09
NA
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examine which of the genes that were differentially expressed in the APO-SUS and
APO-UNSUS rats from the replicate lines were also differentially expressed in rats
from the original lines, we analyzed hippocampal mRNA expression in the original
APO-SUS and APO-UNSUS rats. The regulation of mRNA expression of three
genes, namely of Decapping enzyme, scavenger (Dcps), intraflagellar transport
140 homolog (IftNO) and Ke2 (also named prefoldin 6, Pfdn6), showed the same
trend in the replicate and original lines, but their regulation was not significantly
different in the APO-SUS and APO-UNSUS rats from the original lines. Only one
gene, potassium channel-interacting protein KCnIPl, was
significantly
differentially expressed with the same regulation (upregulated) in the brain tissues
from both the replicate and original APO-SUS rats (table 1). The other three
members of the voltage-gated potassium (Kv) channel-interacting protein family
(KCnIP2, -3 and -4) were not differentially expressed (data not shown).
Discussion
This study focussed on the differences in mRNA expression profiles in various
brain regions of APO-SUS and APO-UNSUS rats from the original and replicate
lines. The APO-SUS rats constitute a model for certain aspects of schizophrenia
(Ellenbroek et al., 2002; Ellenbroek et al., 1995; Teunis et al., 2002). Most of the
genes that were differentially expressed in the APO-SUS and APO-UNSUS rats
from the replicate lines were not differentially expressed in the original rat lines.
This remarkable finding suggests that these genes are not directly responsible for
the dopaminergic dysregulation in the APO-SUS rats, a phenotype that is well
established in both the replicate and original rat lines.
Seven transcripts were differentially expressed in three brain tissues from the
replicate APO-SUS/APO-UNSUS rats (fc > 1.3). Since Dcps, Iftl40 and Ke2 were
differentially expressed in both the original and the replicate lines, albeit not
significant in the original line, they may be linked to one or more aspects of the
complex phenotype of APO-SUS rats. Aside from the previously described gene
encoding the γ-secretase component Aph-lb (Coolen et al., 2006; Coolen et al.,
2005), the only other gene significantly higher expressed in APO-SUS than APOUNSUS rats from both the original and the replicate lines was KCnIPl, a member
of the potassium channel-interacting protein family (also named KChlPs). The
results of a number of studies suggest that KCnIPl may well represent a candidate
gene linked to the dopaminergic dysregulation of the APO-SUS rats and the APOSUS phenotype in general. First, KCnIP3 knockout mice show complex
neurological phenotypes (Cheng et al., 2002; Lilliehook et al., 2003; Pruunsild et
al., 2005), suggesting a role for KCnlPs in brain development and function; KCnIPl
knockout mice have not been described. Second, in mice treated with conventional
and atypical antipsychotic drugs, four of the observed 249 differentially expressed
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genes were linked to voltage-gated potassium (Kv) channels, including KCnIP3.
The fact that in these drug-treated mice KCnIP3 was downregulated in the
hippocampus, prefrontal cortex and ventral tegmental area suggests that this KCnIP
family member may play a role in mesocortical dopamine neuronal firing (Duncan
et al., 2008). Such firing is believed to be dysfunctional in schizophrenia and may
underlie cognitive deficits (Abi-Dargham, 2004). Other aspects of the APO-SUS
phenotype may be linked to KCnIPl as well. KCnIPs have been shown to modulate
neuronal and cardiac A-type Kv4 channels (An et al., 2000; Rhodes et al., 2004)
that have been implicated in multiple disorders, including immune disorders, cancer
and epilepsy (Hong et al., 2003; Strauss et al., 2000; Wang, 2004). Interestingly,
APO-SUS rats show a different immune system (Kavelaars et al., 1997), a lower
risk of developing (lung) cancer (Teunis et al., 2002) and more spike wave
discharges associated with absence epilepsy when compared to APO-UNSUS rats
(de Bruin et al., 2000). Thus, multiple aspects of the complex phenotype of APOSUS rats may result from an affected expression of KCnIPl. Intriguingly, genes
encoding the potassium channels themselves have been implicated in the aaetiology
of schizophrenia as well, such as KCNN3 (Tomita et al., 2003) and very recently
KCNH2 (Huffaker et al., 2009). This holds in particular for the latter gene since the
presence of disease-associated SNPs together with compelling, converging evidence
from (functional) brain imaging, mRNA expression and electrophysiological studies
suggests that KCNH2 is a strong contributor to the schizophrenia phenotype
(Horvath et al., 2009). Since gene * environment interactions are known to play a
role in the APO-SUS/APO-UNSUS rat model as well as in schizophrenia, it is of
interest to analyse in future studies the expression of KCnIPl under various
experimental conditions, such as maternal deprivation and cross-fostering. Of
further interest will be to explore the KCnIPl expression pattern in brain areas of
developing APO-SUS and APO-UNSUS rats, as well as of the female rat lines.
In conclusion, in this study we revealed a gene other than Aphlb, namely the gene
encoding the potassium channel-interacting protein KCnIP 1, which is significantly
differentially expressed in a number of brain tissues of APO-SUS and APOUNSUS rats from both the original and the replicate lines. Together with its
characteristics, our findings make KCnIPl an attractive novel candidate gene that
may play a role in the complex phenotype of the APO-SUS rats.
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Chapter 3 - Dopamine sensitivity and HPA-axis
Abstract
A synergistic relationship is thought to exist between hypothalamic-pituitaryadrenal (ΗΡΑ) axis activity and dopamine neurotransmission. To test whether a
high response to dopamine indeed implies a hyperactive HPA-axis, we here used
Wistar rats that were selected twice independently (original and replicate lines) for
a high or low susceptibility to the dopamine receptor agonist apomorphine (socalled APO-SUS and APO-UNSUS rats, respectively). The APO-SUS rats from the
original line displayed a hyperactive HPA-axis in that higher basal and stressinduced adrenocorticotropic hormone (ACTH) levels, and lower basal freecorticosterone levels were observed than those found in the original APO-UNSUS
rats. In contrast, the activity of the HPA-axis in the APO-SUS rats from the
replicate line did not differ from that in the replicate APO-UNSUS rats. Thus, in the
APO-SUS/APO-UNSUS rat model the level of HPA-axis activity is not necessarily
causally linked to dopamine responsiveness, implying that a hyperactive HPA-axis
is not a prerequisite for a high dopaminergic response.
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Introduction
The hypothalamic-pituitary-adrenal (ΗΡΑ) axis governs a hormonal cascade that
has important effects on brain function. The HPA-axis involves the release of
corticotrophin-releasing hormone from the paraventricular nucleus of the
hypothalamus causing the secretion of adrenocorticotropic hormone (ACTH) from
the anterior pituitary gland, which in turn leads to the release of glucocorticoids
(GCs; Cortisol in primates and corticosterone in rodents) from the adrenals.
Although the exact mechanisms are not yet understood, ACTH can directly elevate
gene expression for catecholamine biosynthesis (Serova et al., 2008) and the release
of GC influences dopamine activity in the central nervous system (reviewed in
Czyrak et al., 2003). It has been previously postulated that a synergistic relationship
exists between the HPA-axis and the dopaminergic system (Walker et al., 2008).
For instance, in healthy human subjects a psychosocial stress caused a salivary
Cortisol response that was positively correlated with the level of dopamine release
in the ventral striatum (Pruessner et al., 2004). Moreover, in rats GC suppression by
adrenalectomy resulted in lower levels of extracellular dopamine in the nucleus
accumbens in basal conditions which could be reversed by corticosterone
administration (Piazza et al., 1996).
An interesting animal model to study the previously postulated synergistic HPAaxis/dopaminergic relationship (Walker et al., 2008) involves Wistar rats that were
selected for a high susceptibility to the dopamine receptor agonist apomorphine
(APO-SUS rats) and rats with a low susceptibility to apomorphine (APO-UNSUS
rats; Cools et al., 1990; Ellenbroek et al., 1995). The neuropharmacological
selection from the Wistar rats was performed twice and independently with a time
span difference of a decade, resulting in the so-called original and replicate lines
(Cools et al., 1990; Ellenbroek et al., 2000). Most studies have been performed with
the original APO-SUS and APO-UNSUS rats, and these rat lines differ not only in
their apomorphine susceptibility and therefore their dopaminergic system (Cools et
al., 1993; Ellenbroek et al., 1995), but also in their activity of the HPA-axis. APOSUS rats from the original line have a hyperactive HPA-axis compared to APOUNSUS rats and this difference in the HPA-axis seems to occur earlier in the
development of the rats than the difference in the dopaminergic system (Rots et al.,
1995; Rots et al., 1996a; Rots et al., 1996b).
In view of the above results, we wondered whether a high HPA-axis activity is a
prerequisite for the apomorphine susceptibility of the APO-SUS rats. The
availability of the two separate, independent APO-SUS and APO-UNSUS rat lines
offers a unique opportunity to explore the relationship between dopamine
responsiveness and HPA-axis activity. We therefore here tested the activity of the
HPA-axis (ACTH and corticosterone levels) in APO-SUS and APO-UNSUS rats
from the replicate lines as well as from the original lines. Furthermore, since the
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non-synonymous single-nucleotide polymorphism (SNP) Met He in the gene
encoding corticosteroid-binding globulin (CBG/Serpinaó) is thought to influence
corticosterone binding of the protein (Smith et al., 1991) we screened the APO-SUS
and APO-UNSUS rat genomes for CBG SNPs.
Materials and methods
Animals
The generation of the APO-SUS and APO-UNSUS rat lines with a high or low
susceptibility for apomorphine, respectively, has been described previously for the
replicate and original lines (Cools et al., 1990; Ellenbroek et al., 2000). Rats were
bred and reared in the Central Animal Facility of the Radboud University Nijmegen
under approved animal protocols and in accordance with institutional guidelines.
All rats were reared and housed in macrolon cages (42 χ 26 χ 15 cm; η = 2-3 per
cage) under a fixed 12/12 h light/dark cycle (lights on: 7.00 a.m.) in a temperaturecontrolled room (21 ± 1.7 0 C). Water and food pellets were available ad libitum.
For each group, APO-SUS and APO-UNSUS rats (n = 10 and η = 8 per group for
the original rat lines and replicate rat lines, respectively) were tested for their
apomorphine susceptibility at least two weeks before decapitation. Male APO-SUS
and APO-UNSUS rats at the age of 94±1.5 days (replicate lines) and 132±7.4 days
(original lines) were injected with apomorphine (1.5 mg/kg subcutaneously) and
gnawing scores were measured in a gnawing box for 45 minutes, as described
previously (Cools et al., 1990).
Open-field stress induction
APO-SUS and APO-UNSUS rats were individually housed and for habituation they
were handled twice a day starting four days prior to the open-field test (that took
place between 7.30 and 13.00 h) and decapitation. Rats were placed on a black
square table (160 χ 160 cm; 95 cm elevated above the floor, surrounded by a white
natural background, illuminated by white light of 170 Lux at the middle of the open
field) for a period of 30 minutes. As described by Cools et al. (1990), behaviour
was recorded with a video camera and analysed with a computerised tracking
system (Cools et al., 1990). Rats (η = 4 per group for both the original and replicate
rat lines) were decapitated immediately after the 30-minutes stress induction in a
separate room with no other rats or cadavers present. Decapitation of control APOSUS and APO-UNSUS rats was performed either alternately with the stressinduced rats (n = 6 and η = 4 per group for the original and replicate rat lines,
respectively) or on a separate day alternately with replicate APO-SUS and APOUNSUS rats (n = 7 and η = 8 rats, respectively). The trunk blood of the decapitated
animals was collected in ethylenediaminetetraacetic acid (EDTA)-coated tubes for
plasma and in uncoated tubes for serum. The blood was stored on ice (0-4oC) until
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further processing. After centrifiigation the samples were aliquoted and stored at 20 0 C. The tails of the rats were collected for the isolation of genomic
deoxyribonucleic acid (DNA). The tails were quickly frozen in liquid nitrogen and
stored at -80 o C until DNA isolation.
Determination ofACTH
ACTH was measured in EDTA plasma by a two-step immunoradiometric assay
(IRMA, Dynotest BRAHMS, Berlin, Germany) based on two monoclonal mouse
antibodies directed against different antigenic determinants on the human ACTH(1-39) molecule. The tube was coated with anti-human ACTH-( 15-21) and a Cterminal l 2 5 Iodine labeled anti-human ACTH-(34-39) was used as a detection
signal. Addition of ACTH-fragments 1-17, 1-24 and 7-38 at concentrations up to
4.4 nmol/L did not result in any inhibition of intact-ACTH binding. Within-assay
coefficients of variation (CV) were 7.9, 3.5 and 1.3 % (at 1.0, 9.3 and 173.0
pmol/L, respectively). Between-assay CVs were 16.2, 4.7 and 4.4 % (at 1.1, 2.7 and
5.3 pmol/L, respectively). A functional detection limit of 0.5 pmol/L was
established.
Determination of free corticosterone
In basal conditions the levels of free corticosterone have been found to be different
between APO-SUS and APO-UNSUS rats, while total corticosterone levels were
comparable between the two rat lines (Rots et al., 1996a; Rots et al., 1996b). In this
study, we therefore determined free corticosterone levels. Serum corticosterone was
measured by radioimmunoassy using an antiserum raised against corticosterone-21hemisuccinate bovine serum albumin, as described previously (Sweep et al., 1992).
The percent free corticosterone was assessed by addition of chromatographically
prepurified tritiated corticosterone to 250 μΙ plasma with subsequent ultrafiltration
of a 150 μΐ aliquot in a Millipore Microcon centrifugal ultrafiltration device
(Millipore Corporation, Billerica, MA, U.S.A) equipped with a YM-10 membrane
(10000 M.W. cut-off). Centrifugation took place at 37° C in a preheated Sorvall
RC24 centrifuge (SS34 fixed-angle rotor, Goffin-Meyvis, Etten-Leur, The
Netherlands) at 2500 g. Since variations in the total corticosterone levels would
gloss over the variations in free corticosterone levels, we calculated the percentage
of free corticosterone from the ratio of measured count rates in 50 μΙ aliquots from
filtrate and original serum.
High-resolution melting (HRM)
Genomic DNA was isolated from the tail following the standard protocol of
proteinase Κ and phenol extraction. For amplifying the region encompassing the
Met 276 Ile SNP in CBG, forward (5'-ggtgaacctatacatcccgaaatt-3') and reverse (5'tctttggtgttgcctgagaaatc-3') primers were used. Polymerase chain reaction (PCR)
51

Chapter 3 - Dopamine sensitivity and HPA-axis
amplifications were performed in a total volume of 10 μΐ on a Rotor-Gene 6000
real-time rotary analyzer (Corbett Research, Sydney, Australia). The reaction
IM
mixture contained 10 ng genomic DNA, lx TITANIUM
Taq PCR Buffer
(Clontech), 0.25 mM dNTP, 375 nM forward and 375 nM reverse primers, 1.5 μΜ
SYTO® 9 green fluorescent nucleic acid stain (Invitrogen), and 0.25x
TITANIUM™ Taq polymerase (Clontech). To amplify the amplicon, the cycling
0
0
conditions were as follows: one cycle of 95 C for 3 minutes; 45 cycles of 95 C for
10 seconds, 60 0 C for 15 seconds and 72 "C for 20 seconds. Before the HRM one
cycle of 90 "C for 1 minute and 40 0 C for 1 minute was applied to form random
DNA duplexes. The HRM protocol was a 90-seconds pre-melt at 65 0 C followed by
a gradient rise in temperature from 65 °C to 95 0 C, 0.1 0 C and 1 second per step.
HRM was analyzed with the Rotor-Gene 6000 Series Software using the HRM
(normalized and difference graphs) and melt analysis tools.
DNA sequencing
The PCR fragment generated with the HRM primers and encompassing SNP
Met 276 IIe in rat CBG (see above) was purified by agarose gel electrophoresis and
sequenced using the BigDye® Terminator ν 1.1 Cycle Sequencing Kit (Applied
Biosystems) and the ABI310 machine.
Statistics
Results are presented as means ± standard deviations. An F-test was used to
determine the homogeneity/heterogeneity of the variances. Significance of the
variables was determined with the one-tailed Student's t-test or a t-test with Welch's
correction for unequal variances (depending on the results of the F-test). A p-value
< 0.05 was considered statistically significant (GraphPad Software Ine, San Diego,
USA). Statistical results are presented as the t-value (t), degrees of freedom of the ttest (df) and p-value (p) for the t-test, and F, df and ρ for the one-way analysis of
variance (ANOVA). The nonparametric (Spearman) correlation was used to
calculate correlations (GraphPad Software Ine, San Diego, USA). Statistical results
of this test are presented as correlation coefficient (r) and two-tailed p.
Results
To test whether the level of activity of the HPA-axis is directly associated with the
response to the dopamine receptor agonist apomorphine, APO-SUS and APOUNSUS rats were first tested for their apomorphine susceptibility. As expected,
APO-SUS rats had a high gnawing score (1170 ± 323 and 1212 ± 337 gnaws/45
minutes for the original and replicate rat lines, respectively) and APO-UNSUS rats
had a low gnawing score (23 ± 57 and 4 ± 3 gnaws/45 minutes for the original and
replicate rat lines, respectively). The differences in gnawing scores were highly
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Figure 1. ACTH and free corticosterone levels in APO-SUS and APO-UNSUS
rats in basal and stress-induced conditions. Hormone levels were measured in
plasma (ACTH) and serum (tree corticosterone) Concentrations and percentages
are means ± standard deviations A) ACTH in basal conditions number of APOSUS and APO-UNSUS (UNSUS) rats tested (n) = 6 for the original lines, and η =
11 and 12 for APO-SUS and APO-UNSUS rats from the replicate lines,
respectively B) ACTH in stress-induced conditions η = 4 tor original and replicate
lines C) Free corticosterone (%, ratio of free corticosterone (filtrate) and total
corticosterone (original serum)) in basal conditions η = 6 for original lines and η =
4 for replicate lines * p<0 05,** p<0 01, *** p<0 001
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significant between APO-SUS and APO-UNSUS rats (original lines: t = 12.15, df =
9, ρ < 0.0001 and replicate lines: t = 10.15, df = 7, ρ < 0.0001). Gnawing scores
were comparable between APO-SUS rats from the original and replicate rat lines (t
= 0.05, df = 16, two-tailed ρ = 0.96) and between APO-UNSUS rats from the two
rat lines (t = 1.07, df = 9, two-tailed ρ = 0.31). APO-SUS and APO-UNSUS rats
from both the replicate and the original lines were then exposed to an environmental
stressor (thirty minutes in a new environment on the open field). The distance
walked (step size 16 cm) by rats from the original lines was 4514 ± 1396 cm (n = 3)
and 2842 ± 1818 cm (n = 4) for APO-SUS and APO-UNSUS rats, respectively (t =
1.24, df = 5, ρ = 0.12). Rats from the replicate lines walked 6858 ± 950 cm (n = 3)
and 3998 ± 2619 cm (n = 4) for APO-SUS and APO-UNSUS rats, respectively (t =
1.77, df = 5, ρ = 0.07). The environmental challenge evoked a significant ACTH
response in both APO-SUS and APO-UNSUS rats from the replicate lines. Average
plasma ACTH levels were elevated from 5.00 ± 1.62 pmol/1 to 74.0 ± 22.1 pmol/1
and from 6.00 ± 3.16 pmol/1 to 113.3 ± 28.1 pmol/1 in the APO-SUS and APOUNSUS rats, respectively (figure 1). The average ACTH levels were comparable
between the replicate APO-SUS and APO-UNSUS rats in both basal (t = 0.97, df =
16, ρ = 0.17) and stress-induced conditions (t = 2.20, df = 6, one-tailed ρ = 1.00,
two-tailed ρ = 0.07). The percentage of free corticosterone in basal conditions was
not different between the APO-SUS rats (4.45 ± 0.3%) and APO-UNSUS rats (4.65
± 0.4%; figure 1) from the replicate lines (t = 0.78, df = 6, ρ = 0.23). The ACTH
levels in basal or stress-induced conditions did not correlate with the gnawing
scores (APO-SUS basal: r = -0.40, ρ = 0.75; APO-SUS stress: r = -0.50, ρ = 0.42;
APO-UNSUS basal: r = -0.60, ρ = 0.42; APO-UNSUS stress: r = -0.63, ρ = 0.42).
The percentage of free corticosterone did not correlate with the gnawing scores
(APO-SUS: r =
-0.80, ρ = 0.33; APO-UNSUS: r = -0.32, ρ = 0.75). We next
determined the basal and stress-induced ACTH levels, and basal free-corticosterone
levels in challenged APO-SUS and APO-UNSUS rats from the original lines.
Exposure to the open field evoked a significant ACTH response in the original
APO-SUS rats as well as in the original APO-UNSUS rats. The average plasma
ACTH levels were elevated from 3.93 ± 1.90 pmol/1 to 159.5 ± 24.0 pmol/1 and
from 2.36 ± 0.90 pmol/1 to 95.4 ±18.1 pmol/1 in the APO-SUS and APO-UNSUS
rats, respectively (figure 1). The average ACTH levels were significantly higher in
the APO-SUS rats compared to the APO-UNSUS rats in both basal (t = 1.82, df
= 10, ρ = 0.05) and stress-induced (t = 4.27, df = 6, ρ = 0.003) conditions. The
percentage of free corticosterone in basal conditions was significantly (t = 5.31, df
= 10, ρ = 0.0002) lower in the APO-SUS rats (3.91 ± 0.2%) than in the APOUNSUS rats (4.46 ± 0.1%; figure 1) from the original lines. The ACTH levels in
basal or stress-induced conditions did not correlate with the gnawing scores (APOSUS basal: r = 0.14, ρ = 0.82; APO-SUS stress: r = 0.00, ρ = 1.08; APO-UNSUS
basal: r = -0.29, ρ = 0.56; APO-UNSUS stress: r = 0.00, ρ = 1.08). The percentage
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of free corticosterone did not correlate with the gnawing scores (APO-SUS: r =
-0.54, ρ = 0.30; APO-UNSUS: r = -0.35, ρ = 0.50). The basal ACTH levels were
comparable between APO-SUS rats from the original and replicate rat lines (t =
1.24, df = 15, two-tailed ρ = 0.24). However, the basal ACTH levels of the original
APO-UNSUS rats were significantly lower than the ACTH levels of the replicate
APO-UNSUS rats (t = 3.70, df = 14, two-tailed ρ = 0.002). In stress conditions the
ACTH levels were comparable between APO-UNSUS rats of the original and
replicate lines (t = 1.07, df = 6, two-tailed ρ = 0.33). Yet, the stress-induced ACTH
levels in APO-SUS rats from the original lines were significantly higher than stressinduced the ACTH levels in the replicate APO-SUS rats (t = 5.23, df = 6, two-tailed
ρ = 0.002). The percentage of free corticosterone in basal conditions was
significantly lower in the APO-SUS rats of the original lines than in the APO-SUS
rats from the replicate lines (t = 3.34, df = 8, two-tailed ρ = 0.01), while the
percentage of free corticosterone between APO-UNSUS rats of the original and
replicate lines was comparable (t = 0.92, df = 3, two-tailed ρ = 0.43).

Table 1. Genotype frequencies for the CBG Met 2 7 6 lle SNP in APO-SUS and
APO-UNSUS rats, n, number of animals tested. M, Met homozygote; I, He
homozygote; M/I, heterozygote.
Genotype frequency
Allele frequency
η
M(%)
M/I(%)
I(%)
M(%)
[(%)
Original lines
APO-SUS
25
100
0
0
100
0
APO-UNSUS
25
0
0
100
0
100
Replicate lines
APO-SUS
39
82
18
0
91
9
APO-UNSUS
39
3
23
74
14.5
85.5

M/I
WT

V/M

GGTGAACCTATACATCCCGAAATTCTCCATGTCTGATACCTATGACCTTAAAGACGTGCTGG

HET

GGTGAACCTATACATCCCGAAATTCTCCATITCTGATACCTATGACCTTAAAGACIRTGCTGG

HOM

GGTGAACCTATACATCCCGAAATTCTCCATSTCTGATACCTATGACCTTAAAGACÀTGCTGG

WT
H E T

HOM

AAGACCTGAACATTAAGGACTTGCTCACCAACCAATCAGATTTCTCAGGCAACACCAAAGA
A A G A C C T G A A C A T T Ä A G G A C T T G C T C A C C A A C C A A T C A G A T T T C T C A G G C A A C A C C A A A G A

AAGACCTGAACATTAAGGACTTGCTCACCAACCAATCAGATTTCTCAGGCAACACCAAAGA

Figure 2. Two non-synonymous SNPs in the CBG gene of APO-SUS and APOUNSUS rats. The sequences of the three 123-bp DNA fragments with different
HRM profiles show two SNPs that are highlighted in the sequence. Wild type
(WT), according to Smith and Hammond (1991); HET, heterozygote; HOM,
homozygote minor allele.
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Since SNP Met He in rat CBG has been reported to give rise to affected freecorticosterone levels (Smith et al., 1991), we explored whether the observed
difference in free-corticosterone levels in the APO-SUS and APO-UNSUS rats
from the original lines may be explained by the presence or absence of this SNP.
DNA sequence analysis and HRM profiling showed that the Met 6 allele is present
in all (original line) or most (91%; replicate line) of the APO-SUS rats, and not
(original line) or much less (14.5%; replicate line) in the APO-UNSUS rats (table
1). In the replicate rat lines, the CBG genotype was not related with the percentage
of free corticosterone (one-way ANOVA; F = 1.18, df = 7, ρ = 0.38). Furthermore,
DNA sequence analysis revealed a novel SNP in CBG in perfect linkage
disequilibrium (LD) with Met276Ile, namely Val285Met (figure 2).
Discussion
To get a better insight into the postulated causal relationship between the activity of
the ΗΡΑ-axis and the dopaminergic system (Walker et al., 2008), we investigated
the ΗΡΑ-axis activity in rats with a known difference in their dopaminergic system,
namely the APO-SUS and APO-UNSUS rats. The APO-SUS and APO-UNSUS rat
lines were selected twice, independently from each other and with a decade
difference in time, resulting in the original and replicate lines. The availability of
these rat lines thus provided us with the unique opportunity to examine twice the
hypothesized relationship between the stress and dopamine pathways. As a stressor
we used exposure to a novel environment. Plasma ACTH levels were elevated in
APO-SUS and APO-UNSUS rats from both the replicate and original lines
indicating that the open field is indeed a genuine stressor. In contrast to APO-SUS
and APO-UNSUS rats from the replicate lines, in basal conditions the APO-SUS
rats from the original line showed higher ACTH levels and lower freecorticosterone levels than the APO-UNSUS rats. These results concerning the
original rat lines are consistent with previous studies (Rots et al., 1995). The lower
free-corticosterone levels in the original APO-SUS rats may indicate a lower
threshold or enhanced sensitivity for stress-induced activation of the ΗΡΑ-axis in
these animals, which would lead to higher levels of ACTH (Rots et al., 1995).
However, one has to realize that, although highly significant, the difference in freecorticosterone levels found between the original rat lines is small. Also, in the APOUNSUS rats of the original line the free-corticosterone levels are similar to those in
both replicate lines, whereas the basal ACTH levels in the original APO-UNSUS
rats are lower than those in the three other groups. Yet, in the original APO-SUS
rats the lower free-corticosterone level is accompanied by a higher basal ACTH
level and in the replicate lines comparable free-corticosterone levels occur with
similar basal ACTH levels. Taking these observations concerning the free-
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corticosterone and basal ACTH levels together, we have to conclude that their
physiological significance is at present unclear.
We found that, in contrast to what holds for the rats from the original lines, the
ΗΡΑ-axis activity of the APO-SUS rats from the replicate lines did not differ from
the ΗΡΑ-axis activity of the replicate APO-UNSUS rats. Nevertheless, the replicate
APO-SUS/-UNSUS rats display differential apomorphine susceptibility. A number
of studies have shown the causal relation between the ΗΡΑ-axis and the
dopaminergic system (Czyrak et al., 2003; Piazza et al., 1996; Pruessner et al.,
2004; Serova et al., 2008; Sullivan et al., 1998). Nevertheless, in schizophrenia
patients an altered dopaminergic system may occur without an affected HPA-axis
(Mokrani et al., 1995; Risch et al., 1992). Interestingly, our present results show
that, as in the schizophrenia patients, in the replicate APO-SUS rat model the
dopaminergic system is altered, whereas no differences occur in the HPA-axis.
Thus, although this study does not exclude the possibility of a causal relationship
between the activity of the HPA-axis and the dopaminergic system, we conclude
that a hyperactive HPA-axis is not indispensable for an altered dopaminergic
system. Other factors may as well play a role in the development of a
dysfunctioning dopaminergic system, e.g. the functioning of the dopamine receptor
systems or neuromodulators such as neurotensin (Liang et al., 2010). The fact that
various parameters, one of them being a hyperactive HPA-axis, may lead to an
altered dopaminergic response complicates research on disorders associated with a
dysfunctioning dopaminergic system.
A non-synonymous SNP (Met276lle) in CBG has been proposed to influence CBG
binding of corticosterone resulting in affected free corticosterone levels. The Met to
He substitution results in a reduced steroid-binding affinity of rat CBG (Smith et al.,
1991). The higher amount of free corticosterone in the APO-UNSUS rats of the
original rat lines could therefore be due to the reduced steroid-binding affinity of
276
the ( Ile) CBG protein of APO-UNSUS rats. Besides the methionine to isoleucine
substitution, we discovered a valine to methionine substitution of residue 285 in
276
285
CBG which was in complete LD with this SNP. The Met and Val alleles were
mostly absent in the APO-UNSUS rats and present in the APO-SUS rats from not
only the original but also from the replicate lines. These findings imply that the two
SNPs do not segregate with the levels of free corticosterone because in the replicate
APO-SUS and APO-UNSUS rats these levels were not different and therefore do
not correlate with their CBG genotypes. The one-way ANOVA-analysis of the
results from the replicate lines also indicated that there is no relation between the
CBG genotype and the levels of free corticosterone. Thus, the combination of the
Met276 and Val285 alleles is likely not causing a higher steroid-binding affinity of rat
CBG. To elucidate the effect of the SNPs on steroid-binding activity, the freecorticosterone levels could be determined in the serum of animals in which the
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SNPs are not in complete LD or the binding affinity of recombinant CBG proteins
could be studied.
In conclusion, we found that the APO-SUS/-UNSUS rats from the replicate lines do
not display the same ΗΡΑ-axis activity as the APO-SUSZ-UNSUS rats from the
original lines. Therefore, our study suggests that, in contrast to what has been
hypothesized previously (Rots et al., 1996b), a hyperactive ΗΡΑ-axis is not a
prerequisite for a high apomorphine response.
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Chapter 4 - An association study in three schizophrenia case-control cohorts
Abstract
Schizophrenia is a complex neurodevelopmental disorder that is thought to be
induced by an interaction between predisposing genes and environmental stressors.
To identify predisposing genetic factors, we performed a targeted (mostly
neurodevelopmental) gene approach involving the screening of 396 selected nonsynonymous single-nucleotide polymorphisms (SNPs) in three independent
Caucasian schizophrenia case-control cohorts (USA, Denmark and Norway). A
meta-analysis revealed ten non-synonymous SNPs that were nominally associated
with schizophrenia, nine of which have not been previously linked to the disorder.
Risk alleles are in TRKA (rs6336), BARDI (rs28997576), LAMAS (rs3810548),
DKK2 (rs7037102), NOD2 (rs2066844) and RELN (rs2229860), whereas protective
alleles are in NOD2 (rs2066845), NRGI (rsl0503929), ADAM7 (rsl3259668) and
77VÄ (rs859427). Following correction for multiple testing, the most attractive
candidate for further study concerns SNP rs6336 (q = 0.12) that causes the
substitution of an evolutionarily highly conserved amino acid residue in the kinase
domain of the neurodevelopmentally important receptor TRKA. Thus, TRKA
signaling may represent a novel susceptibility pathway for schizophrenia.
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Introduction
Schizophrenia is a complex disorder with a lifetime risk of - 1 % . The first
symptoms usually manifest during late adolescence or early adulthood, but the
origin of the disorder is thought to be neurodevelopmental (Weinberger, 1987).
Predisposing genes in combination with environmental factors (including prenatal
infections, maternal malnutrition during pregnancy, obstetric complications and
migration) appear to be of importance in the aetiology of schizophrenia (Maki et al.,
2005). Twin studies have shown that schizophrenia is a genetic disorder with a
heritability risk of up to -80%. On the basis of linkage analyses loci on 21 of the 23
chromosomes have been linked to schizophrenia. A meta-analysis has revealed that
chromosomal region 2q, but also Iq, 8p, 22q and other loci, increase susceptibility
to schizophrenia in diverse populations (Lewis et al., 2003). Follow-up studies on
the regions implicated by the genome scans have resulted in positional candidate
genes.
A haplotype in the 5'-region of one of these genes, neuregulin 1 (NRGI; 8pl2),
shows significant association with schizophrenia, but the functional consequence of
this gene variant is unclear. The Vall58Met single-nucleotide polymorphism (SNP)
in the catechol O-methyltransferase (COMT; 22q 11.21) gene has been studied in
many case-control cohorts and is functional, but association with schizophrenia was
not supported by meta-analysis. A number of other candidate genes have been
tested for association with schizophrenia in multiple case-control cohorts. Among
these genes are brain-derived neurotrophic factor (BDNF; Kanazawa et al., 2007),
dysbindin, disrupted in schizophrenia 1 (DISCI), D-amino acid oxidase activator
(DAOA/G72) and proline dehydrogenase (PRODH), reviewed by Karayiorgou et al.
(2006). Nevertheless, variations in these genes would account for the aetiology of
only a small percentage of schizophrenic patients and it is likely that more
polymorphisms in other genes are involved.
Technological advances have resulted in platforms that allow association studies for
hundreds of thousands of SNPs to search for polymorphisms associated with
schizophrenia and other complex diseases. In the last few years, such genome-wide
association (GWA) scans have been reported for complex diseases like bipolar
disorder (Baum et al., 2008) and schizophrenia (Lencz et al., 2007). Associated
SNPs found with such scans often occur with a relatively high minor allele
frequency (MAF) and the functionality of the SNPs is usually not directly apparent.
We therefore decided to perform a screening of non-synonymous SNPs, with a
focus on SNPs that have a relatively low occurrence in the Caucasian population
(MAF <10%). In view of the neurodevelopmental hypothesis of schizophrenia
(Weinberger, 1987), we selected most of the SNPs from coding regions of genes
that are involved in neurodevelopmental processes or otherwise potentially
associated with schizophrenia. The SNPs were tested in three independent
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Caucasian schizophrenia-control cohorts. Here, we report ten SNPs that were found
to be nominally associated with schizophrenia, with a SNP in the neurotrophic
tyrosine kinase receptor NTRK1 (better known and hereafter referred to as TRKLA)
at a nearly significant confidence level following correction for multiple testing.
Materials and methods
Cohorts
USA
The USA cohort consisted of 491 Caucasian schizophrenic patients and 298
unrelated controls. Samples were derived from the PrecisionMed Inc. Human
Biological Sample Bank collection (San Diego, California, USA). Patients (age
50.9 ± 9.8; 333 males, age 50.1 ± 9.9 and 158 females, age 52.6 ± 9.4) were
diagnosed according the Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition (DSM-IV). Controls (age 72.1 ± 14.1; 113 males, age 73.5 ± 13.4 and 185
females, age 71.2 ± 14.5) had no (family) history of neuropsychiatrie disorder and
were recruited from the same geographic region as the schizophrenic patients. All
patients and controls were Caucasian; both parents and all four grandparents had to
be Caucasian for the subject to be enrolled as a Caucasian subject. All subjects had
given written informed consent of participation.
Denmark
The Danish cohort consisted of 383 Caucasian schizophrenic patients and 400
unrelated Caucasian controls. Patients (age 44.6 ± 12.2, age of onset 27.1 ± 8.9; 229
males, age 43.7 ± 11.7 and 154 females, age 45.9 ± 12.8) were clinically diagnosed
with schizophrenia or schizoaffective disorder according to ICD-10. The vast
majority (96%) of the patients were also diagnosed with schizophrenia according to
the DSM-IV standards (Hansen et al., 2007). The majority (87%) of the patients
were ethnical Danish, i.e. the patients and both parents were bom in Denmark,
while in a minor fraction of the cases (13%) one parent was bom in another northwestern European country. The healthy control subjects (age 44.4 ± 12.1; 238
males, age 43.6 ± 11.6 and 162 females, age 45.7 ± 12.6) were recruited among 15
000 blood-donors from the Danish Blood Donor Corps in the Copenhagen area.
Apparent behavioural abnormality was an exclusion criterion and all individuals
stated that they felt completely healthy with a possibility to discuss any healthrelated issues with a physician. The study was approved by the Danish ScientificEthical Committees and the Danish Protection Agency. All patients had given
written informed consent before inclusion into the project. For more detailed
sample description, see Hansen et al (2007).
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Norway
134 schizophrenic patients (age 37.8 ± 10.8; 75 males, age 36.9 ± 9.8 and 59
females, age 38.8 ± 11.6) were recruited from the Oslo TOP (Thematic Organized
Psychoses Research) Study and were selected according to DSM-IV. 195 Controls
were randomly selected from statistical records of persons from the same
catchments area as the patient groups. The control subjects (age 37.0 ± 10.3; 90
males, age 37.5 ± 10.2 and 105 females, age 36.7 ± 10.5) were screened by clinical
interviews and with the Primary Care Evaluation of Mental Disorders (PRIMEMD). The majority of the patients (90%) and controls (85%) were ethnical
Norwegian, i.e. the patient and both parents were bom in Norway, while in rest of
the cases one parent was bom outside Norway in another north-western European
country. All subjects had given written informed consent of participation and the
study has been approved by The Norwegian Scientific-Ethical Committees and the
Norwegian Data Protection Agency. For more detailed sample description, see
Hansen et al (2007).
SNΡ selection
For genotyping, we selected 396 SNPs located in 216 genes that are either involved
in neurodevelopmental processes, or have been reported to be associated with
schizophrenia or another disease (see Supplementary Table 1 for details) and thus
presumably represent functional SNPs. All selected SNPs were non-synonymous,
except for the NRG1 haplotype SNPs. None of the SNPs could be predicted by
another selected SNP (r 2 < 0.80) and the majority of the SNPs has been genotyped
in a database cohort of European descent (NCBI dbSNP Build 126). The number of
SNPs fulfilling the criteria used by us (non-synonymous SNPs and with a MAF
below 10% in HapMap-CEU) is surprisingly limited (in ~3000 brain genes ~500
SNPs). Furthermore, we selected more SNPs (> 40% of the total) with a MAF
below 10% in HapMap-CEU than what generally holds for SNPs selected for
genome-wide analyses (<15% of the total).
Genotyping
SNPs were genotyped using iPLEX™ chemistry on a MALDI-TOF Mass
Spectrometer
by
Sequenom
Inc.
(San
Diego,
CA,
USA,
http://www.sequenom.com). SNP-containing genomic regions were amplified in a
multiplex PCR followed by deactivation of the remaining nucleotides by SAP
treatment. A single-base primer extension step was performed and the primer
extension products were analyzed using MALDI TOF MS. An assay was successful
when over 90% of the samples were genotyped. In the first round of genotyping
(USA cohort) 50 out of the 396 SNP assays failed, with 24 of these having a call
rate between 80 and 90%. In the second round of genotyping (Danish and
Norwegian cohorts) ten out of the 189 SNP assays failed, with two assays having a
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call rate between 80 and 90%. Call rates below 90% were equally divided among
cases and controls (table SI). Three SNPs were genotyped in duplicate and the
duplicates were > 99% in agreement. The genotyping results for SNP rs6336 were
confirmed by applying an allele-specific PCR (primers and conditions available on
request; data not shown).
Statistical analysis
Differences between cases and controls were analyzed by standard contingency
table analysis using two-tailed χ2 test probabilities. Genotype frequencies of the
control samples were tested for the Hardy-Weinberg equilibrium (p<0.05).
Heterogeneity between studies was assessed using the Q Chochran test, and meta
analysis was performed using fixed-effects models. Meta-analysis calculations were
performed using EasyMA2001 (Cucherat et al., 1997). To take multiple testing into
account, false discovery rate (FDR) q-values were calculated using the bootstrap
method within the QVALUE software package. The q-value of a test measures the
minimum FDR that is incurred when calling that test significant. This method is
superior to traditional methods, such as Bonferroni, since it provides a better
balance between the purposes to control false discoveries and to find true positives
(Storey, 2003). Like in other studies using a targeted candidate gene approach (e.g.
Sullivan et al., 2008), in the present study the q-value threshold for declaring
significance was 0.10. To evaluate the putative haplotype block in NOD2, the D'
value was calculated using Haploview 3.32 (Barrett et al., 2005).
Results
For our targeted SNP screening of three independent Caucasian schizophrenia casecontrol cohorts (USA, Denmark, and Norway), we selected non-synonymous SNPs
in neurodevelopmental genes and in genes associated with schizophrenia or nonsynonymous SNPs presumably functional since they were linked to diseases such as
diabetes mellitus or cancer. A total of 396 SNPs (table SI) was initially tested for
association in the USA cohort. In this cohort, 23 SNPs were nominally associated
with schizophrenia (uncorrected p-value <0.05; table S2). Of the 396 SNPs, 189
SNPs were selected for further analysis based on a trend for association with
schizophrenia in the USA cohort, their reported association with schizophrenia or
their MAF (1<MAF<20%). The 189 SNPs were analyzed in two additional
schizophrenia-control cohorts from Europe (Denmark and Norway). In both the
Danish and Norwegian cohort, nine SNPs were nominally associated with
schizophrenia (uncorrected p-value <0.05; table S2).
A meta-analysis revealed that in the three Caucasian cohorts ten SNPs were
significantly (p<0.05) associated with schizophrenia (table 1) and did not deviate
from the Hardy Weinberg equilibrium in the control groups (table SI). The top list
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Table 1. SNPs significantly associated with schizophrenia in a meta-analysis of
three independent Caucasian case-control cohorts. Shown are the number of
individuals genotyped (n), the minor allele frequencies (MAFs in %) of SNPs in
control and schizophrenic patients (SZ cases) groups, the common relative risk
(RR), association (p-value) in a relative risk, fixed model meta-analysis and
association (q-value) following correction for multiple testing.
USA
Controls
GeneSNP

η

MAF
(%)

2.86

480

BARDI
296
rs28997576

1.86

LAMA5
rs3810548

7.31

TRKA
rs6336

η

MAF
(%)

297

Denmark

SZ cases

294

Controls
η

MAF
(%)

6.46

385

489

2.15

488

8.91

Norway

SZ cases
η

MAF
(%)

5.58

378

392

1.66

398

7.29

Controls
η

MAF
(%)

7.14

178

381

3.81

381

9.06

SZ cases

Meta-analysis

η

MAF
(%)

RR

pvalue

q\alue

1.40

122

4.10

1.64

0.001

0,12

183

3.01

128

4.69

1.66

0.017

0,42

186

7.26

130

10.77

1.28

0.029

0,42

H •

DKK.2
296
rsl7037102

8.45

488 10.45 400

8.75

381

10.10

173

6.36

126

10.32

1.25

0.036

0,42

NOD2
rs2066844

290

4.31

487

4.52

398

2.51

381

4.86

177

1.13

130

2.69

1.44

0.038

0,42

RELN
rs2229860

297

0.00

490

0.71

400

0.13

383

0.52

193

0.00

133

0.38

5.18

0.050

0,42

NOD2
rs2066845

297

2.86

486

1.03

399

0.75

381

0.39

180

0.28

129

0.00

0.40

0.006

0,30

17.00 489 15.54 400 20.88

381

17.85

193 22.80

133

16.17 0.85

0.019

0,42

ADAM7
297 36,20 488 30,33 383 32,07 383 29,24
rsl 3259668

191 26.44

130 30,38 0,91

0,049

0,42

TNR
rs859427

171 38,60

124 41,94 0,92

0,049

0,42

NRG1
297
rsl0503929

297 38,55 486 33,64 379 39,13 379 35,09

ζ

of risk alleles consisted of rs6336 in TRKA (C1848T; His598Tyr; chi-squared (χ ) =
10.5098, degrees of freedom (df) = 1, ρ = 0.0012; common relative risk (RR) =
1.641; 95% CI = [1.216;2.215]), rs28997576 in BRCA1-associated RING domain
2
{BARDI; G1743C; Cys557Ser; χ = 5.7222, df=\,v = 0.017; RR = 1.655; 95% CI
= [1.095;2.502]), rs3810548 in laminin alpha 5 {LAMAS; C3840T; Thrl258Met; χ2
= 4.7614, df=\,p = 0.029; RR = 1.275; 95% CI = [1.025; 1.586]), rsl7037102 in
DickkopG {Dkk2; G1142A; Argl46GIn; χ2 = 4.4138 , i ^ = 1, ρ = 0.036; RR =
1.247; 95% CI = [1.015;1.533]), rs2066844 in nucleotide-binding oligomerization
domain containing 2 {NOD2 also known as CARD15; C2209T; Arg702Trp; χ2 =
4.3163 , ^•= 1, ρ = 0.038; RR = 1.438; 95% CI = [1.021;2.026]) and rs2229860 in
reelin {RELN; C5267G; ProI703Arg; χ2 = 3.8384, # = 1, ρ = 0.050; RR = 5.180;
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95% CI = [0.999;26.862]). Significantly associated as protective alleles were
rs2066845 in NOD2 (G2827C; Gly908Arg; χ2 = 7.5526, df = 1, ρ = 0.0060; RR =
0.398; 95% CI = [0.206;0.768]), rs 10503929 in neuregulinl {NRGl; T973C;
Met294Thr; χ2 = 5.4978, df= 1, ρ = 0.019; RR = 0.847; 95% CI = [0.738;0.973]),
rs 13259668 in ADAM metallopeptidase domain 7 (ADAM7; A2025C; Asn638His;
χ = 3.8763, df= 1, ρ = 0.049; RR = 0.909; 95% CI = [0.826; 1.000]) and rs859427
in TenascinR (TNR; A2483G; Lys643Arg; χ2 = 3.8669, df= 1, ρ = 0.049; RR =
0.919; 95% CI = [0.844; 1.000]).
We then used the bootstrap method to calculate FDR q-values in order to correct for
multiple testing of samples. For the ten associated SNPs, the q-values ranged from
0.42 for SNP rs2229860 to 0.12 for SNP rs6336 (table 1). Applying the qO.10
significance threshold for candidate gene studies (Sullivan et al., 2008), in the three
independent cohorts SNP rs6336 in TRKA was nearly significantly (q = 0.12)
associated with schizophrenia. Removal of a single cohort from the meta-analysis
confirmed that none of the cohorts was decisive per se (table S3).
Discussion
In this study, we found ten SNPs to be nominally associated with schizophrenia in a
meta-analysis of three independent case-control cohorts of European descent. Of the
ten SNPs, only the NRGl SNP has been associated before with schizophrenia (Rosa
et al., 2007) and thus the other nine are novel. Furthermore, it is noteworthy that,
except for those in NRGl and RELN, none of the SNPs that have been repeatedly
reported to be associated with schizophrenia or were selected from schizophrenia
genes, such as the Vall58Met SNP in COMT (p = 0.45) and the Val66Met SNP in
BDNF (p = 0.40), represented risk or protective alleles in our analysis.
Of the ten polymorphisms, six SNPs represented risk alleles. The most strongly
associated SNP rs6336 results in a histidine to tyrosine change at position 598
within the kinase domain of TRKA. BARDI Cys557Ser SNP rs28997576 lowers
levels of the tumor suppressor p53 protein and suppresses apoptosis in vitro (Sauer
et al., 2005). The fact that the neurodevelopmentaliy important p53 protein has been
associated with schizophrenia (Ni et al., 2005) and that the 557Ser allele causes
reduced p53 levels supports a role for this genetic variation in BARD 1 (best known
for its interaction with the Breast Cancer 1 protein BRCA1) in neurodevelopmental
disorders such as schizophrenia. The Thrl258Met SNP (rs3810548) is located in
the proline-rich domain (1222-1277) of the extracellular matrix protein LAMA5
and deletes one of its seven predicted O-glycosylation sites (Julenius et al., 2005).
SNP rs 17037102 results in a change of the basic and evolutionarily highly
conserved arginine to a glutamine at position 146 of the Dkk2 protein. Dkk2 is a
member of the Dickkopf family and directly activates Wnt/ß-catenin signaling (Wu
et al., 2000) that is critical during (neuro)development (Cotter et al., 1998). SNP
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rs2066844 in NOD2, encoding an intracellular bacterial receptor activating nuclear
factor-icB (NF-κΒ), causes an arginine to thryptophan change (Arg702Trp). In vitro
assays have shown that the NF-κΒ response of the 702Trp variant to bacterial
glycan components is reduced compared to that of wild-type NOD2 (Bonen et al.,
2003). Thus, NOD2 SNP rs2066844 may influence the immune response and as
such provide a link between schizophrenia and infection. The rare SNP rs2229860
results in a proline to arginine change at position 1703 of reelin, a protein important
for the positioning of neurons during brain development (Tissir et al., 2003).
Prol 703 is well conserved from mammals to invertebrates, indicating an important
role for this residue. A reduced expression of reelin mRNA and protein in
postmortem brains of schizophrenia patients (Impagnatiello et al., 1998), epigenetic
abnormalities (Grayson et al., 2006) and an association study have linked reelin to
schizophrenia (Kahler et al., 2008).
In our analysis, four SNPs were associated with schizophrenia as protective alleles.
Protective SNP rs2066845 is located in NOD2 and results in a glycine to arginine
change at position 908 in the leucine-rich repeat of the protein. Two SNPs in NOD2
were thus found to be associated with schizophrenia, one protective (Gly908Arg)
and one risk (Arg702Trp). Although the r2 between the two NOD2 SNPs is 0.0001,
the fact that D'=l indicates that the two SNPs are in LD. The second protective
SNP, rs 10503929 in NRG1, leads to a methionine to threonine change and a
predicted extra N-glycosylation site (http://www.cbs.dtu.dk/services/ NetNGlyc).
The threonine allele has recently been identified as a protective allele in a Spanish
schizophrenia family study as well (144 families, p=0.03; Rosa et al., 2007).
Haplotypes and SNPs in NRG] have previously been associated with schizophrenia
as risk factors (Tosato et al., 2005), whereas our as well as the Spanish study
suggests that minor allele rs 10503929 acts as a protective factor. ADAM7 SNP
rs 13259668 results in a change of the asparagine at position 638 to a histidine
located in the cysteine-rich domain that complements the binding capacity of the
disintegrin domain (Smith et al., 2002). Finally, TNR SNP rs875326 involves a
lysine to an arginine substitution at position 643 in the fibronectin type-Ill domain
of this extracellular matrix protein that is expressed primarily in the central nervous
system. In contrast to TNR polymorphisms, SNPs in TNXB, another tenascin gene
family member, have been previously associated with schizophrenia (Tochigi et al.,
2007).
The ten SNPs with a p<0.05 displayed a FDR q-value (for correction of multiple
sample testing) between 0.12 and 0.42. The q-value of SNP rs6336 (His598Tyr) in
TRKA (q = 0.12) was just above the 0.10 q-value threshold used in association
studies (Sullivan et al., 2008). Like its directly surrounding region within the kinase
domain, His598 is conserved among all known vertebrate TRKA sequences as well
as in a snail TRKA-related protein sequence (U61728; Van Kesteren et al., 1998),
the only known invertebrate TRKA-like receptor. Furthermore, at the corresponding
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position in the kinase domain the histidine is conserved in all known vertebrate
sequences of the two additional NTRK family members TRKB and TRK.C, but not
in other tyrosine receptor kinases. The His598Tyr substitution is predicted to have a
deleterious effect on TRKA because of the loss of a hydrogen bond and
overpackmg (www SNPs3D.org; Yue et al., 2006). TRKA is the high-affinity
receptor for nerve growth factor (NGF) that plays a crucial role in
neurodevelopment. Some components of neurotrophin signaling cascades, such as
BDNF, have been linked to schizophrenia through genetic and expression studies
(Kanazawa et al., 2007). An altered expression of TRKA and NGF has been found
in animal models for schizophrenia (Becker et al, 2008; Terry et al., 2007) and of
NGF in (post-mortem) studies on schizophrenic patients (Shoval et al., 2005), but
TRKA has not been genetically associated before with the disorder.
In conclusion, we have found in a meta-analysis over three independent Caucasian
case-control cohorts ten non-synonymous SNPs that are associated with
schizophrenia, nine of which have not been described in relation to the disorder
before. Additional screenings of these SNPs in other schizophrenia case-control
cohorts are needed for validation TRKA SNP rs6336 is of special interest and
advances a novel susceptibility pathway for the development of schizophrenia.
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Supplementary table 1. SNPs tested for association with schizophrenia in three
independent Caucasian case-control cohorts. Shown are the minor allele
frequencies (MAFs in %) of SNPs in control and schizophrenic patient (SZ) groups
and allelic association per cohort (p-value) , association in a relative risk, fixed
model meta-analysis (p-value) and association following correction for multiple
testing (q-value). The genes and SNPs are divided into "neurodevelopmental",
"linked to schizophrenia" and "linked to a disease". The diseases are indicated in
brackets behind the SNP ID. AD = Alzheimer's Disease, AMD = Age-related
Macular Degeneration, As = Asthma, BC = Breast Cancer, BMD = Bone Mineral
Density, CAD = Coronary Artery Disease, CC = Colon Cancer, CD = Crohn's
disease, CP = Cancer Progression, CrC = Colorectal Cancer, DM = Diabetes
Mellitus, DMc = DM complications, LC = Lung Cancer, MI = Myocardial
Infarction, NTD = Neural tube defect, PC = Prostate Cancer.
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rs2273535 (CC; a)

19,87

22,41

0,24

BARDI

r528997576(BC)

1,86

2,15

0,69

BLMH

rsl050565 (AD)

30,38

30,21

0,95

1,66

3,81

0,01

3,01

4,69

0.27

0,017

0,42

2,14

1,18

0,14

1,55

1,89

0,74

0,36

0,47

1,25

1,18

0,89

2,33

1,88

0,70

0,062

0,42

BRCA1

rs 1800709 (BC)

0,34

0,21

0,62

BRCA1

rs4986852 (BC)

2,36

2,16

0,80

BRCA2

rs 144848 (BC)

27,29

30,02

0,25

CFH

rsl06ll70(AMD)

CHEK2

rsl787996l (PC)

0,17

0,21

CHEK2

rs 17883862 (LC)

0,00

0,00

1,00

CTLA4

rs231775(DM)

36,15

37,30

0,65

DCC

rs2229080 (CrC)

36,87

39,49

0,30

DCC

rs984274 (CrC)

0,00

0,31

0,18

DCC

rs9951523 (CrC)

2,70

0,97

0,01

DCDC2

rs2274305 (Dyslexia)

34,51

33,44

0,66

DCDC2

rs9460973 (Dyslexia, b)

1,21

2,63

0,06

2,38

2,36

0,98

3,37

1,94

0,28

0,61

0,50

ELAC2

rs47923ll(PC,a)

29,44

25,85

0,13

28,25

26,33

0,41

28,13

28,68

0,88

0,15

0,42

ENPPI

rsl044498(DM)

13,22

15,60

0,20

14,45

14,79

0,85

11,20

15,15

0,14

0.13

0,42

EXOl

rs4149963 (Cancer)

9,18

7,88

0,37

8,08

6,28

0,17

6,74

8,65

0,36

0,28

0,44

EXOI

rs9350 (Cancer)

14,81

15,73

0,62

16,17

16,49

0,86

14,84

15,12

0,92

0,65

0,50

FGFR4

rs351855(CP)

Assay Failure (13 2%)
0,87

Assay Failure (82 9%)

HFE

rsl799945 (AD)

17,23

16,09

0,55

12,03

11,84

0,91

11,20

9,09

0,39

0,43

0,50

HFE

rsl800562(AD)

5,93

5,14

0,51

6,82

5,94

0,48

7,11

7,63

0,80

0,45

0,50

LEPR

rsl 137100 (Obcsily)

LEPR

rsl 137101 (Obesi(y)

44,63

48,02

0,19

LEPR

rs8179183 (Obesity)

18,86
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0,33

15,99

15,39

0,75

13,21

17,42

0,14

0,80

0,53

LRP1

Γ52229278 (AD)

0,00

0,00

1,00

LRP1

rs2229279 (AD)

0,00

0,00

1,00
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Assay Failure (0.1%)
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USA

C

S

rs7397167(AD)

0,00

0,00

1,00

rs 17357542 (AD)

0,00

0,00

1,00

LRPI

rs2229277 (AD)

0,17

0,00

0,20

LRP2

rs 17848149 (PC, a,b)

1,85

1,33

0,41

LRP2

rsl7848169(PC)

3,89

3,27

0,52

LRP2

rs2075252 (PC)

LRP2

rs2228168(PC)

0,00

0,11

0,42

LRP2

rs4667591 (PC,a)

19,53

18,83

0,75

LRP2

rs4667596 (PC)

Assay Failure (89 9%)

LRP2

rs4668123(PC)

Assay Failure (71 9%)

LRP2

rs6716834 (PC)

LRP5

rs3734228 (BMD)

LRP6

rs2302685 (AMD)

21,96

18,88

LTA

rsl041981 (MI)

29,90

33,95

MLH3

rs28756986 (CC)

0,34

MSH2

rs4987188(CrC)

MSH6

rs20209l2(CC)

MTHFR

rsl801l3l (NTD)

MTHFR

rsl801133(NTD)

NOD2

re2066844 (CD)

NOD2

SN Ρ

LRPI
LRP1

MAF

MAF
pvalue

Gene

Norway

Denmark

MAF

meta-analysis

pC

q-

S

pvalue

pvalue

value

S

value

C

2,38

1,70

0,34

2,85

3,79

0,51

0,47

0,50

4,25

4.05

0,84

3,11

4,51

0,35

0,88

0,53

24,19

21,88

0,28

24,87

27,52

0,45

0,58

0,50

0,14

20,55

20,08

0,82

21,99

22,09

0,98

0,28

0,44

0,10

32,46

32,76

0,90

35 14 c

37,30

0,59

0,18

0,44

1,49

0,03

0,88

0,92

0,94

1,04

1,14

0,90

0,27

0,44

1,85

1,33

0,42

1,63

1,97

0,61

0,53

1,16

0,38

0,93

0,55

0,84

0,75

0,85

30,78

30,16

0,80

36,82

34,23

0,30

4,31

4,52

0,85

2,51

4,86

0,01

1,13

2,69

0,15

0,038

0,42

rs2066845 (CD)

2,86

1,03

0,01

0,75

0,39

0,35

0,28

0,00

0,40

0,0060

0,30

NOS3

rsl799983(AD)

34,01

32,86

0,64

OGGI

rsl052133 (Cancer, a)

21,95

22,50

0,80

OLRI

rsl 1053646 (AD)

5,76

9,36

0,01

9,63

9,66

0,98

11,92

11,28

0,80

0,21

0,44

PL AU

rsl7856426(AD)

20,93

22,62

0,44

Assay Failure (83 3%)

28,18

29,25

0,65

Assay Failure (16 7%)

PONI

rs662 (CAD)

28,21

30,10

0,42

PONI

rs854560 (DMc)

38,89

36,05

0,26

PPARG

rsl801282 (Obesity)

10,03

11,38

0,41

15,64

14,27

0,45

14,58

11,45

0,25

0,59

0,50

PTPN22

rs247660l (DM)

8,08

8,61

0,72

11,15

11,13

0,99

10,88

7,25

0,12

0,70

0,51

PTPRJ

rsl566734(CC)

15,88

17,38

0,44

14,45

16,14

0,35

10,48

10,85

0,88

0,24

0,44

RNASEL

rs486907 (PC)

35,64

34,75

0,72

SNCG

rs9864 (Cancer)

24,24

25,20

0,67

SPINKS

rs2303067 (Atopy, As)

47,64

47,19

0,86

SRD5A2

rs523349 (PC)

25,43

29,38

0,09

30,03

31,71

0,47

26,68

29,55

0,42

0,068

0,42

SRD5A2

rs9282858 (PC)

SUM04

re237025 (DM)

46,62

48,57

0,46

TP53

rsl042522(CC)

27,53

27,71

0,94

XRCCI

re25487 (Cancer)

37,94

36,61

0,59

36,13

33,46

0,48

Assay Failure (0 0%)

Assay Failure (87 5%)

a) Deviated from Hardy-Weinberg in the USA control samples (p<0 05)
b) Deviated from Hardy-Weinberg in all control samples (p<0 05)
c) Call rale between 85 and 90%
d) Call rate between 75 and 85%
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Supplementary table 2. SNPs associated with schizophrenia in the case-control
cohorts of USA, Denmark or Norway. Shown are the minor allele frequencies
(MAF in %) of SNPs in control (C) and schizophrenic patient (SZ) groups and
allelic association (p-value).
USA
Gene
TNC
TRKA
LAMA1
NOD2
DCC
LA MB 3
DRD2
OLRI
NRG1
ARHGEF16
ADAM7
ALK
CTNNA3
APOE
SFRP3
MLH3
LA MB3
RELN
TNXB
TNXB
CD44
TNR
WNT9B
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MAF
pSNP
value
C
SZ
rs 1757095
0,00 3,05 0,00004
rs6336
2,86 6,46 0,00171
rs 12961939
30,47 24,13 0,006
2,86
1,03
0,007
rs2066845
rs9951523
2,70 0,97
0,010
rs2229467
0,67 0,00
0,010
0,67 0,00
rs 1800496
0,010
rs 11053646
5,76 9,36
0,011
SNP8NRG221533 33,33 39,86 0,012
rs2185639
9,09 13,24 0,015
rs 13259668
36,20 30,33 0,016
rsl881421
31,14 37,03 0,019
rs4548513
41,16 35,59 0,028
rs7412
8,62 5,72
0,029
13,64 10,04 0,030
rs288326
0,34
rs28756986
1,49
0,030
0,00 0,71
0,039
rs2235542
rs2229860
0,00 0,71
0,039
0,041
rs 1150752
4,38 6,99
rsl85819
49,82 44,32 0,042
rsl467558
15,71 19,76 0,046
rs859427
38,55 33,64 0,049
rs4968281
27,05 22,53 0,049

Denmark
Gene
MAP2
BARDI
REST
NOD2
SDC2
EPH A 3
ARHGEF12
ARHGEF10
ADAM30

SNP
rs 17745550
rs28997576
rs2227902
rs2066844
rs 1042381
rs 17801309
rs2305013
rs 17683288
rs2641348

MAF
C
SZ
1,38
3,54
1,66
3,81
6,12
9,55
2,51 4,86
20,45 15,67
7,54 10,89
6,77 4,33
7,05 9,97
9,23 12,50

pvalue
0,006
0,009
0,013
0,014
0,014
0,022
0,036
0,039
0,039

Norway
Gene
LAMA1
EPH A 7
LAMB4
ADAMTSI8
FEZ1
NRG1
TKRA
NRG1
EPHA10

MAF
pSNP
C
SZ
value
rs 12961939
20,83 30,62 0,0049
rs2278107
5,47
0,016
1,91
0,52
2,67
0,022
rs2240445
rsl2935394
12,69 19,23 0,024
rs597570
13,74 20,54 0,024
22,80 16,17 0,038
rs 10503929
rs6336
1,40 4,10 0,038
SNP8NRG241930 36,79 29,17 0,044
rs6671088
19,25 13,28 0,049
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Supplementary table 3. Meta-analysis of two of the three cohorts. Shown are
the associations (p-values) in a relative risk, fixed model meta-analysis with three or
two cohorts.
Gene
TRKA
BARDI
LAMAS
DKK2
NOD2
RELN
NOD2
NRG1
ADAM7
TNR

SNP
3 cohorts
rs6336
0.001
0.017
rs28997576
rs3810548
0.029
rs 17037102
0.036
rs2066844
0.038
0.050
rs2229860
rs2066845
0.006
rs 10503929
0.019
rs 13259668
0.049
rs859427
0.049

Denmark
& Norway
0.065
0.008
0.056
0.098
0.006
0.131
0.306
0.018
0.638
0.355

USA & USA &
Norway Denmai
0.005
0.0003
0.032
0.309
0.074
0.092
0.045
0.120
0.490
0.079
0.099
0.081
0.007
0.008
0.072
0.101
0.120
0.010
0.237
0.010
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Chapter 5 - Association study on TRKA SNP in schizophrenia
Abstract
An interaction between predisposing genes and environmental stressors is thought
to underlie the neurodevelopmental disorder schizophrenia. In a targeted gene
screening, we previously found that the minor allele of the single-nucleotide
polymorphism (SNP) rs6336 in the neurotrophic tyrosine kinase receptor 1 gene
(NTRK1/TRKA) is associated with schizophrenia as a risk factor. We now
investigated the TRKA SNP in a total of eight independent Caucasian schizophrenia
case-control groups. Remarkably, whereas in five of the groups a higher frequency
of the risk allele was indeed found in the patients compared to the controls, in the
three other groups the SNP acted as a protective factor. An intriguing possibility is
that this dual character of the TRKA SNP is caused by its interaction with
endophenotypic and/or epistatic factors.
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Introduction
Schizophrenia is a complex disorder characterized by psychotic symptoms, negative
symptoms and cognitive impairment. Although these symptoms are usually
displayed during late adolescence or early adulthood, the aetiology of the disorder is
thought to be neurodevelopmental (Weinberger, 1995). Family and adoption studies
have shown that both genetic and environmental factors play a role in the aetiology
of schizophrenia. The genetic factors result in a concordance rate of 40-65% in
monozygotic twins (Cardno et al., 2000). Linkage analyses have revealed multiple
susceptibility chromosomal regions (Lewis et al., 2003) that contain various
candidate genes. Meta-analyses based on studies on a number of single-nucleotide
polymorphisms (SNPs) in these genes have elucidated nominally significant SNPs
but with low average summary odds ratios (ORs; Allen et al., 2008). Recently,
genome-wide association studies have revealed yet additional candidate SNPs and
genes (O'Donovan et al., 2008) and copy number variations (Rujescu et al., 2008;
Stefansson et al., 2008). Among the multiple SNPs and genes genetically associated
with schizophrenia a substantial number is involved in neurodevelopment,
including a neurotrophin gene, namely the gene encoding the brain-derived
neurotrophic factor BDNF (Jonsson et al., 2006). On the basis of mRNA and
protein expression profiles other neurotrophins and neurotrophic tyrosine kinase
receptors (NTRKs) have been linked to schizophrenia (Buckley et al., 2007; Shoval
et al., 2005). For example, compared to controls lower plasma levels of nerve
growth factor (NGF) have been detected in both first-episode psychotic and
medicated chronic schizophrenia patients (Parikh et al., 2003). Furthermore, the
mRNA levels of NGF and its high-affinity receptor NTRK1 (better known and
hereafter referred to as TRKA) have been found to be reduced in the hippocampus,
striatum and (hypo)thalamus of rats treated with subchronic levels of ketamine,
which in healthy humans induces psychotic and negative symptoms and cognitive
impairment (Becker et al., 2008). At the genetic level, SNPs in TRKA have been
studied in genome-wide association studies on schizophrenia case-control cohorts,
but no association has been found (affymetrix 500K array set; Lencz et al., 2007).
Recently, however, we performed a targeted gene screening involving nonsynonymous SNPs in mostly neurodevelopmental genes and found that only TRKA
SNP rs6336 was associated with schizophrenia (OR = 1.73; chapter 4). Yet,
schizophrenia is a disorder with a high level of heterogeneity and therefore reliable
association data are difficult to obtain. Consequently, screenings of additional
cohorts are necessary to establish the validity of an association. We therefore
decided to examine TRKA SNP rs6336 in five additional independent Caucasian
schizophrenia case-control groups.
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Materials and methods
Cohorts

Since we genotyped SNP rs6336 previously in three independent Caucasian
schizophrenia case-control groups (from USA, Norway and Denmark 1; chapter 4),
below these three groups are described only briefly, whereas the five additional,
independent Caucasian schizophrenia case-control groups genotyped here are
defined in more detail.
USA, Norway and Denmark I
The USA groups consisted of 488 Caucasian schizophrenic patients (age 50.9 ± 9.8;
332 males, age 50.1 ± 9.9, and 156 females, age 52.7 ± 9.4), diagnosed according
the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV),
and 297 unrelated Caucasian controls (age 72.1 ± 14.1; 113 males, age 73.5 ± 13.4,
and 184 females, age 71.2 ± 14.5). The Norwegian groups involved 133
schizophrenic patients (age 37.8 ± 10.8; 74 males, age 36.9 ± 9.9, and 59 females,
age 38.8 ± 11.6), selected according to DSM-IV, and 195 unrelated Caucasian
controls (age 37.0 ± 10.3; 90 males, age 37.5 ± 10.2, and 105 females, age 36.7 ±
10.5). The Danish I groups consisted of 451 Caucasian schizophrenic patients (age
44.9 ± 12.2, age of onset 27.3 ± 8.9; 264 males, age 43.8 ± 11.9, and 187 females,
age 46.3 ± 12.5), clinically diagnosed with schizophrenia or schizoaffective
disorder according to the International Classification of Disease version 10 (ICD10) and 96% of the patients also to the DSM-IV standards, and 1032 unrelated
Caucasian controls (age 44.5± 12.2; 607 males, age 43.7 ± 11.7, and 425 females,
age 45.7 ± 12.7). For detailed sample description of the USA, Norway and
Denmark I case-control groups, see chapter 4.
Denmark II
The second Danish sample (Denmark II) consisted of 248 incident schizophrenia
cases (133 males and 114 females) and 286 medical student volunteers as controls
(76 males and 210 females). The cases were diagnosed according to ICD 10-DCR
and DSM IV using SCAN interviews and a best estimate procedure. The cases and
controls were of Danish parentage for three generations. The study was approved by
the Danish Data Protection Agency and the Ethical Committees in Denmark.
Denmark III
The third Danish sample (Denmark III) consisted of 363 cases with schizophrenia
and 430 control individuals. The 363 cases (209 males and 154 females) were
obtained from the Danish Newborn Screening Biobank (Norgaard-Pedersen et al.,
2007). The cases, all bom in Denmark, were clinically diagnosed with
schizophrenia according to ICD 10. The cases were matched on gender and date of
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birth to at least one control individual from the Biobank. In total 430 controls (232
males and 198 females) with no record of mental illness were included. The study
was approved by the Danish Data Protection Agency and the Ethical Committees in
Denmark.
Sweden
The patient sample was comprised of 486 unrelated Caucasian individuals (age 53.1
± 15.1 years; 180 females, 306 males; age at onset 24.8 ± 7.3), fulfilling the DSMIV criteria of schizophrenia (American Psychiatric Association, 1994). The patients
were initially identified through the in-patient hospital registers in the north part of
Sweden and had at least on one occasion received a discharge diagnosis of
schizophrenia. The ascertainment of the patients was performed during 1992-2005
(for details, see Ekholm et al., 2005). The control sample of 512 Caucasians (age
58.0 ± 13.0; 273 females, 238 males) were randomly selected from the same
geographic area as the patients (Nilsson et al., 1997). A diagnosis of schizophrenia
or other psychotic disorders were excluded after nurses' health interview, a selfreport questionnaire and studies of psychiatric case records. All subjects
participated after giving written informed consent. The study was conducted in
accordance with the Declaration of Helsinki and was approved by the Ethical
Review Board of the universities of Umeâ and Antwerp.
Belgium
The Belgium sample consisted of 518 Caucasian schizophrenic patients (age 38.7
±12.1; 343 males, age 36.3 ±11.2 and 175 females, age 43.4 ± 12.5) and 246
randomly selected Caucasian controls (age 37.8 ± 13.1; 153 males, age 41.9 ± 14.6
and 93 females, age 31.0 ±5.6) from the same geographic region (Leuven,
Belgium). Patients were selected according the DSM-IV criteria (schizophrenia:
disorganized type (295.1): 10 patients; paranoid type (295.3): 216 patients;
schizophreniform disorder (295.4): 58 patients; residual type (295.6): 2 patients;
schizoaffective disorder (295.7): 106 patients; undifferentiated type (295.9): 126
patients). All patients and controls had given informed consent.
Germany
The German schizophrenia sample was recruited from consecutive admissions to
the inpatient unit of the Department of Psychiatry and Psychotherapy of the
University of Bonn and of the Central Institute of Mental Health in Mannheim. The
sample comprised 866 patients with a DSM-IV lifetime diagnosis of schizophrenia,
made by a consensus best-estimate procedure (Leckman et al., 1982) based on all
available information, including a structured interview (Spitzer et al., 1992),
medical records, and the family history method. We also used the OPCR1T (Farmer
et al., 1992) system to obtain detailed polydiagnostic documentation of symptoms.
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360 (41.57%) of the patients were female, 506 (58.43%) were male. The mean age
was 36.9 ± 1 1 . 9 years. All individuals and their parents were of German descent.
The German control sample consisted of 1,000 population-based individuals, 52.2%
were females, 47.8% were males. The mean age was 48.8 ± 15.6 years. All
individuals were German. For all patient and control individuals, written informed
consent was obtained prior to study participation. Protocols and procedures were
approved by the ethics committees of the Faculties of Medicine at the Universities
of Bonn and Mannheim/Heidelberg.
High-Resolution Melting (HRM)
The exons of TRKA were analysed by HRM in 71 samples from Caucasian
schizophrenia patients. Primers surrounding the 16 exons were developed
(sequences available on request). Despite various attempts involving a number of
primer sets, we did not succeed in amplifying exon 1. PCR amplifications were
performed in a total volume of 10 μΐ on a Rotor-Gene™ 6000 real-time rotary
analyzer (Corbett Research, Sydney, Australia). The reaction mixture contained 10
ng human genomic DNA, lx TITANIUM™ Taq PCR Buffer (Clontech), 0.25 mM
dNTP, 375 nM forward and reverse primers, 1.5 μΜ SYTO 9 green fluorescent
nucleic acid stain (Invitrogen), and 0.25x TITANIUM™ Taq polymerase
(Clontech). To amplify the amplicon the cycling conditions were as follows: one
cycle of 95 0 C for 3 minutes; 45 cycles of 95 0 C for 10 seconds, 60 o C for 15 seconds
and 72 0 C for 20 seconds. Before the HRM one cycle of 90 o C for 1 minute and 40 o C
for 1 minute was applied to form random DNA duplexes. The HRM protocol was a
90 seconds pre-melt wait at 65°C followed by a grandient rise in temperature from
65 0 C to 95 0 C, 0.1 0 C and 1 second per step. HRM was analysed with the RotorGene 6000 Series Software using the HRM (normalised and difference graphs) and
melt analysis tools.
SNP Selection
NCBI database (build 129) searches for SNPs located in the TRKA gene revealed
fifteen non-synonymous SNPs. Nine SNPs are not validated and do not have
frequency data. Two have frequency data but are not present in 60 HAPMAP
samples, indicating low minor allele frequencies (MAFs). Only four (including
SNPs rs6336 and rs6339) have MAFs above zero in the HAPMAP or another
European sample. In a search for unknown polymorphisms, we scanned the exons
of TRKA with HRM in 71 schizophrenia genomic DNA samples, but did not detect
new non-synonymous SNPs. In exon 15, we detected the variations corresponding
to SNPs rs6336 and rs6339. DNA sequencing and PCR experiments together with
information derived from the Genome Variation Server (GVS) of the SeattleSNPs
Program for Genomic Applications revealed that these two SNPs are in complete
linkage disequilibrium (LD; r2 between 0.82 and 1.00).
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Genotyping
The samples of the cohorts of USA, Denmark 1, Norway, Denmark II, Denmark III
and Germany were genotyped for rs6336 using iPLEX™ chemistry on a MALDITOF Mass Spectrometer by Sequenom Inc. (San Diego, CA, USA,
http://www.sequenom.com). SNP-containing genomic regions were amplified in a
multiplex PCR followed by deactivation of the remaining nucleotides by SAP
treatment. A single-base primer extension step was performed and the primer
extension (iPLEX) products were desalted using Resin and spotted on a
SpectroCHIP (Sequenom) using a nanodispenser. The samples were analyzed using
a Bruker MALDI TOF MS and the genotypes were determined using the
MassARRAY Typer 3.4 software (Sequenom). Assay conditions and primer
sequences are available upon request. Confirmation of those genotypes and
genotyping of the Belgium cohort was done by allele-specific PCR using primers
specific
for
SNP
rs6336
(General
primers:
forward
(fw):
S'-GGCAAGGGCTGAGTCTG-S'
and
reverse
(rv):
5'-TCCATCTGGGATAGCGAAGG-3'. Specific rv primers: for the "T-allele":
5'-CTTGGCATCAGGTCCATA-3'
and
for
the
"C-allele":
S'-CTTGGCATCAGGTCCATGO')
or
HRM
using
fw
primer
5'-GGAGTTCTATCCTCCCAGCCT-3'
and
rv
primer
5'-CCTGGAGCCACATCCTCCC-3'. Genotyping of the Swedish cohort was
performed
by
pyrosequencing
on
a
PSQ
HS96
pyrosequencer
(http://www.biotage.com/). Biotinylated PCR products were immobilized onto
streptavidin-coated
sepharose
beads
(Amersham
Biosciences,
Sweden).
Biotinylated ssDNA was obtained by incubating the immobilized PCR products in
0.5 M NaOH, followed by two sequential washes in 10 mM Tris-Acetate, pH 7.6.
o
Primer annealing was performed by incubation at 80 C for 2 min and then at room
temperature for 5 min. Pyrosequencing was performed on the PSQ96 pyrosequencer
(Biotage, Sweden). Standard PCR was
performed with fw
primer
5'- ATCCTCCCAGCCTATCCCCTCT-3' and 5' biotine labeled rv primer
0
5'- CCAGCAGCTTGGCATCAGG-3' at an annealing temperature of 68 C.
Genotyping was performed using primer 5-CTTTTCTTGTTCACAGATCC-3'.
Statistical Analysis
Differences in allele frequencies between cases and controls were analyzed by
standard contingency table analysis using two-tailed χ test probabilities. The
genotype distribution was tested in all of the control samples and no deviation was
found from Hardy-Weinberg equilibrium. Heterogeneity between studies was
assessed using the Q Cochran test and the Cochran Mantel Haenszel test was used
to calculate the overall association across all samples (EasyMA2001; Cucherat et
al., 1997). Power calculations were estimated using Quanto ν 1.2 (Gauderman,
2002) and showed that power was sufficient to detect a risk effect in the 2475 new
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cases (99.9%, assuming an OR of 1.73, a disease allele frequency of 5% and a
disease prevalence of 1%).
Results
We first performed HRM to scan TRKA for the presence of any SNP other than
rs6336. This analysis revealed only one additional non-synonymous SNP (rs6339),
but this polymorphism is in LD with rs6336 (0.82 < r2 < 1.00; see Materials and
Methods for details). We therefore decided to examine in more detail TRKA SNP
rs6336. Further to our previous screening of three independent Caucasian
schizophrenia case-control groups (chapter 4), we now genotyped SNP rs6336 in
five additional case-control groups from Denmark (two groups), Sweden, Belgium
and Germany. In these additional screenings, only in the Belgium and Denmark II
groups SNP rs6336 also showed a higher frequency of the risk allele in the
schizophrenic patients compared to the healthy controls, although not significantly
different (Belgium: OR = 1.30; 95% confidence interval (CI) = [0.79;2.12]; ρ =
0.30, Denmark II: OR = 1.16; 95% CI = [0.69;1.97]; p=0.58). Surprisingly, in the
three other groups the SNP displayed a lower frequency of the risk allele in the
patients than in the controls (Sweden OR = 0.68, Denmark III OR = 0.71, Germany
OR = 0.74; table I). The Cochran Mantel Haenszel test revealed that SNP rs6336
was not associated with schizophrenia when analyzing across all eight samples (OR
= 1.00; 95% CI = [0.87; 1.16]; ρ = 0.98). However, to exclude the hypothesisgenerating data from the original three-sample screenings, we performed an
analysis of the five new case-control groups. The Cochran Mantel Haenszel meta
analysis of the five new samples revealed that SNP rs6336 was significantly
associated with schizophrenia as a protective factor (OR = 0.820; 95% CI =
[0.687;0.978]; ρ = 0.032). This result is opposite to the hypothesis-generating data.
Discussion
In our previous targeted gene screening approach in three independent Caucasian
schizophrenia case-control groups, TRKA SNP rs6336 was significantly associated
with schizophrenia as a risk factor (chapter 4). However, the present study
involving the screening of this SNP in five additional Caucasian schizophrenia
case-control groups showed that the SNP was a risk factor in two of the extra
groups, whereas in the three other groups it was found as a protective factor.
Another remarkable observation in our studies was that the MAFs for SNP rs6336
greatly varied among the groups, in particular among the control cohorts (MAFs
ranging from 1.8 to 1.6%). Such a variation in MAFs is not a feature unique for
TRKA SNP rs6336 since in schizophrenia association studies reported by others
similar observations have been made as well. For example, in a screening of Table
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1. Genotyping of TRKA SNP rs6336 in eight independent Caucasian
schizophrenia (SZ) case-control groups. Given are the number of controls and
patients genotyped, the minor allele frequencies (MAFs, %), the common odds ratio
(OR) and association (p-value) per cohort.
Controls
η
MAF
297 2.86
1032 5.67
195 1.79
286 5.07
430 5.70
511 7.63
246 4.67
997 5.82

SZ Cases
OR
η MAF
2.42
488 6.66
USA"
Denmark"
451 6.87
1.23
133 3.76
2.14
Norway"
Denmark II
248 5.87
1.16
Denmark III
0.71
363 4.13
486 5.35
0.68
Sweden
1.30
Belgium
518 5.98
0.74
Germany
860 4.36
"Part of these cohorts have been genotyped, see chapter

p-value
0.001
0.205
0.120
0.576
0.153
0.039
0.297
0.045
4.

Caucasian schizophrenia case-control groups the MAFs of the functional dopamine
receptor D2 {DRD2) Ser311 Cys SNP also greatly varied among the control groups,
namely between 0.5 and 4.0% (Glatt et al., 2006). Furthermore, in the Caucasian
control groups of other schizophrenia association studies the MAFs ofv-akt murine
thymoma viral oncogene homolog 1 SNP rs2498784 varied between 8.3 and
16.5%(Norton et al., 2007; Schwab et al., 2005) and the frequencies of the
functional catechol-O-methyltransferase {COMT) Vall58Met polymorphism
ranged from 40.2 to 54.2% (Munafo et al., 2005). Remarkably, in the various
reports the fact that for a particular SNP the control cohorts displayed significantly
different allele frequencies was not discussed.
In the present study, we found that TRKA SNP rs6336 displayed a dual character in
that in the initially investigated (hypothesis generating) case-control groups it was
significantly associated as a risk factor, whereas in the replication groups the SNP
was found not only as a risk factor but as a protective factor as well, intriguingly, a
number of other SNPs have also been significantly associated with schizophrenia as
a risk factor in some cases and in other studies as a protective factor. For example,
in cohorts with the same ethnic background D-amino-acid oxidase SNP rs3918346
was significantly associated with ORs ranging from 0.70 to 1.64 and the ORs of
DRD2 deletion rsI799732 varied from 0.49 to 1.43. Furthermore, the frequently
studied COMT ValI58Met SNP has been found to be associated with schizophrenia
not only as a risk factor (OR up to 1.44) but also as a protective factor (OR down to
0.63; Shi et al., 2008). Such flips in the direction of a single-locus association may
be attributed to the presence of another disease-influencing genetic variation
(located either on a syntenic or a nonsyntenic locus) that is correlated with the
target susceptibility locus and differs in LD among various cohorts (correlation
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coefficient; Lin et al., 2007). In a further attempt to try to understand the dual
character of a SNP, the contribution of schizophrenia endophenotypes has been
considered. For instance, the COMT polymorphism is associated with lifetime
symptomatology and sensorimotor gating (Goghari et al., 2008; Quednow et al.,
2008). Yet, a meta-analysis including the endophenotypes should be performed to
confirm the initial data. Furthermore, the issue whether schizophrenia should be
considered as a single neurodevelopmentai disorder or represents a collection of
endophenotypes is currently being discussed in connection with the preparation of
the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-V; Gaebel et al., 2008). Thus, in the future a better classification of the
patients may well lead to the identification of TRKA SNP rs6336 as a risk or
protective factor for a certain endophenotype.
In addition to gene-environment interactions, gene-gene interactions may influence
the final outcome of a phenotype and may thus affect the eventual result of an
association study. Since susceptibility genes can often be grouped into a family with
roles in the same pathways or processes (Carter, 2006), SNPs within members of
such a gene family may interact (pair-wise interacting SNPs). For schizophrenia,
examples may include interactions between SNPs in the ERBB and neuregulin gene
families (Benzel et al., 2007) or between an intronic tryptophan hydroxylase SNP
and the short allele of the serotonin transporter gene (Chotai et al., 2005). Thus,
SNPs in components of the TRKA pathway may interact with TRKA SNP rs6336
and as such contribute to the observed dual character of rs6336. Another
explanation for the dual character may depend on the parental origin of the genetic
variation. Recently, parental-origin-specific SNP associations with breast cancer,
basal-cell carcinoma, and type 2 diabetes have been reported (Kong et al., 2009).
Thus, TRKA SNP rs6336 may be a risk allele when inherited from the father and a
protective allele when inherited from the mother or vise versa.
In conclusion, we find TRKA SNP rs6336 either as a risk allele or a protective
factor for schizophrenia. However, further research on large, well-characterized
cohorts is necessary to explore whether this TRKA SNP is linked to a certain
endophenotype and/or interacts with another SNP(s) in the TRKA signaling
pathway to explain its apparently dual association with schizophrenia.
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In order to get more insight into the aetiology of the complex neuropsychiatrie
disorder schizophrenia, in the last four decades a myriad of studies on animal
models as well as human association studies have been performed. These studies
have highlighted many genes and pathways that may be involved in the
development of schizophrenia, but unfortunately they have raised more questions
than answers. The aim of this thesis was to identify candidate genes associated with
schizophrenia. In this final chapter the results obtained from the studies on the
APO-SUS/APO-UNSUS rat model and the human association studies are discussed
and placed in a broader context.
mRNA expression profiling in animal models for schizophrenia
In the last ten years, a number of microarray analyses have been performed in
animal models for schizophrenia. An overview of the results of these analyses
(chapter 1) illustrates that we still can not provide a conclusive answer to the
question which genes play a role in the aetiology of this complex disorder. The
numerous mRNA expression studies have resulted in even more genes that could
play a role in the onset of schizophrenia than was previously thought. Most of these
genes have been found in only a single study and their significance is at present
unclear. The three kinds of animal models for schizophrenia (neurodevelopmental,
pharmacological and genetic) have been created in different ways. This
circumstance may explain the near lack of overlap between the genes found to be
differentially expressed in the various animal models. Moreover, heterogeneity such
as the ages of the animals and the ways of treating or sacrificing the animals occurs
even within one group of animal models (either neurodevelopmental,
pharmacological or genetic). For instance, in the various studies on the
pharmacological models the animals were treated differently in that substances
were administered at different concentrations and at different time intervals, and the
time points at which the animals were sacrificed following drug administration were
not the same. Furthermore, before being sacrificed in some of these studies the
animals were anaesthetized, while it is known that anaesthesia may well affect gene
expression levels (Culley et al., 2006; Dampney et al., 1995; Nakazato et al., 2009;
Vahl et al., 2005). In addition, the methods of dissecting the brain areas differed and
a number of brain regions were analysed, with each region having its specific
mRNA expression pattern. For the gene expression analyses, a variety of
microarrays and platforms have been used, ranging in their coverage from a couple
of thousand genes to the nearly complete genome. The variation among the various
experiments was further increased by the use of different statistical methods and
cut-off values. The studies performed with the early microarrays and dealing with
only a limited number of genes should therefore be repeated with the newest
microarrays or deep-sequencing approaches and using the latest knowledge, e.g.
regarding the effect of anaesthesia on gene expression. More overlap in the results
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of the future genome-wide mRNA expression studies may then occur, possibly
leading to the identification of common molecular pathways that may well play a
role in the aetiology of schizophrenia. At present however the studies performed
thus far do not provide decisive insights. Clearly, more molecular analyses of the
various animal models for schizophrenia are necessary. It would be of interest to
include in such studies new genome-wide technologies to explore, besides mRNA
expression profiles, epigenetic (e.g. DNA methylation or histone acetylation), and
noncoding RNA and (phospho)protein expression patterns as well.
The family of sodium and potassium voltage-gated channels and schizophrenia
As mentioned, most genes found to be differentially expressed in mRNA expression
studies on schizophrenia animal models have been reported only once. However, an
exception may constitute the family of genes encoding sodium and potassium
voltage-gated channels (consisting of-200 members).. In seven out of the twentysix microarray studies discussed in chapter 1 at least one member of this family has
been found to be differentially expressed (Duncan et al., 2008; Fatemi et al., 2006;
Kaiser et al., 2004; Kinnunen et al., 2003; Marvanova et al., 2004; Takahashi et al.,
2004; Toyooka et al., 2002). In chapter 2, we describe the differential expression of
the potassium channel-interacting protein KCnlPl in the hippocampus of both the
original and the replicate APO-SUS/APO-UNSUS rat lines. Intriguingly, genes
encoding potassium channels have already been implicated in the aetiology of
schizophrenia, such as KCNN3 (Tornita et al., 2003) and recently KCNH2 (Huffaker
et al., 2009). In particular KCNH2 (also known as the human ether-a-go-go-related
gene (HERG)) appears to be a strong contributor to the schizophrenia phenotype
because of the presence of disease-associated single-nucleotide polymorphisms
(SNPs) in its gene together with compelling, converging evidence from (functional)
brain imaging, mRNA expression and electrophysiological studies (Horvath et al.,
2009). High-affinity antagonists of the K.CNH2 channel are the antipsychotic drugs
sertindole, pimozide and thioridazine. In fact, these drugs displayed little or no
selectivity for dopamine D(2) or 5-HT(2A) receptors relative to their K.CNH2
channel affinities (Kongsamut et al., 2002; Rampe et al., 1998). Recent studies have
shown that the openers of potassium voltage-gated KQT-like (K.CNQ) channels
represent a class of antipsychotics as well (Sotty et al., 2009). K.CNQ channels
suppress basal activity of dopaminergic neurons and dopaminergic firing and
activation of KCNQ attenuates the central stimulating effects of dopamine, cocaine,
methylphenidate, and PCP (Dalby-Brown et al., 2006). Interestingly, the nonsynonymous SNP rs 10828317 (N251S) in phosphatidylinositol-5-phosphate 4kinase, type II, alpha (PIP5K2A), a gene that controls the function of KCQN
channels, has been associated with schizophrenia (Bakker et al., 2007). Use of the
Xenopus oocyte expression system has shown that wild-type P1P5K.2A but not the
N251S mutant activated heteromeric KCNQ2/K.CNQ3 and KCNQ3/KCNQ5
100

Chapter 6 - General Discussion
channels, indicating that this associated SNP is indeed functional (Fedorenko et al.,
2008).
Differential expression of KCnIPl in the APO-SUS/-UNSUS rat model
KCnlPl is differentially expressed in both the original and replicate APO-SUS and
APO-UNSUS hippocampus (chapter 2), but the reason for this is at present
unclear. Possibilities for an explanation include the presence of a copy number
variation (CNV), SNP, or differential expression caused by DNA methylation
and/or histone modification. CNVs may be involved in the aetiology of complex
disorders (Lee et al., 2006). To test whether CNVs play a role in the development of
the APO-SUS/APO-UNSUS rat model, genomic DNAs of rats from the replicate
lines were applied to a rat Agilent 244A array containing 235,000 probes (-60nucleotides coding and non coding rat sequences with an average spatial resolution
of 6.0 kb). A total of 367 probes were identified to represent a difference in copy
number, but none of these was located in KCnIPl (K.M.J. Van Loo, personal
communication). It is therefore unlikely that the differential expression of KCnIPl
is directly caused by the presence of a CNV in the gene. The differential expression
of KCnIPl might also be due to SNPs that affect the stability or splicing of the
mRNA. The promoter region, splice sites and exons of KCnIPl should be analyzed
for SNPs, which can be done with high-resolution melting (HRM). In the last
decade the involvement of DNA methylation and histone modification (so-called
epigenetics) in psychiatric disorders has become more acknowledged (Bredy et al.,
2010). Methylation occurs on cytosines at CpG dinucleotides and affects the
expression of genes by triggering histone deacetylation, chromatin condensation
and gene silencing. Epigenetics including DNA methylation is defined as heritable
changes in gene expression patterns (Wolffe et al., 1999), but can also be influenced
and changed by environmental factors such as maternal care (Weaver et al., 2004).
Therefore, differences in DNA methylation may well represent the mechanism
underlying the differential gene expression in APO-SUS and APO-UNSUS rats
since the apomorphine susceptibility is heritable but is also influenced by maternal
deprivation and cross fostering (Ellenbroek et al., 2000). Tissue-specific epigenetic
differences do indeed exist between the APO-SUS and APO-UNSUS rats (Van Loo
et al., 2007). Sequence analysis reveals two small CpG islands (-105 nucleotides)
in the 1-kb region upstream of the transcription initiation site of KCnIPl
(http://emboss.bioinfonnatics.nl; parameters: observed/expected ratio >0.60,
Percent C + Percent G > 50.00, and Length > 100). Methylation of these CgG
islands may affect the expression of KCnipl and therefore it would be of interest to
examine the methylation status of these CpG islands in the APO-SUS and APOUNSUS rat genomes.
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The potassium channel-interacting protein KCnIPl and schizophrenia
KCnIP (or KChIP) proteins coassemble with the α subunits of the pore-forming
voltage-gated potassium channels 4 (Kv4) and regulate the surface density and
gating properties of these channels (Birnbaum et al., 2004; Rhodes et al., 2004). As
mentioned, potassium channels have been implicated in the aetiology of
schizophrenia (Bakker et al., 2007; Rampe et al., 1998; Sotty et al., 2009).
Differential KCnIPl expression or a change in the mode of action of KCnIPl due to
e.g. a SNP might therefore be associated with schizophrenia as well. KCnIP
proteins belong to the neuronal calcium sensors (NCS) together with gyanylyl
cyclase-activating proteins (GCAPs), recoverins, NCS-1 (or frequenin), and visininlike proteins (VILIPs). Since neuronal changes in cytosolic Ca2+ concentration
regulate many different events (Berridge, 1997), NCS proteins are involved in the
regulation of a wide range of neuronal functions, including the regulation of
receptors, ion channels, membrane traffic and cell survival (reviewed by Burgoyne
et al., 2004). The human nucleotide sequence of KCnIPl displays one nonsynonymous SNP (E206K) which is located in the C-terminal region of its wellconserved, functional EF-hand Ca2+-binding domain (Liao et al., 2009). This SNP
therefore represents a candidate genetic variation that is worthwhile to be examined
in a human association study.
No correlation between a high dopamine susceptibility and a hyperactive HPAaxis
Over a decade ago it was demonstrated that besides their apomorphine
susceptibility APO-SUS rats of the original line displayed a hyperactive
hypothalamus-pituitary-adrenal (ΗΡΑ) axis (Rots et al., 1995; Rots et al., 1996a).
Upon a conditioned emotional response higher levels of adenocorticotropic
hormone (ACTH) and a prolonged elevation of ACTH levels were measured in
plasma of the APO-SUS rats when compared to those in the APO-UNSUS rats.
Under basal conditions the levels of ACTH were higher and the levels of free
corticosterone were lower in the APO-SUS than the APO-UNSUS rats (Rots et al.,
1996a). This difference in basal ACTH levels was already present at postnatal day
18, while at that age no differences were detected in the levels of dopamine Dl and
D2 receptor, and tyrosine hydroxylase (TH) mRNAs. Based on these results it was
hypothesized that the divergence in ΗΡΑ-axis characteristics, such as basal and
stress-induced ACTH levels, precedes the difference in dopamine responsiveness
and may be causal to the differences observed within the dopaminergic system
(Rots et al., 1996b). The causal correlation between a hyperactive ΗΡΑ-axis and a
high dopamine susceptibility has been postulated before since ACTH can directly
elevate gene expression for catecholamine biosynthesis and the release of
glucocorticoids (e.g. corticosterone in rodents) influences dopamine activity in the
central nervous system (Czyrak et al., 2003; Serova et al., 2008). Since the
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experiments performed by Rots and colleagues were all with rats of the original
lines, we decided to replicate and validate these experiments using rats of the
original and replicate lines. As described in chapter 3, APO-SUS rats of the
original lines indeed showed elevated basal and stress-induced ACTH levels and
lower free-corticosterone levels under basal conditions. However, in the rats from
the replicate lines both the ACTH levels as well as the free-corticosterone levels did
not differ. Although not proven, these results suggest that the hyperactive HPA-axis
in the APO-SUS rats is likely not causally linked to the responsiveness to the
dopamine D1/D2 receptor antagonist apomorphine.
Differences between the APO-SUS / APO-UNSUS original and replicate rat
lines: Consequences for the rat model
As shown in chapter 3, APO-SUS rats from the replicate line do not display all
aspects of the original APO-SUS phenotype. The differences found in the activity
of the ΗΡΑ-axis of the rats from the original lines were not observed in the replicate
rat lines. Besides consequences for the hypothesized correlation between HPA-axis
and dopamine responsiveness, this might also have consequences for other
phenotypes that have been observed in APO-SUS rats of the original lines such as
the immunological differences. For instance, a correlation between the activity of
the HPA-axis and the Thl/Th2 ratio has been reported (reviewed by Elenkov,
2004). Kavelaars and colleagues found in rats from the original lines a difference in
Τ helper (Th) cell response. The APO-SUS rats, but not APO-UNSUS rats,
generated a Τ helper (Th) 2 response upon a Trichinella spiralis infection, whereas
APO-UNSUS rats, but not APO-SUS rats, were susceptible for a Thl-mediated
experimental autoimmune encephalomyelitis. Furthermore, the ratio of Thl-derived
cytokine interferon γ and Th2-derived cytokine interleukin 4 was significantly
higher in APO-UNSUS rats than in APO-SUS rats form the original lines
(Kavelaars et al., 1997). The Thl/Th2 balances in APO-SUS and APO-UNSUS rats
from the replicate lines remain to be established. Recent studies on the replicate rat
lines have shown that the weights of APO-SUS and APO-UNSUS thymuses are
different (V.D. Eijsink, R.W.M. Van Vugt and G.J.M. Martens, personal
communication), which might indicate a disturbance in the immune system and in
the Thl/Th2 balance since the thymus is an important organ in the cytokine network
(Yarilin et al., 2004). Knowledge of the Thl/Th2 balance in the rat model is of
interest since this balance has also shifted towards the Th2 system in schizophrenia
patients (Muller et al., 1999); it represents one of the phenotypic similarities
between the original APO-SUS rats and schizophrenia patients. Besides parameters
of the immune system also other phenotypes described for the APO-SUS rats from
the original line are worthwhile retesting in APO-SUS rats from both the original
and the replicate lines. The APO-SUS/APO-UNSUS selection during breeding was
solely based on apomorphine susceptibility and other parameters such as behaviour
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on the open field, prepulse inhibition (PPI) and the occurrence of lung metastasis
have hardly been studied in the replicate lines. Therefore, some of the differences
reported in the past may not be represented anymore in the current original and/or
replicate rat lines. Recent studies have shown that the reduced PPI and the higher
activity on the open field are still present in the replicate APO-SUS rats. However,
in rats from the original lines the difference in the behaviour on the open field could
not be observed anymore (V.D. Eijsink, M.M.M. Verheij and G.J.M. Martens,
personal communication). Extensive phenotypic analysis will establish whether
(one of) the APO-SUS rat lines is/are still a good rat model for schizophrenia or
rather represent(s) a rat model to study only the dopaminergic pathway.
TRKA and schizophrenia
The aim of this thesis was to identify genes associated with schizophrenia. To this
end, we used, besides the APO-SUS rat model, human association studies. In
chapter 4, the associations of a number of non-synonymous SNPs were examined.
The 396 selected SNPs were located in genes important in neurodevelopment or
associated with schizophrenia or another disease. After testing in USA Caucasian
schizophrenia case-control groups, 189 SNPs were further tested in Caucasian
groups from Denmark and Norway. The most promising SNP, with a corrected pvalue of 0.12, was rs6336 in TRKA (NTRK1). The follow-up was an association
study of this SNP in five other Caucasian schizophrenia case-control groups
(chapter 5). Remarkably, whereas in two of these groups a higher frequency of the
risk allele was indeed found in the patients compared to the controls, in the three
other groups the SNP acted as a protective factor. In a ninth case-control group, the
SNP also acted as a protective factor (p = 0.001, data not shown; in collaboration
with R.A. Ophoff, Department of Medical Genetics, UMC Utrecht). A number of
other SNPs have also been significantly associated with schizophrenia as a risk
factor in some cases and as a protective factor in other groups (Shi et al., 2008). In
an attempt to understand these remarkable results, various hypotheses have been
postulated. The flips in the direction of a single-locus association may be attributed
to the presence of another disease-influencing genetic variation (located either on a
syntenic or a nonsyntenic locus) that is correlated with the target susceptibility
locus and differs in linkage disequilibrium (LD) among various cohorts (correlation
coefficient; Lin et al., 2007). To explore this hypothesis for rs6336, the associations
of this SNP and other SNPs that from cohort to cohort vary in LD with rs6336 have
to be studied in a large case-control group. Another hypothesis comprises the
contribution of different phenotypes. For instance, the COMT Vall58Met
polymorphism has been associated with lifetime symptomatology and sensorimotor
gating (Goghari et al., 2008; Quednow et al., 2008), while it failed association in a
meta-analysis (Shi et al., 2008). Yet, a meta-analysis considering these clinical
phenotypes should be performed to confirm the initial data. To explore whether
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rs6336 is associated with one or more clinical schizophrenia phenotypes, more
clinical data on the eight groups are needed. This is extremely difficult since the
patient groups were collected by different psychiatrists and thus different clinical
phenotypes have been recorded for each group. Another hypothesis concerns the
parental origin of alleles. In 2009, parental-origin-specific associations with breast
cancer, basal-cell carcinoma and type 2 diabetes have been reported, illustrating that
SNPs in imprinted genes can be a risk allele when inherited from the father and a
protective allele when inherited from the mother or vise versa (Kong et al., 2009).
Kong et al. (2009) have reported 48 imprinted genes, but this group does not
include TRKA. However, the group is not complete, e.g. the imprinting of the gene
encoding GABA(A) receptor beta(2) subunit (GABRB2) has recently been reported
(Pun et al., 2010). Interestingly, transmission disequilibrium tests with family trios
have shown significant differences between paternal and maternal transmissions of
the schizophrenia-associated SNP rs6556547 in the imprinted GABRB2 gene (Pun
et al., 2010). Thus, the TRKA flip in direction of association might be parent
specific. However, to investigate this possibility, genomic DNAs from parents
and/or relatives are needed, but these are difficult to obtain.
In conclusion, from the meta-analysis of the genotyping of the eight Caucasian
cohorts we have to infer that TRKA SNP rs6336 is not associated with
schizophrenia. However, further research on large, well-characterized cohorts could
reveal whether this TRKA SNP interacts with another SNP(s), is linked to a certain
clinical phenotype and/or is parental-origin-specifically associated with
schizophrenia. If rs6336 and TRKA are indeed associated with schizophrenia,
functional studies have to demonstrate whether the SNP is functional. The effect of
rs6336, representing a H598Y substitution, on autophosphorylation of TRKA has
been studied by Mardy and colleagues. They concluded that the H598Y (rs6336)
substitution had no significant effect on the autophosphorylation of TRKA
transfected into COS-1 and SH-SY5Y cells. Also SNP rs6339, a SNP in complete
LD with rs6336 and representing a G607V substitution, had no effect on TRKA
autophosphorylation (Mardy et al., 2001). However, the effect of both substitutions
together on TRKA autophosphorylation was not tested. This knowledge would be
of interest as the fact that rs6336 and rs6339 are in complete LD implies that the
substitutions will always occur simultaneously. The phosphorylation event is
essential since phosphorylated TRKA represents the activated state of the receptor.
Recently, it was shown that the antipsychotics risperidone, haloperidol and
olanzapine significantly decrease TRKA phosphorylation in rat hippocampus (Terry
et al., 2010). In other schizophrenia animal models using risperidone and
haloperidol, the expression level of TRKA was altered (Becker et al., 2008; Terry et
al., 2007). Therefore, SNPs that affect the phosphorylation and thus the activity of
TRKA might well be associated with the aetiology of schizophrenia and TRKA
might represent a drug target.
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Candidate genes other than TRKA and schizophrenia
The association study reported in chapter 4 revealed ten SNPs that in a meta
analysis over three Caucasian schizophrenia case-control groups were associated
with schizophrenia. Eight of the ten SNPs were also tested in some of the Caucasian
schizophrenia case-control groups described in chapter 5 (data not shown). Seven?
of these more broadly tested SNPs had a flip in the direction of association, likely
causing the fact that they were not significantly associated with schizophrenia when
tested in the meta-analysis. This observation underlines the necessity of correcting
association data for multiple testing, i.e. with a p-value of 0.05 testing 100 SNPs
implies that 5 SNPs will be falsely associated. The only SNP not showing a flip in
association direction is rs2066844 in NOD2 (CARD15)\ this SNP was tested in a
total of six cohorts and when tested in the meta-analysis it was significantly
associated with schizophrenia. SNP rs2066844 causes an arginine to thryptophan
change (Arg702Trp) in NOD2, a protein that activates the intracellular bacterial
receptor activating nuclear factor-κΒ (N F-κΒ). In vitro assays have shown that the
702
NF-KB response of the Trp variant to bacterial glycan components is reduced
compared to that of wild-type NOD2 (Bonen et al., 2003). Therefore, NOD2 SNP
rs2066844 may influence the immune response and as such provide a link between
schizophrenia and infection. NOD2 has not been associated with schizophrenia
before, neither in SNP association studies nor in animal or human expression
studies. It would be interesting to analyze SNP rs2066844 in the additional three
case-control groups that were used for analyzing rs6336 to examine whether the
NOD2 SNP is genuinely associated with schizophrenia.
Future perspectives
The data discussed in this thesis raise more questions than give answers, but do
provide leads for further research on both the APO-SUS / APO-UNSUS animal
model and human association studies. For instance, the microarray data described in
chapter 2 can be interpreted in several ways. With the purpose of finding genetic
differences between the two rat lines, genes were considered to be of interest if their
expression levels were different in three brain tissues. However, the most
interesting gene KCnIPl was expressed at a low level in the pituitary and this
expression was not significantly different between the APO-SUS and APO-UNSUS
rats (data not shown). Therefore, it may well be that other genes are equally
interesting but just not or not high enough expressed in one of the three tissues. To
study the genetic background of the APO-SUS and APO-UNSUS rats, extensive
genome-wide SNP screenings with a rat SNP microarray and complete sequencing
of the two genomes would be of interest. Given the fact that the genomes of the
APO-SUS and APO-UNSUS rats are expected to contain at least 400.000 SNPs
(K..M.J. Van Loo, personal communication), many rats should be sequenced to
identify the most interesting and genuinely associated SNPs. Furthermore, these rats
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have been bred for so many years that it is likely that SNPs can be 100% associated
with APO-SUS rats and not with the APO-UNSUS rats without being functionally
involved in the APO-SUS phenotype. To circumvent this problem, inter-Zbackcross
lines of APO-SUS and APO-UNSUS rats can be generated by crossbreeding
procedures. The generated F2 rat lines should be tested for the desired phenotypes
(apomorphine susceptibility, open field, PPI, etc) and then be subjected to SNP
testing. Also, further differential gene expression microarray studies involving more
animals could be performed. When differentially expressed genes are discovered,
their association with one or more of the phenotypes should be tested, which also
holds for KCnIPI. In addition, to establish why a gene is differentially expressed
one has to analyze whether its expression is differential in every tissue where the
gene is expressed. A genomic cause will lead to differential expression in each
tissue where the gene is expressed, whereas an epigenetic cause may lead to
differential gene expression in only a few tissues (Van Loo et al., 2007). Examining
neurodevelopmental expression in various tissues may provide more insight into the
role of the gene during development. Furthermore, expression studies following
cross-fostering and maternal deprivation, which are known to influence the
phenotype (Ellenbroek et al., 2000), should be performed. Gene expression could
also be studied after a pharmacological challenge (e.g. with apomorphine) or an
environmental stressor (e.g. the open field or a forced swimming test). Since the
APO-SUS and APO-UNSUS rats will behave differently in these challenges, it is
likely that also certain molecular pathways will be induced to a different extent and
some of the pathways induced in one line may not be induced in the other line.
Chapter 3 showed that at least one phenotype that is present in the original APOSUS / APO-UNSUS rat lines is not present in the replicate rat lines and therefore
not yet tested phenotypes should be retested in both rat lines. Although this may
result in the finding that the (replicate) APO-SUS rats are not a genuine model for
schizophrenia, the affected dopaminergic pathway (since the apomorphine response
is still differential) can provide new leads useful in schizophrenia research.
Knowledge of genes responsible for this affected dopaminergic pathway is thus still
very interesting. Therefore, genetic variations in KCnIPI and in other genes
resulting from further genomic and expression studies should be studied in human
to determine their association with schizophrenia and/or other complex
neurodevelopmental disorders. Yet, for future human association research a number
of aspects have to be considered. First of all, the cohorts need to be of sufficient
sizes to demonstrate association, in particular when the odds ratios (OR) and the
risk allele frequencies are low. Over ten thousand cases and an equal number of
controls are needed to detect significant association (power = 90%, two-sided α =
0.001) of a risk allele with an allele frequency in controls of 1% and an OR of 1.5.
To detect such an association with an OR of 1.3, one would even need over twentyseven thousand cases (Hattersley et al., 2005). Secondly, the rationale behind the
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SNPs that are tested for association should be evident. Non-synonymous SNPs can
be studied with for example the Affymetrix Targeted Genotyping GeneChip Human
(Panels 1 & 2) 20K. which consists of two panels containing twenty thousand SNPs
changing amino acids and representing more than ten thousand genes. However,
since interesting SNPs might have a regulatory function (e.g. in splice sites) rather
than changing an amino acid residue, one could also argue to study as many SNPs
as possible. For this purpose an array such as the Affymetrix Genome-Wide Human
SN Ρ Array 6.0, which contains over 900K. SNPs and 900K probes for the detection
of CNVs, can be used. Last but not least the case-control groups should be well
defined. Schizophrenia is a complex disorder that comprises more than one
symptom. It might well be that in patients that are more affected by negative
symptoms, such as the reduction in emotional processes, other genes are associated
with the complex disorder than in patients that are affected by cognitive
impairment. Therefore, it is important that as much patient information as possible
is collected. Furthermore, the debate continues on whether in the fifth edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-V) schizophrenia
should be considered as a single disorder or as a group of several disease entities
(Gaebel et al., 2008). The genes reported in chapter 4 might be associated with one
or more schizophrenia-related phenotypes and symptoms. In future research the
functionality of the SNPs in e.g. TRKA and NOD2/CARD15 can be tested in in vitro
tests and ultimately in an animal model. Animals carrying the risk alleles should be
examined in various tests that correspond to one or more phenotypes of
schizophrenia. In the last decades many genetic animal models have been
developed (see chapter 1 for a number of examples) and the mutant models for e.g.
disrupted in schizophrenia 1 (DISCI) and neuregulin 1 (NRG1) have been well
characterized, which has led to new insights (Desbonnet et al., 2009). Furthermore,
mice with a disruption in the region equivalent to human chromosomal region
22q 11.2, a region associated with schizophrenia, have disruptions in synchronous
firing between prefrontal cortex and hippocampal neurons, a phenomenon that has
been associated with disruptions in learning and memory. Disruption of
communication between these brain regions may indeed underlie schizophrenia
(Sigurdssonetal.,2010).
In conclusion, this thesis describes a number of genes, such as KCnIPl, TRKA, and
NOD2/CARD15, that may well be involved in the aetiology of schizophrenia.
Although clearly more research is necessary to establish the exact roles of these
genes in this complex disorder, they do provide new leads in the continuing search
to understand the molecular mechanisms underlying schizophrenia.
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Summary
Schizophrenia is a complex psychiatric disorder with a lifetime risk o f - 1 % and an
enormous impact on society The disorder is characterized by psychotic and
negative symptoms, and most patients also suffer from cognitive impairments The
first symptoms usually manifest during late adolescence or early adulthood, but the
origin of the disorder is thought to be neurodevelopmental Environmental factors
in combination with predisposing genes appear to be important for the aetiology of
schizophrenia The aim of this thesis was to identify candidate genes associated
with schizophrenia To this end, studies on a rat model for schizophrenia as well as
human association studies on schizophrenia case-control cohorts are presented
The identification of predisposing genes for schizophrenia is however not simple
For example, loci on 21 of the 23 chromosomes have been reported to be associated
with the disorder on the basis of linkage analyses Furthermore, a number of
candidate genes have been tested in multiple case-control cohorts for association
with schizophrenia Yet, variations in these genes account for the aetiology of only
a small percentage of schizophrenia patients In order to get a better insight into the
aetiology of schizophrenia and the function of candidate genes, a variety of animal
models have been developed In chapter 1 mRNA expression profiling studies on
animal models for schizophrenia are reviewed From this overview it becomes clear
that the various studies have found many candidate genes However, most of these
genes have been reported in only one expression study and thus the question which
genes really play a role in the aetiology of schizophrenia remains unanswered
Chapter 1 also introduces the schizophrenia animal model central in this thesis,
namely the apomorphine-susceptible and apomorphine-unsusceptible (APO-SUS
and APO-UNSUS, respectively) rats This model has been generated from Wistar
rats on the basis of their susceptibility to the dopamine (DA) receptor agonist
apomorphine and is characterized by dopaminergic dysregulation The
pharmacogenetic selection has been performed twice, independently and with a
decade difference in time, resulting in the so-called original and replicate APO-SUS
and APO-UNSUS rat lines The APO-SUS and APO-UNSUS rats differ not only in
their dopaminergic pathway, but also in a number of other aspects such as their
brain information processing, and immune and neuroendocrine systems An mRNA
expression profiling study on various APO-SUS and APO-UNSUS brain regions is
described in chapter 2 The analysis revealed that besides the previously reported
Aph-lb only one other gene, encoding the potassium channel-interacting protein
KCnIPl, was significantly differentially expressed with a similar regulation
(upregulated) in brain tissues from both the replicate and original APO-SUS rats
Although the mechanism underlying the differential expression of KCnIP\ in the
APO-SUS/APO-UNSUS rat model is not known yet, this gene is of interest for
further research as many members of the family of sodium and potassium voltage114
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gated channels have been found to be associated with schizophrenia in both human
and animal studies. Seven out of the twenty-six mRNA expression studies reviewed
in chapter 1 have also reported the differential expression of a member of this
family. Therefore, chapter 6 concludes that the family of genes encoding sodium
and potassium voltage-gated channels deserves further study in relation to
schizophrenia.
In chapter 3 it is demonstrated that the replicate and original APO-SUS/APOUNSUS rat lines differ in at least one phenotype. It has been previously
demonstrated that original APO-SUS rats have a hyperactive ΗΡΑ-axis. As
expected, we found that APO-SUS rats from the original line indeed showed
significantly elevated adenocorticotropic hormone (ACTH) levels in basal and
stress conditions and the basal free-corticosterone levels were lower than in the
original APO-UNSUS rats. However, the basal and stress-induced ACTH levels
and basal free-corticosterone levels were comparable in APO-SUS and APOUNSUS rats from the replicate lines. Furthermore, in chapter 3 we studied in the
gene encoding corticosteroid-binding globulin (CBG/Serpina6) the Met276Ile SNP
that is hypothesized to affect the corticosterone binding of the CBG protein. This
SNP was in complete linkage disequilibrium (LD) with a Val Met SNP in the
same gene. The Met276 and Val285 alleles were associated with the APO-SUS rats of
both the replicate and original lines, indicating that these SNPs likely do not
segregate with the levels of free corticosterone. The phenotypes of the APO-SUS
rats of the original and replicate rat lines are thus not identical and it is worthwhile
to retest other phenotypes described in APO-SUS rats from both the original and the
replicate lines. The selection during breeding was solely based on apomorphine
susceptibility and other parameters have hardly been studied. Therefore, some of
the differences reported in the past may not be present in the original and/or
replicate rat lines anymore. Extensive phenotypic analysis will establish whether
(one of) the APO-SUS rat lines is/are still a good rat model for schizophrenia or
rather represent(s) a rat model to study the dopaminergic pathway.
Besides the animal studies, human association studies aimed at identifying
schizophrenia candidate genes were performed. An association study on 396
selected non-synonymous SNPs in three independent Caucasian schizophrenia casecontrol cohorts is reported in chapter 4. The meta-analysis showed ten SNPs that
were associated with schizophrenia. Correction for multiple testing revealed SNP
rs6336 in neurotrophic tyrosine kinase receptor (NTRK.1, better known as TRKA)
as the most attractive SNP for further study. Therefore, this SNP was tested for
association in five additional independent Caucasian schizophrenia case-control
cohorts in chapter 5. In this study, the SNP was found as a risk allele in five
cohorts, whereas it acted as a protective allele in three cohorts. This flip in direction
of association has been seen before for other SNPs and various hypotheses have
been postulated to explain this phenomenon. We discuss the dual character of the
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TRKA SNP and speculate on potential causes for this duality. The possible effect of
this SNP on the phosphorylation of TRKA has been discussed in chapters 4 and 6.
In chapter 4, nine other SNPs (in BARDI (rs28997576), LAMAS (rs3810548),
DKK2 (rs7037102), NOD2 (rs2066844), RELN (rs2229860), NOD2 (rs2066845),
NRGl (rs 10503929), ADAM7 (rs 13259668), and TNR (rs859427)) are shown to be
associated with schizophrenia. Additional results concerning these SNPs and the
implications are discussed in chapter 6. Especially SNP rs2066844 in NOD2
(CARD15), which causes an arginine to thryptophan change (Arg702Trp), may be
of interest to study in more detail in additional case-control groups and with cellular
or animal models. Suggestions for further research are given in chapter 6,
including a discussion on how additional microarray studies may provide more
leads to the genetic background of the APO-SUS/APO-UNSUS rat model.
Furthermore, the impact of the differences between the replicate and original APOSUS rat lines, the complex interpretation of the results from the human association
studies and suggestions to optimize these studies are discussed.
In conclusion, this thesis postulates that KCnIPJ, TRKA, and NOD2/CARD15 may
well be involved in the aetiology of schizophrenia and provides new leads in the
continuing search to understand the molecular mechanisms underlying this
devastating complex disorder.
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Schizofrenie is een complexe psychiatrische stoornis met een enorme impact op de
maatschappij. De stoornis wordt gekarakteriseerd door psychotische symptomen (de
zogenoemde "positieve" symptomen) en het ontbreken van basale emoties
("negatieve" symptomen), en de meeste patiënten leiden ook aan cognitieve
stoornissen. De eerste symptomen openbaren zich gewoonlijk tijdens de late
adolescentie of tijdens vroege volwassenheid, maar men denkt dat de stoornis
ontstaat tijdens de vroege ontwikkeling van de hersenen. Omgevingsfactoren in
combinatie met genetische factoren lijken belangrijk te zijn bij het ontstaan van
schizofrenie. Het doel van het onderzoek beschreven in dit proefschrift was om
genen te identificeren die geassocieerd zouden kunnen zijn met schizofrenie. Om
dit te bewerkstellingen, werden zowel studies aan een rattenmodel als genetische
associatie studies uitgevoerd.
Het identificeren van de genetische factoren die betrokken zijn bij het ontstaan van
schizofrenie is niet gemakkelijk. Zo zijn op basis van koppelingsanalyse locaties op
21 van de 23 chromosomen gerapporteerd als zijnde geassocieerd met de stoornis.
Vele kandidaatgenen zijn getest in meerdere casus - controle groepen, maar deze
genen dragen slechts bij een klein percentage van de schizofreniepatiënten bij aan
het ontstaan van de stoornis. Om meer inzicht te krijgen in het ontstaan van
schizofrenie en de functie van de kandidaatgenen zijn er verschillende diermodellen
ontwikkeld. In hoofdstuk 1 wordt een overzicht gegeven van mRNA
expressiestudies die zijn uitgevoerd aan diermodellen voor schizofrenie. Uit dit
overzicht blijkt dat door de diverse studies vele kandidaatgenen zijn gevonden. De
meeste van deze genen worden echter slechts genoemd in één expressiestudie en de
vraag welke genen nu echt een rol spelen bij het ontstaan van schizofrenie blijft dus
onbeantwoord. Het diermodel voor schizofrenie dat centraal staat in dit proefschrift
wordt ook geïntroduceerd in hoofdstuk 1, namelijk apomorfine-gevoelige en
apomorfine-ongevoelige ratten (in het Engels: apomorphine-susceptible, APO-SUS,
en apomorphine-unsusceptible, APO-UNSUS). Dit rattenmodel werd gegenereerd
vanuit Wistar laboratoriumratten op basis van hun gevoeligheid voor de dopamine
receptor agonist apomorfine en wordt gekarakteriseerd door een verschil in
regulatie van de neurotransmitter dopamine. Deze farmacogenetische selectie is
twee keer uitgevoerd, onafhankelijk van elkaar en met een decennium tijdsverschil,
wat geresulteerd heeft in de zogenoemde originele en replica APO-SUS en APOUNSUS ratten. De APO-SUS en APO-UNSUS ratten verschillen niet alleen in hun
dopaminerge systeem, maar ook op andere gebieden, zoals informatieverwerking in
de hersenen, het immuunsysteem en het neuro-endocriene systeem. Een mRNA
expressiestudie van verschillende hersengebieden van de APO-SUS en APOUNSUS ratten staat beschreven in hoofdstuk 2. Deze studie bracht, naast het eerder
gerapporteerde Aph-lb gen, slecht één ander gen aan het licht, namelijk het gen dat
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codeert voor het kaliumkanaal-interactieve eiwit KCnIPl. Dit gen kwam significant
hoger tot expressie in breinweefsel van zowel de originele als de replica APO-SUS
ratten. Alhoewel het waarom van deze differentiële expressie nog niet bekend is, is
KCnIPl wel een interessant gen voor toekomstig onderzoek aangezien vele leden
van de genfamilie coderend voor calcium- of kaliumkanalen geassocieerd zijn met
schizofrenie in zowel mens als dierstudies. Zeven van de zesentwintig mRNA
expressiestudies beschreven in hoofdstuk 1 rapporteerden een lid van deze familie.
Daarom wordt in hoofdstuk 6 geconcludeerd dat met betrekking tot schizofrenie de
familie van genen coderend voor calcium- of kaliumkanalen verdere bestudering
verdient.
In hoofdstuk 3 wordt aangetoond dat de originele en replica ratten wat betreft
tenminste één fenotype verschillen. In het verleden is aangetoond dat ratten van de
originele APO-SUS lijn een hyperactieve hypothalamus-hypofyse-bijnieras (beter
bekend onder de Engelse afkorting ΗΡΑ-as; Hypothalamic-pituitary-adrenal, HPAaxis) hebben. Zoals eerder gerapporteerd, konden we aantonen dat in zowel basale
als stressomstandigheden de APO-SUS ratten van de originele lijn inderdaad
significant hogere waarden hadden van het adrenocorticotroop hormoon (ACTH) en
dat de vrije corticosteronwaardes onder basale condities lager waren dan die van de
APO-UNSUS ratten van de originele lijn. De ACTH- en vrije corticosteronwaardes
waren echter vergelijkbaar tussen de APO-SUS en APO-UNSUS ratten van de
replica lijn. Ook bestudeerden we in hoofdstuk 3 het gen coderend voor
corticosteroïde-bindend globuline (CBG/Serpina6). In dit gen bevindt zich een
polymorfisme van een enkel nucleotide (in het Engels single-nucleotide
polymorphism, SNP) dat zorgt voor de aminozuurverandering Met Ile. De
hypothese is dat deze SNP de binding van het CBG-eiwit aan corticosteron
beïnvloedt. Deze SNP is 100% gekoppeld aan een andere SNP in hetzelfde gen,
namelijk de Val2i<5Met SNP. De Met276 en Val285 allelen waren geassocieerd met de
APO-SUS ratten van zowel de originele als de replica lijn, wat impliceert dat deze
SNPs niet segregeren met de vrije corticosteronwaardes (deze waren immers
verschillend tussen de originele en replica lijnen). De fenotypes van de originele en
replica rattenlijnen zijn dus niet identiek en het is de moeite waard om andere
fenotypes die voorheen beschreven zijn voor APO-SUS ratten te hertesten in ratten
van zowel de originele als de replica rattenlijnen. De selectie tijdens het fokken van
deze ratten was enkel gebaseerd op de gevoeligheid voor apomorfine en andere
fenotypes zijn nauwelijks bestudeerd in de replica lijnen. Het is daarom mogelijk
dat verschillen die in het verleden beschreven zijn, nu niet meer aanwezig zijn in
ratten van de originele en/of replica rattenlijnen. Een uitgebreide fenotypische
analyse zal antwoord geven op de vraag of (een van) de APO-SUS rattenlijn op dit
moment nog een goed rattenmodel voor schizofrenie is of dat ze slechts een
rattenmodel vormen voor de bestudering van het dopaminerge systeem.
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Naast dierstudies, werden ook associatiestudies bij de mens uitgevoerd om
kandidaatgenen voor schizofrenie te ontdekken. Een associatiestudie van 396
geselecteerde SNPs (die leiden tot een aminozuurverandering) in drie
onafhankelijke Caucasische schizofrenie casus - controle groepen is beschreven in
hoofdstuk 4. De meta-analyse toonde aan dat tien SNPs geassocieerd konden
worden met schizofrenie. Na een correctie voor het testen van meerdere variabelen
(multiple testing) bleef één SNP over als de meest aantrekkelijke SNP voor verdere
studie. Dit is SNP rs6336 in het gen coderend voor de neurotrofische tyrosine
kinase receptor (TRKA). Daarom werd deze SNP verder getest voor associatie in
vijf andere, onafhankelijke Caucasische schizofrenie casus - controle groepen
(hoofdstuk 5). In deze studie werd gevonden dat in twee groepen de SNP
geassocieerd is met schizofrenie als risicofactor, maar in drie andere groepen als
beschermende factor. Deze tegenstelling in associatie is in het verleden beschreven
voor andere SNPs en er zijn verschillende hypotheses die dit fenomeen proberen te
verklaren. We bediscussiëren het duale karakter van de SNP in TRKA en speculeren
over de potentiële oorzaken van deze dualiteit. Het eventuele effect van de SNP op
de fosforylering van TRKA wordt bediscussieerd in de hoofdstukken 4 en 6. In
hoofdstuk 4 worden nog negen andere SNPs (in de genen BARDI (rs28997576),
LAMA5 (rs3810548), DKK2 (rs7037102), NOD2 (rs2066844 en rs2066845), RELN
(rs2229860), NRGl (rs 10503929), ADAM7 (rs 13259668) and TNR (rs859427))
beschreven die geassocieerd zijn met schizofrenie. Resultaten van meerdere
associatiestudies met deze SNPs en de implicaties hiervan staan beschreven in
hoofdstuk 6. Vooral SNP rs2066844 in NOD2 (CARDI5), welke een
aminozuurverandering (Arg702Trp) veroorzaakt, kan interessant zijn voor verdere
studie in meerdere schizofrenie casus - controle groepen en in cellulaire modellen
of diermodellen. Suggesties voor verder onderzoek worden gegeven in hoofdstuk
6, inclusief een discussie over hoe toekomstige microarraystudies meer inzicht
kunnen geven in de genetische achtergrond van het APO-SUS/APO-UNSUS
rattenmodel. Tevens worden de impact van de verschillen tussen de originele en
replica rattenlijnen, de moeizame interpretaties van de associatiestudies bij mensen
en suggesties om deze studies te optimaliseren in dit hoofdstuk bediscussieerd.
Concluderend kan gesteld worden dat de resultaten van dit proefschrift laten zien
dat KCnIPl, TRKA, en NOD2/CARD15 betrokken kunnen zijn bij het ontstaan van
schizofrenie en ze bieden nieuwe aanknopingspunten voor de voortschrijdende
pogingen om de moleculaire mechanismen die ten grondslag liggen aan deze
destructieve complexe stoornis beter te begrijpen.
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Als je weet watje wilt,
en je kan watje denkt,
en je doet watje moet
Dan komt het allemaal wel goed

(Jurk)

En dan nu: het gedeelte van het proefschrift dat wel gelezen wordt... Iets waar ik
vanaf april 2004 naar uit heb gekeken, het dankwoord! Inmiddels is het 2010 en in
de afgelopen jaren zijn er vele mensen geweest die op een of andere manier hebben
bijgedragen aan dit boekwerkje. Dit hoofdstuk is voor jullie.
Allereerst wil ik graag mijn promotor Gerard Martens bedanken. Gerard, bedankt
voor het vertrouwen dat je me begin 2004 hebt gegeven door me (wéér een
Wageninger) aan te nemen op het schizofrenieproject. Jouw manier van begeleiden
kan en zal ik nooit vergeten. Bedankt voor het snelle nakijken en becommentariëren
van het schrijfwerk in de afgelopen jaren toen ik niet meer Nijmegen werkte, mede
hierdoor is het toch nog gelukt het manuscript begin 2010 afte krijgen.
Het tweede dankjewel kan alleen maar voor Karen zijn. Wat ben ik blij dat
sommige zekerheden -april 2006 is Karen hier weg- toch niet zo zeker zijn
gebleken. Bedankt voor alle goede adviezen, hulp bij experimenten en het
schrijven, het luisterend oor, maar vooral ook voor de gezelligheid! Niet alleen
musicalliedjes zingen op het lab ("Mamma Mia, 'k heb het fout gedaan.. ") maar ook
onverwacht naar Scheveningen voor de Lion King. Ik ben blij dat jij mijn paranimf
wilt zijn. Ik vind het super voor je dat je nu je draai helemaal hebt gevonden in
Bonn samen met Robin. Ik wens jullie heel veel geluk toe!
Naast Karen waren er nog vele andere helpende handjes. Martine, bedankt voor alle
PCRs -van genotypering tot qPCR, het is (bijna) allemaal in dit boekje beland- en
natuurlijk ook de hulp bij het dissecteren in het CDL. Veel geluk met je gezinnetje!
Luuk, bedankt voor je kennis en kunde op het gebied van de ratjes. Nick, geen 2D
plaatjes in dit boekje, maar toch ben je van onschatbare waarde geweest. Alleen al
om het uitschrijven van duizenden bonnen voor droogijs verdien je een speciale
vermelding. Marcel, we hebben niet heel veel samengewerkt, maar jouw werk aan
het APO-SUS/-UNSUS model gaf genoeg stof tot nadenken. Bedankt!
Het onderzoek aan het APO-SUS/-UNSUS rattenmodel is natuurlijk al ouder dan
ikzelf ben. Daarom ook een groot dankjewel aan Lex, Bart en collega's. Bedankt
voor jullie kennis en medewerking. Medewerkers en met name dierverzorgers van
het CDL, hartelijk dank voor alle goede zorgen!
Hoewel er een student is van wie het verslag nog steeds niet is ingeleverd, wil ik
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ook de studenten die ik heb mogen begeleiden bedanken Over het algemeen heb ik
veel plezier gehad met jullie en sommige kunnen zelfs hun naam terug vinden onder
de afzonderlijke hoofdstukken van dit boekje Bedankt voor jullie bijdrage'
I would like to thank all the co-authors and collaborators for their contribution,
either scientifically or in provided cohorts Especially the people from H Lundbeck
A/S and Leiden, it has been a pleasure working with you on the TI Pharma project
And I am glad to know that "Boer zoekt vrouw" is broadcasted in Denmark as
"Bonde soger brud"'
Niet alleen de mensen die aan het project werkten zijn belangrijk geweest bij de
totstandkoming van dit boekje' Een groot dankjewel aan alle Moldieren is dan ook
niet meer dan terecht Ene, veel succes met jouw laatste loodjes en bedankt voor
alle wijze lessen ("goedemorgen"), sorry dat ik mijn promotie op de verjaardag van
je dochter heb gepland Rob, Dorien, Jos, Jeroen ('t was gezellig in "ons"
Wagenings U-tje), Ron, Jacopo, Karel (helaas veel te vroeg overleden), Astrid,
Vivian, Michel, François en Bart, bedankt voor de fijne tijd' Dankjewel ook aan de
collega's van Celbiologie, onze buren op de 6e verdieping Een goede buur waren
jullie zeker Ralph, het carpoolen maakte de reis van Wageningen naar Nijmegen
een stuk aangenamer
Na viereneenhalf jaar was het tijd voor iets anders, iets heel anders Gelukkig zijn
mijn huidige collega's ook hartstikke gezellig en was het absoluut geen strafte gaan
werken in de BAPPP terwijl er thuis nog een proefschrift geschreven moest worden
Pieter en Pieter, dankjewel voor de gezonde druk ("B heeft zo'n stuk altijd in een
middagje af) om het proefschrift toch maar snel af te ronden Jos, bedankt voor het
vertrouwen en de stimulans Lieve collega's, het spijt me dat mijn promotie op
dezelfde dag is als het Intervet kerstdiner'
Behalve collega's zijn er nog veel meer mensen die ervoor hebben gezorgd dat ik dit
avontuur tot een goed einde kon brengen Christel, uiteindelijk allebei weer terug in
Brabant Je bent een vriendin uit duizenden' Zoals je op onze bruiloft al zei, op
Bemrode hebben we elkaar gevonden en die vriendschap is altijd blijven bestaan
Het was een goed idee van je om te gaan beeldhouwen, ik heb er heel wat frustraties
uitgemept op die donderdagavonden Maar de thee-avondjes bevallen ook prima
hoor' Heel veel geluk samen met Joris en de kleine Inu Sjouke, vanaf de
basisschool een constante factor in mijn leven De frequentie verschilt nog wel
eens, maar dat maakt je vriendschap niet minder waardevol Bedankt voor wie je
bent en heel veel liefde en geluk voor jou en je gezinnetje' Inge, van Bemrode ook
naar Wageningen Van interieur op Hoevestein IIA tot samen fitnessen, wat
hebben we een lol gehad Heel veel geluk met Wouter en bedankt voor alles
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Paula, als studiegenoot, huisgenoot, bestuursgenoot en vooral vriendin ben je van
onschatbare waarde. Kletsen op de gang van Cunera, volleyballen, samen het
scholierenpracticum verzorgen, de vakantie in Frankrijk, en samen schaatsen kijken
in Thialf zijn slechts een greep uit de goede herinneringen aan de afgelopen jaren.
Bedankt dat je mijn paranimf wilt zijn. Ik wens je heel veel succes met jouw
promotie!
Shakti, we zijn zo anders en juist dat maakt je bijzonder. Bedankt voor je
vriendschap! Sylvia, Diana, Suzanne, Eva en alle andere studiegenootjes, we zien
elkaar niet zo vaak meer, maar het is altijd meteen weer gezellig; bedankt en succes
met jullie (wetenschappelijke) carrières, ik hoop dat we elkaar niet uit het oog
verliezen! Sandra, het blijft raar dat een avondje De Dijk zo'n vervolg kan hebben.
Ik weet datje mij en Marcel niet bewust gekoppeld hebt, maar dankbaar ben ik wel.
Ik hoop dat jij, Ronald en Geert snel een plekje vinden in Boerdonk. Veel geluk
saampjes en succes met de afronding van jouw proefschrift! Boeringse vrienden,
gelukkig bleken jullie helemaal geen enge sekte te zijn. Ik heb nu alweer zin in het
jaarlijkse weekendje.
Opa, ik vind het fijn dat je deze bijzondere gebeurtenis in het leven van je
kleindochter nog mag meemaken. Tante Elly, ome Hans, tante Margo en ome
Michel, bedankt voor de belangstelling, het is eindelijk af! Piet en Nellie, ik ben blij
dat ik nu ook de naam Lathouwers mag dragen. Sorry dat ik zon moeilijk uit te
leggen beroep had gekozen (en nu weer..). Kees, Huub, Erik, Sandra en Joost,
bedankt voor alles. Floor en Luke, jullie zijn twee zonnetjes in mijn leven, ik vind
het leuk om jullie tante te zijn. Komen jullie snel logeren op de boerderij?
Kristel, mijn kleine zusje, enorm groot geworden in de jaren dat ik bezig was met
dit proefschrift. Het is fijn om te weten dat er iemand is die mensen voor je in de
"pikkers" wil duwen als dat nodig is. Dankjewel! Marjanne, er zijn maar weinig
mensen die me zo goed kennen als jij én die misbruik hebben gemaakt van mijn
appartement in Nijmegen. Je bent een schat! Pap en mam, dankjewel voor alles.
Jullie hebben me opgevoed tot wie ik ben en hebben er altijd in geloofd dat ik dit
kon. Thanks!
Lieve Marcel, het boekje is af... BEDANKT!! Ik hou van je!
Houdoe!

Jessica Lathouwers - van Schijndel
124

Curriculum vitae
Curriculum vitae

Jessica Elisabeth Lathouwers - van Schijndel werd op 12 november 1980 geboren te
Heeswijk-Dinther. Na het behalen van haar gymnasium diploma aan Gymnasium
Bemrode te Bemheze begon ze in 1998 met de studie bioprocestechnologie aan de
Wageningen Universiteit (toen nog Landbouwuniversiteit Wageningen geheten). Ze
koos voor de specialisatie cellulair-moleculair, met afstudeervakken bij het
Laboratorium voor Virologie onder leiding van dr. ir. Gorben Pijlman en de
leerstoelgroep Celbiologie en Immunologie onder leiding van dr. ir. Mark Huising,
en een stage bij the Department of Microbiology and Immunology of the
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Martens. Sinds februari 2009 is ze werkzaam als junior projectleider bij de afdeling
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Animal Health te Boxmeer.
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