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Chapter One

1. Psychosis

From psychosis...

Psychosis, Ancient Greek for disturbance of the mind, refers to distortions of thinking
(delusions and/or formal thought disorders) and/or perception (hallucinations) and is
often described as problems in recognizing and interacting with reality. Psychotic
symptoms occur in different nosological concepts; within the context of general
medical conditions, during intoxication with or withdrawal from (illicit) drugs and in
affective disorders, but are most common in non-affective psychotic disorders
(American Psychiatric Association, 2000a; van Os and Kapur, 2009; World Health
Organisation, 1992). Although the current classification of the non-affective psychotic
disorders, and even their boundaries with affective disorders and developmental
disorders, is subject of debate (van Os and Kapur, 2009), most epidemiological,
etiological and clinical knowledge to date is based on research within those constructs,
with schizophrenia as the most important (Tandon et al., 2008a; Tandon et al., 2009b,
2010).

...to schizophrenia...

Schizophrenia is a particularly heterogeneous disorder, characterized by the co-
occurrence, in varying degrees, of several symptom domains which cause impairments
in social and vocational functioning: (i) positive symptoms or psychosis, (ii) negative
symptoms or diminished drive and volition (flattening of affect, lack of motivation,
poverty of thoughts or speech, social withdrawal) and (iii) cognitive symptoms as
difficulties in memory, attention and executive functioning. The latter symptom
domain is not a formal diagnostic criterion.

Schizophrenia has a worldwide prevalence of 0.2 - 1% (Saha et al., 2005), with a
greater lifetime risk (RR 1.15 - 1.40) in males (Aleman et al., 2003; van der Werf et al.,
2012).

Schizophrenia, acute as well as residual state, is estimated to be among the health
states with the highest disability (Salomon et al., 2013). Moreover, it is associated with
a 2.5 times higher mortality rate than in the general population. This is only partly
attributable to an elevated suicide risk and is suggested to reflect the increasing gap in
health care accessibility, the less healthy life style and/or the possibly shared genetic
and environmental risk factors between schizophrenia and comorbid somatic
disorders, e.g. diabetes and cardiovascular diseases (Saha et al., 2007).

In addition to the impact on the patient, schizophrenia also impacts significantly the
quality of life in caregivers (Awad and Voruganti, 2008; Caqueo-Urizar et al., 2009).
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General introduction

The course of schizophrenia is typically described in four phases; the premorbid,
prodromal, psychotic and stable or plateau phase, with often insidious transition
between two phases. Not all patients go through all phases; recovery, at variable
degree, is possible at each stage (Tandon et al., 2009b). The first diagnosis is typically
made in adolescence or early adulthood with a younger age at onset of the psychotic
phase as an important predictor of more severe symptoms, worse treatment response
and inferior overall prognosis (Crespo-Facorro et al., 2007; Luoma et al., 2008;
Rabinowitz et al., 2006).

Since the 1950s, the cornerstone of an adequate treatment became antipsychotic
medication, without ignoring the importance of psychological and social support and
interventions (van Os and Kapur, 2009).

... and back to psychosis

The current concepts of schizophrenia and other non-affective psychotic disorders
seem to reflect discrete nosological entities, but this can be firmly questioned (van Os,
2009). As mentioned above, schizophrenia is characterized by a marked heterogeneity
which makes the existence of one specific etiological and pathophysiological pathway
unlikely. Additionaly, several lines of research suggest shared (genetic) etiology
between schizophrenia and several other psychiatric disorders, as indicated by (i)
increased comorbidity rates with other psychiatric diseases (Buckley et al., 2009), (ii)
molecular genetic overlap with other psychiatric diseases (Moreno-De-Luca et al.,
2010; Ripke et al., 2011), (iii) familial history of schizophrenia associated with increased
risk for most non-psychotic psychiatric disorders (DeVylder and Lukens, 2013) and (iv)
broad psychiatric familial history being more predictive for schizophrenia than familial
history of schizophrenia (Mortensen et al., 2010), ...

In recent years, a more dimensional (instead of a purely categorical) classification
model was proposed for psychiatric disorders in general (DeVylder and Lukens, 2013),
and for psychotic disorders specifically (van Os et al.,, 2009). A dimensional
classification allows for a more accurate reflection of the nature of psychosis, as
psychosis can be seen as a continuum, ranging from subclinical psychotic experiences
in the general population to clinical psychotic symptoms, requiring psychiatric
treatment (van Os et al., 2009). The lifetime prevalence of clinically relevant psychotic
symptoms can be estimated around 3% (Perala et al., 2007).

Convincing research is available to support an etiological continuity in the psychosis
continuum, for genetic as well as environmental factors (van Os et al., 2009).
Therefore, investigating the etiological and pathophysiological mechanisms along the
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Chapter One

entire continuum may help to increase the knowledge about underlying causes of
psychosis.

2. Genes (or nature)

Family, twin and adoption studies estimated the genetic portion of the risk to develop
schizophrenia up to 80% (Kendler and Diehl, 1993; Sullivan et al., 2003), although more
recent population-based studies lower the initial estimations to 67% and even less
(Wray and Gottesman, 2012). Schizophrenia is considered to be a complex genetic
disorder, which means that a single (Mendelian) genetic variant cannot explain its
heritability, but rather the sum of a large number of genetic variants with individually
small effects (Kendler and Diehl, 1993). During the last two decades, a lot of efforts
were made to disentangle the complex, underlying molecular genetics of
schizophrenia. A better understanding of these biological causes of psychotic disorders
would provide the scientific world with new clues for the development of better
biological treatments.

Family linkage studies were used to detect regions in the genome that could harbor
disorder-relevant genetic variation (Cichon et al., 2009), without any conclusive,
replicated results.

Association studies constitute another approach. A field synopsis of all gene
association studies in schizophrenia can be found on www.szgene.org (Allen et al.,
2008). Those association studies are mainly based on (a combination of) single
nucleotide polymorphisms (SNPs). Of the 3 billion base pairs (two nucleotides) forming
the human DNA, the vast majority is the same for all individuals. However, 1 in 1000
base pairs holds different information. If the same variation at a certain base pair
position occurs in at least 1% of the overall population, it is called a SNP. In candidate
SNP/gene association studies, SNPs/genes are considered candidate for association
with schizophrenia mostly because of their position in the genome (follow-up of
linkage studies) or their involvement in neurobiological pathways considered relevant
in schizophrenia (e.g. dopamine metabolism, neurodevelopment processes, ...)(Cichon
et al., 2009). So far, the candidate SNP/gene approach has not yielded widely accepted
findings (Cichon et al., 2009).

A further step in genetic research was taken with the Genome Wide Association
Studies (GWAS), based on the common-disease common-variant hypothesis
(O'Donovan et al., 2008; Purcell et al., 2009; Ripke et al., 2011; Shi et al., 2009).
According to this hypothesis, the genetic base of schizophrenia is formed by the
combination of many different common genetic variants (with a prevalence of > 5%),
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each with small effect. GWAS could detect (some of) those variants by studying
differential frequency of SNPs in large groups of patients and healthy controls. Huge
international collaboration studies (e.g. International Schizophrenia Consortium,
Psychiatric Genomics Consortium) were started to collect big enough samples to reach
the needed statistical power. Although the power and/or the genome coverage could
still be insufficient (Collins et al., 2011), some significant and replicated findings were
made, including genetic variation in the major histocompatibility complex (MHC), TCF4
and ZNF804A (O'Donovan et al., 2008; Purcell et al., 20093; Shi et al., 2009; Stefansson
et al., 2009).

Parallel with the common-disease common-variant hypothesis, also the common-
disease rare-variant hypothesis was put forward (McClellan et al., 2007). According to
this, rare variants (rare SNPs or rare copy number variations (rare CNVs)) may have
strong effects on the development of the disorder. Such a rare variant can even be
present in only one individual or in one multiply affected family. CNVs are structural
genomic variants; stretches of DNA (thousands to millions of base pairs) that are
deleted, duplicated (once or more) or inversed compared to a reference genome.
Some types of CNVs can be detected by the same techniques as used for the detection
of SNPs, others are more difficult and expensive to investigate. Awaiting more
affordable, technological possibilities, schizophrenia was already associated with a
higher frequency of CNVs than in the general population (Bassett et al., 2010; Buizer-
Voskamp et al.,, 2011) and the involvement of some chromosomal regions was
replicated (Doherty et al., 2012).

Both the common-variant and the rare-variant approach could be able to explain the
variance in genetic risk for schizophrenia, but so far, they only explain a fraction of the
risk, leading to the so called ‘missing heritability’. Further efforts and strategies in the
search of the missing heritability are mainly announced as bigger and improved
versions of the approaches described above. However, concerning these approaches,
several caveats were raised (Cichon et al.,, 2009), two of them deserving special
attention in the context of this thesis; 1. For some disorders there might be no
detectable main effects of SNPs, only higher order gene-gene or gene-environment
interactions (see further). 2. Current diagnostic categories might be inadequate and
endophenotypic variables or intermediate phenotypes might better index the
underlying gene effects.

A valid intermediate phenotype can be any measurable component along the pathway
between genotype and disorder as long as it meets some criteria (Gottesman and
Gould, 2003): (i) associated with the disorder in the general population, (ii) heritable,
(iii) state-independent, (iv) cosegregation with the disorder within families and (v) non-
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affected family members display the endophenotype in a higher degree than the
general population. As elaborated in chapter two of this thesis, decreased P300
amplitude may be a valid endophenotype for psychosis, with a heritability of up to 80%
(Bestelmeyer et al., 2009; Hall et al., 2009).

3. Environment (or nurture)

Although the heritability of psychosis/schizophrenia seems high, it certainly is not
100%, leaving still important causal influence for environmental factors (Tsuang et al.,
2001). The causal role of the environment may even have been underestimated for a
long time (Wray and Gottesman, 2012). Environmental components include
psychosocial, biological and physical factors experienced by the individual from the
moment of conception, through development, birth and maturation (Tsuang et al.,
2001; van Os et al., 2005). Finding compelling, modifiable environmental risk factors of
psychosis, would enable clinicians and policymakers to develop preventive and
therapeutic psychosocial interventions.

Several biological, environmental factors are repeatedly associated with the risk to
develop psychosis (not all of them with meta-analytic evidence); prenatal
environmental factors like maternal infection (Brown and Derkits, 2010) and vitamin D
deficiency (McGrath et al., 2010b), obstetrical complications (Mittal et al., 2008) and
cannabis use (Henquet et al., 2005b; Moore et al., 2007). Also several psychosocial
environmental factors were found to be associated with elevated risk for psychosis,
possibly with social defeat as common underlying mechanism (Selten and Cantor-
Graae, 2005); urban environment during development (March et al., 2008), childhood
trauma (Varese et al., 2012), multiple traumatic life events (Shevlin et al., 2008; van
Winkel et al., 2008b) and migration/minority status/discrimination (Bourque et al.,
2011; Veling and Susser, 2011). It has been argued that stigmatization may be a
precipitation factor too (van Zelst, 2009).

Collecting databases with phenotypes and adequate information about environmental
exposure is an expensive and time-consuming process. However, reliable and precise
measurement pays off by enhancing the power of an association study (Moffitt et al.,
2005; Wong et al., 2003). Additionally, several strategies can improve the quality of
data (Moffitt et al., 2005); prospective instead of retrospective, proximal instead of
distal (e.g. individual cannabis use vs average use in community) and cumulative,
repeated measures instead of snapshot measures. The latter because it provides more
precise, sensitive, and reliable measurement of the environmental risk factor. The
Experience Sampling Method (ESM), used in chapter six of this thesis, is an elegant

15



General introduction

diary method that assesses thoughts, emotions and (social) context in the flow of daily
life and meets the above mentioned criteria for optimal measurement of the
environment (Myin-Germeys et al., 2009).

4. Gene-environment interactions (GxE)

Although not all strategies are optimized, pure molecular genetics and pure
environmental epidemiology have not been very fruitful yet in detecting unequivocal
causal factors of psychosis/schizophrenia. Ignoring nurture may have handicapped the
field’s ability to understand nature (Moffitt et al., 2005). And vice versa, since many
environmental risk factors are ubiquitous, interactions with personal vulnerability
must be invoked to explain the relatively low rates of psychosis (van Os et al., 2005).

In the last decade of psychosis research, a lot of scientific attention has been drawn to
the concept of gene-environment interaction (GxE) (Duncan and Keller, 2011a; van Os
et al.,, 2010; Van Winkel et al., 2010b). Genetic variation may alter the individual
sensitivity to certain environmental factors, or conversely, certain environmental
factors may disrupt some vulnerable genetic mechanisms. Such interactions have to be
seen in a time-dependent model, with potentially differential effects according to the
developmental stage of the individual (van Os et al., 2008b).

Analogously to the developments in molecular genetic research, large multi-centered
and multidisciplinary, international research projects were initiated to investigate GxE
in psychosis (EU-GEI, 2008). Herein, top notch genetic and environmental research
strategies must be combined, along with the quest for solutions to the accompanying
and challenging statistical problems. The psychosis research community eagerly
awaits the first results of EU-GEI and other, large projects.

In the mean time, many interesting studies already suggested GxE in psychosis (Van
Winkel et al., 2010b), although few with meta-analytic evidence.

Further research efforts to detect true GxE in psychosis will certainly contribute to
enhancing the knowledge about the cause of psychosis. In a clinical perspective, GxE-
findings may create possibilities for more individualized and differentiated
interventions and for selective early intervention programs.

5. Aims and outline of thesis

The overall aim of this thesis was to further explore research strategies to unravel
underlying genetics of psychosis, with particular focus on two strategies: (i)
endophenotypes and (ii) gene-environment interactions.
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Before zooming in on GxE, in Chapter Two, | study the electrophysiological
endophenotypes, which may be a potentially useful leverage to crack the genetic code
of psychosis. The results of a genetic association study with the P300-amplitude in
patients with a psychotic disorder are presented.

Chapter Three, Chapter Four and Chapter Five discuss the differential effects of
cannabis on the development of psychosis. In Chapter Three, a candidate-gene
approach (BDNF Val66Met) was used to examine differences in age at onset of
psychosis with or without preceding cannabis use. As described before, age at onset is
an important predictor of the course of the illness. Additionally, it has been suggested
that modifiers of the age at onset may offer an important clue to the etiology of
psychosis (Delisi, 1992). In Chapter Four, we report a replication study of an
interesting GxE with rs2494732 in AKT1, suggested to contribute to the differential
sensitivity to the psychotogenic effects of cannabis (van Winkel and GROUP
Investigators, 2011). Chapter Five provides a critical review of the available evidence
suggesting a GxE with cannabis and the associated molecular genetic findings (not
considering Chapter Four). In this chapter, we also detect some pitfalls and formulate
recommendations for future research.

Finally and in the spirit of the above-described etiological continuity in the psychosis
continuum, we examined GxE in paranoia, a core symptom of psychotic disorders. In
Chapter Six, the results of a large ESM-study, exploring underlying genetics of paranoid
reactivity to social stress, are presented.
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ABSTRACT

Objective

Although reduced amplitude of the P300 event-related potential is a well-documented
intermediate phenotype of schizophrenia, little is known about its genetic
underpinnings in patients with schizophrenia. This study aims to examine associations
between P300 and a range of candidate genetic variants, selected from either
candidate gene studies or genome-wide association studies, in a large sample of
patients with schizophrenia.

Methods

P300 amplitude at the midline parietal electrode and 193 single nucleotide
polymorphisms (SNPs) in 67 genes were assessed in 336 patients with schizophrenia.
The association between each SNP and P300 amplitude, controlled for illness duration
and gender, was evaluated. Associations at p < .01 were considered of potential
relevance, while Bonferroni correction was applied to determine formal statistical
significance (Bonferroni-corrected threshold of significance p = .0003).

Results

Of the 193 selected SNPs, 4 SNPs showed potentially relevant association with P300
amplitude at a significance level of p < .01. One of these SNPs, rs1045642 in ABCB1,
was most convincingly associated with P300 amplitude, reaching formal (Bonferroni-
corrected) significance, while there was evidence for possible association with
rs1572899 in DISC-1, rs6265 in BDNF and rs1625579 in MIR137.

Conclusion

Genetic variation in ABCB1 may be associated with P300 amplitude in patients with
schizophrenia. This result may encourage further efforts to elucidate the genetic
underpinnings of P300 generation.
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1. INTRODUCTION

The auditory P300 is an event-related potential (ERP) that is typically elicited by an
auditory target stimulus serving as the signal for the participant to execute a
predefined task, such as pushing a button or counting. It is named after its typical peak
300ms after the target stimulus. The P300 is believed to reflect a summation of
simultaneous brain processes, including directed attention and contextual updating of
working memory (Turetsky et al., 2007; van der Stelt and Belger, 2007). It is described
by its amplitude and latency. Two subcomponents can be distinguished: the P3a
subcomponent with a predominantly frontal distribution, which reflects the
unexpectedness of the stimulus and the P3b subcomponent with a predominantly
parietal distribution, reflecting cognitive processing of task-relevant or contextually
salient stimuli (Turetsky et al., 2007).

Reduced amplitude of the auditory P300, especially the P3b subcomponent, has been
consistently reported in patients with schizophrenia (Turetsky et al., 2007; van der
Stelt and Belger, 2007). Although reduced P300 amplitude is not specific to
schizophrenia, the observed deficits are distinguishable in several aspects from the
P300-deficits in Alzheimer disease (marked latency prolongation), alcoholism (more
visual than auditory abnormalities) and depression (state-dependent abnormalities),
suggesting different underlying neural mechanisms (Salisbury et al., 1999; Souza et al.,
1995; Turetsky et al., 2007). However, since P300 amplitudes at centro-parietal sites in
patients with bipolar disorder manifesting psychotic symptoms were not
distinguishable from those of patients with schizophrenia, it was suggested that
decreased P300 amplitude at these sites may mark functional psychosis in general
(Bestelmeyer et al., 2009).

The heritability of the P300 was established by several twin studies (Bestelmeyer et al.,
2009; Hall et al., 2009; O'Connor et al., 1994). Moreover, part of the genetic
contribution to the P300 waveform is shared with the genetic contribution to
schizophrenia (Hall et al., 2007) and family members of patients with schizophrenia
also show significantly reduced P300 amplitudes compared to the general population,
although to a lesser degree than their ill relatives (Bramon et al., 2005).

Reduced P300 amplitude was found in first-episode patients, recent-onset, chronic
patients and even people at ultra-high risk for psychosis (Turetsky et al., 2007;
Umbricht et al., 2006; van Beijsterveldt et al., 2001; van der Stelt and Belger, 2007; van
Tricht et al., 2011). Given these findings, a decrease in the amplitude of the P300 is
commonly accepted as an intermediate phenotype for schizophrenia (Turetsky et al.,
2007; van der Stelt and Belger, 2007).
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Although a body of evidence supports reduced P300 amplitude as an intermediate
phenotype for schizophrenia, there is limited knowledge of the actual genetic
underpinnings of P300 generation in general, and P300 disruption in schizophrenia
specifically (Turetsky et al., 2007; van der Stelt and Belger, 2007). Blackwood and
colleagues (Blackwood et al., 2001) reported a reduction of P300 amplitude in a large
Scottish family multiply affected with schizophrenia. In this family, a balanced
translocation of chromosome 1 and 11, disrupting the DISC1 gene, was strongly
associated with both the diagnosis of schizophrenia and reduced P300 amplitude
(Blackwood et al., 2001). In addition, reduced P300 amplitude was also observed in
unaffected carriers of the translocation (Blackwood et al., 2001). Further studies used
a candidate gene approach to examine the association with P300 amplitude in healthy
controls (Gallinat et al., 2007; Mulert et al., 2006; Schofield et al., 2009; Shaikh et al.,
2011; Tsai et al., 2003a; Tsai et al., 2003b; Vogel et al., 2006), patients with a diagnosis
of depression (Chen et al., 2002) or addiction (Antolin et al., 2009; Berman et al., 2006;
Hill et al., 1998; Johnson et al., 1997), as well as patients with schizophrenia (Bramon
et al., 2006; Bramon et al., 2008; Gallinat et al., 2003; Golimbet et al., 2006; Shaikh et
al., 2011; Wang et al., 2009). These studies commonly focused on a single gene, often
even limited to a single nucleotide polymorphism (SNP). This is potentially problematic
since there are increasing concerns about the candidate gene approach, as the high
prevalence of false-positive findings in genetic research may not always be adequately
taken into account, especially in the context of undisclosed multiple statistical
comparisons (Sullivan, 2007). On the other hand, sample sizes are often too small to
allow for the use of genome-wide chips, suggesting that a candidate gene approach
with a larger number of SNPs and adequate control for multiple testing may be the
most viable option for the research of candidate endophenotypes (Greenwood et al.,
2011). Therefore, the current study examined a range of candidate SNPs, selected
from either candidate gene studies or genome-wide association studies, in a sample of
336 patients with a schizophrenia spectrum disorder.

2. METHODS AND MATERIALS

2.1. Subjects

The sample of this study was recruited between October 1999 and November 2006.
Psychiatric diagnoses according to DSM-IV criteria were established by experienced
psychiatrists affiliated with the University Centre at Louvain, Belgium, and responsible
for the patient’s treatment. In the University Centre, P300 analysis forms part of a
comprehensive neurological and neurophysiological assessment conducted in
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inpatients, after clinical stabilization. Conform to international guidelines (De Hert et
al., 2009), patients receive an elaborate physical health screening including assessment
of fasting glucose, lipids and other parameters as described previously (De Hert et al.,
2010; van Winkel et al., 2006). On this occasion, they were asked for permission to
store a blood sample for genetic analyses and for the anonymous analysis of clinical
data recorded during their treatment. The study was approved by the standing ethics
committee.

2.2. P300-recording

P300 data were recorded using a Neurofax Portable Electroencephalograph EEG-7414
(Nihon Kohden Corporation, Tokyo). During the recording patients were seated in a
slightly reclined chair and were asked to fix their gaze at a mark approximately 1 meter
in front of them. Evoked responses were recorded with 3 mid-line electrodes (Fz, Cz
and Pz), positioned according to the international 10/20 system and online referenced
to left and right ear-electrodes (A1 and A2). Electro-oculogram (EOG) was recorded in
order to reject P300-epochs distorted by eye-movement artefacts. All electrodes were
attached with a skin-electrode impedance of less than 5 kOhm.

120 sinus tones of 800Hz (standard) and 30 sinusoidal tones of 1470Hz (deviant), both
with a duration of 40ms and an intensity of 70dB sound pressure level, were presented
binaurally through earphones. Each inter-stimulus interval (ISI) was 1s. Standard and
deviant tones were mixed randomly. Patients were asked to push a button as quickly
as possible when hearing a deviant tone. Data were collected with a sampling rate of
1024 Hz and with a high cut-off at 70Hz. The event-related potentials (ERP) elicited by
correctly processed standard (without push on button) and deviant tones (push on
button) were averaged separately for each subject, using the EEG epochs from 100 ms
pre-stimulus to 600 ms post-stimulus. The obtained curves (Fz, Cz, Pz and EOG) were
displayed on a LCD-screen and for each electrode the N100 and P300 peaks after the
deviant tone were manually indicated. The most negative deflection between 50ms
and 150ms post-stimulus was considered as the N100, the most positive deflection
between 250ms and 400ms as the P300. The obtained curves and the indicated peak
values were printed and the paper report was stored in the patient’s file. For 336
patients both DNA and P300 data were available. Because a reduction of P300
amplitude over the midline parietal electrode Pz was described as a very robust finding
in patients with schizophrenia (Turetsky et al., 2007; van der Stelt and Belger, 2007),
P300 amplitude at Pz was a priori used for all analyses. During the retrieval of the
P300-data, the printed curves were visually inspected. The amplitude of the averaged
EOG-curves exceeded the amplitude of the P300-waves in 145 patients. Although EOG-
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artefacts are not expected to affect measurements at Pz, analysis of the entire sample
of 336 patients was complemented with a sensitivity analysis in the sample of 191
patients for whom the averaged EOG curves did not exceed the P300 amplitude.

2.3. Genetic variation

A previous study of our group, which examined molecular-genetic interactions with
cannabis, selected a total of 179 SNPs, 152 of which passed quality control and were
subsequently analyzed (van Winkel and GROUP Investigators, 2011). Gene selection in
this study was based on previous evidence of association with schizophrenia,
involvement in dopamine or endocannabinoid signaling or an involvement in the
regulation of environmental influences including epigenetic mechanisms. Since this
selection included the most studied candidate genes for schizophrenia prior to the
genome-wide studies, this set was used as the starting point for our SNP selection. This
set was updated with 24 SNPs either showing association with schizophrenia at grade
‘A’ or ‘B’ level in the SzGene database (Allen et al., 2008) (update 26 February 2010) or
identified by genome-wide association studies (situated in PGBD1, NRGN, NOTCH4,
PDE4B, TCF4, TPH1, HTR2A, RELN, MDGA1, CCKAR, DRD4, APOE, GWAS 11p14.1,
PLXNA2, GABRB2, SRR, ANK3, CACNA1C, ZNF804A, MHC, MIR137). Finally, a set of 10
SNPs was selected for intended pharmacogenetic studies (in ABCB1, ADH1C, AS3MT,
CYP17A1, CYP1A2, CYP2D6, FOXA2, GSTP1, SOD2). It was decided to also analyze these
SNPs in the context of this study, since for one of these SNPs, rs1045642 in ABCB1, an
association with P300-amplitude was found in a sample of healthy controls using a
data-driven analysis with 384 SNPs in 222 genes, which survived stringent correction
for multiple testing (Liu et al., 2009).

The sample used in this article is completely independent of the GROUP sample that
was used to examine the molecular-genetic interactions with cannabis (van Winkel and
GROUP Investigators, 2011). The sample analyzed here is part of a larger sample (UPC-
CUL sample) previously described in the context of metabolic syndrome (van Winkel et
al.,, 2010c), which now has been genotyped for the same markers as the GROUP
sample with the intention of replication of the molecular-genetic cannabis findings.
From the UPC-CUL sample, only the patients for whom a P300 measurement was
available (n=336) were included in this current study.

The selected SNPs were determined by Sequenom (Hamburg, Germany) using the
MassARRAY iPLEX platform at the facilities of the manufacturer; SNPs, therefore, were
not selected from a larger set of genomewide markers.

Of the 205 SNPs originally included, (see supplementary table S1), 8 SNPs were
excluded because they had more than 10% genotyping failure (rs165599 in COMT,
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rs1800955 in DRD4, rs2032582 in ABCB1, rs265981 in DRD1, rs3892097 in CYP2D6,
rs403636 in SLC6A3, rs6465084 in GRM3 and rs9296158 in FKBP5). 3 SNPs were
excluded because of Hardy-Weinberg disequilibrium (p < .001) (rs2023239 in CNR1,
rs28362317 in SLC6A3 and rs743572 in CYP17A1) and no variation was found for 1 SNP
(rs1799961 in DRD1). Thus, a final set of 193 SNPs in 67 genes was suitable for further
analysis.

2.4. Statistical analyses

All analyses were conducted using STATA/SE 10.1 for Windows (StataCorp., 2007),
regressing continuous P300 amplitude, as dependent variable, on each SNP.
Genotypes were coded ‘0’, ‘1’ or 2’ according to the number of minor alleles and
modeled as a linear effect, since this method can deal with different genotype
distributions, including distributions with a low minor allele frequency, as it avoids
stratification into small subgroups (Cordell and Clayton, 2005). Given the amount of
multiple testing involved, associations at p < .01 were arbitrarily considered of
potential relevance, while Bonferroni correction was applied to determine formal
statistical significance (Bonferroni-corrected threshold of significance p = .0003). Thus,
SNPs that reached p < .01 significance in the main analysis were also analyzed in the
sample of 191 patients with a P300 measurement surpassing the most stringent
quality control as a sensitivity analysis to maximize the signal to noise ratio, however
at the cost of reduced statistical power. All P300 values differing more than 3 standard
deviations from the mean were considered as outliers and excluded from the
regression analyses (n=4 in the main analysis, n=1 in the sensitivity analysis), as
recommended by Osborne and Overbay (Osborne and Overbay, 2004). Analyses were
controlled for the a priori defined confounders illness duration and gender.

A statistical power calculation was performed for the total sample as well as for the
sensitivity analysis. In the total sample, this study has a power of 100% to detect a SNP
that explains 10% of the variation in P300 amplitude according to the used regression
model (with a =.01), 95% to detect a SNP accounting for 5% and 53% to detect a SNP
accounting for 2% of the P300 variation. In the sensitivity analyses, the power
decreases to 98%, 74% and 29%, respectively.

3. RESULTS

3.1. Sample
The sample consisted of 336 individuals with a psychotic disorder who were on
average 32.6 years old (SD 11.0, range 14.4 — 64.2) and of whom 68.5% were male. The
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average illness duration was 8.5 year (SD 9.6, range 0 — 42). Patients had clinical
diagnoses of schizophrenia (64.3%), schizophreniform disorder (12.2%) or
schizoaffective disorder (23.5%).

For the sensitivity analysis, 191 individuals were included with an average age of 31.3
years (SD 10.2, range 14.4 — 57.1), 74.4% were male. The average illness duration was
7.6 year (SD 8.8, range 0 — 34), also with clinical diagnoses of schizophrenia (67.0%),
schizophreniform disorder (8.4%) or schizoaffective disorder (24.6%) (See Table 1 for
more details). Because of the significant differences in diagnosis, Clinical Global
Impression (CGI) scale and Global Assessment of Functioning (GAF) score, those three
variables were added as possible confounders in the regression model of the
sensitivity analysis.

Table 1
Epidemiological and clinical information of the total sample and the sensitivity analysis subsample.

Total sample Sensitivity analysis p*
(n=332) (n=190)
Male (%) 230 (68.5%) 142 (74.4%) .010
Mean age (SD) 32.4(11.0) 31.3(10.2) .030
Age range 14.4 - 64.2 14.4-57.1
DSM-1V Diagnosis 039
schizophrenia 216 (64.3%) 128 (67.0%)
schizophreniform disorder 41 (12.2%) 16 (8.4%)
schizo-affective disorder 79 (23.5%) 47 (24.6%)
Illness duration in years (SD) 8.5(9.6) 7.6 (8.8) .092
Antipsychotic medication ®
fenothiazines 22 (8.8%) 11 (8.1%) 776
thioxanthenes 46 (18.47%) 24 (17.7%) .633
butyrophenones 28 (11.2%) 21 (15.4%) .026
diphenylbutylpiperidine 2 (0.8%) 1 (0.7%) 879
amisulpride 22 (8.8%) 14 (10.3%) 411
aripiprazole 5(2.0 %) 1 (0.7%) 219
clozapine 25 (10.0%) 13 (9.6%) 724
olanzapine 76 (30.5%) 43 (31.6%) .888
quetiapine 27 (10.8%) 13 (9.6%) 124
risperidone 88 (36.1%) 49 (36.0%) 933
Cannabis use 489
non-user 196 (59.2%) 110 (57.9%)
user, outside heaviest period 115 (34.7%) 66 (34.7%)
user, during heaviest period 20 (6.0%) 14 (7.3%)
CGI (SD) 4.3 (0.8) 4.1 (0.7) <.001
GAF (SD) 57.6 (11.1) 60.0 (9.0) <.001

Chi-squared test for categorical variables, double-sided paired t-test for continuous variables.

SD = standard deviation / CGI = clinical global impression (scale form 1-7) / GAF = global assessment of
functioning

? P-values of statistical comparison between patients in sensitivity analyses and those who were
dropped on the basis of EOG artefacts.

® Data available for 249 patients (74.1%) of the total sample, of whom 136 (71.2%) in the sensitivity
analysis.
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3.2. P300

The overall mean P300 amplitude at Pz was 13.2 uV (SD 6.4; range -.4 — 48.8). Four
outliers were excluded from the analyses, resulting in a corrected average of 12.9 pVv
(SD 5.6; range -.4 — 32.4). P300 amplitude was significantly associated with illness
duration (Coef = -.107; 95%-Cl: -.170 — -.044; p = .001), but not with gender (Coef = -
.478; 95%-Cl: -1.794 — .837; p = .475). Four SNPs showed an association with P300
amplitude at p < .01; situated in ABCB1, MIR137, BDNF and DISC-1 (Table 2). The
sensitivity analysis supported an association with P300 amplitude for rs1045642 in
ABCB1 (reaching Bonferroni-corrected statistical significance), and to a lesser degree
for rs1572899 in DISC-1 and for rs6265 in BDNF, but not for rs1625579 in MIR137
(Table 2). Patients homozygous for the C-allele of rs1045642 (n=76) had an average
P300 amplitude of 11.4 pV (SD 5.1 pV) versus 12.8 uV (SD 5.8 uV) in heterozygous
patients (n=167) and 14.4 pV (SD 5.6 WV) in patients with the T/T genotype
(n=89)(Figure 1). A QQ-plot of the residuals of the regression model indicated no
departure from normality.

Table 2

Regression model of P300 amplitude, controlled for iliness duration and sex in the main analysis, with 3
additional confounders in the sensitivity analysis; diagnosis, CGl and GAF-score. A positive coefficient
(coeff) reflects an association of higher P300 peak amplitude with the minor allele, a negative coefficient
reflects an association with the major allele. Results of SNPs with p-value <.01 in the main analysis are
displayed, as well as the coefficient and p-value in the sensitivity analysis. The percentage of P300
variation explained (EV) by adding the SNP in the significant models, is also reported.

SNP (gene) coeff 95%- p-value EV coeff p-value EV
main confidence main sensitivity  sensitivity
analysis  interval analysis analysis analysis

rs1045642 (ABCB1) -1.37 -2.15-0.59  0.0021 29% -2.01 0.00017 7.0%

rs1625579 (MIR137) 1.70 .52-2.88 0.0048 2.0% .91 0.2215

rs6265 (BDNF) -1.47 -2.53-0.41 0.0068 2.6% -1.61 0.0265 2.5%

rs1572899 (DISC-1) -1.26 -2.19--0.34 0.0076 2.2% -1.56 0.0242 2.7%

3.3. Follow-up analyses of the ABCB1 finding

The ABCB1-gene, formerly called Multi Drug Resistance 1 (MDR1) gene, encodes for
the P-glycoprotein that has a known function in ATP-driven cellular excretion of a wide
range of exogenous and endogenous substrates, like drugs, hormones (Moons et al.,
2011) and tetrahydrocannabinol (THC) (Bonhomme-Faivre et al., 2008). Therefore,
post-hoc analyses examined possible confounding of the association between P300
and ABCB1 by antipsychotic medication and cannabis use.

None of the different classes of antipsychotics was significantly associated with P300
amplitude (Table 3). Moreover, when covarying for type of antipsychotic, the
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association between rs1045642 in ABCB1 and P300 amplitude remained significant
(Coef =-1.822; 95%-Cl: -2.826 —-.818; p = .00042).

Figure 1
Scatterplot of P300 amplitude over ABCB1-genotype.
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Lifetime cannabis use was assessed using the Composite International Diagnostic
Interview (CIDI)-lifetime section on substance abuse. Patients were thus identified as
non-users (n=196), users with P300-measurement outside the period of heaviest use
(n=116) and users with P300-measurement during the period of heaviest use (n=20).
There was no significant association between cannabis use and P300 (Coef = .712;
95%-Cl: -.290 — 1.714; p=.163) and controlling for lifetime cannabis use did not reduce
the association between rs1045642 in ABCB1 and P300 amplitude (Coef = -1.469; 95%-
Cl: -2.322 —-.616; p = .00079).

32



Chapter Two

Table 3

Outcome parameters (regression coefficient (coef), standard-error (SE), p-value (p) and 95%-confidence
interval (95%-Cl)) of a multiple regression model with P300 amplitude as dependent variable and
dummy variables for each class of anti-psychotic medication as independent variables. Number of
patients taking each class of anti-psychotics is indicated in the second column (n).

Class of anti-psychotic n coef SE p 95%-Cl
fenothiazines 21 -2.111 1.310 0.108 -4.691 - 0.470
thioxanthenes 46 -1.577 0.969 0.105 -3.488-0.333
butyrophenones 28 0.833 1.223 0.496 -1.576 -3.242
diphenylbutylpiperidine 2 / / / /

amisulpride 22 1.995 1.507 0.187 -0.975-4.964
aripiprazole 4 / / / /

clozapine 25 0.246 1.433 0.864 -2.576 — 3.069
olanzapine 76 -1.214 1.249 0.332 -3.675-1.247
quetiapine 25 -1.139 1.540 0.460 -4.173 - 1.895
risperidone 88 -.639 1.196 0.593 -2.996 - 1.717

4. DISCUSSION

Previous research, as reviewed by Turetsky (Turetsky et al., 2007) and van der Stelt
(van der Stelt and Belger, 2007), supports the reliability of reduced P300 amplitude as
intermediate phenotype for schizophrenia. Nevertheless, the knowledge of the genetic
underpinnings of P300 generation in schizophrenia is limited. This study examined a
range of 193 candidate SNPs for their association with P300 amplitude in 336 patients
with schizophrenia.

Of the 193 selected SNPs, 4 SNPs showed potentially relevant association with P300
amplitude at a significance level of p < .01, situated in ABCB1, DISC-1, BDNF and
MIR137. One of these SNPs, rs1045642 in ABCB1, was most convincingly associated
with P300 amplitude, while there was modest evidence for rs1572899 in DISC-1 and
rs6265 in BDNF. The association between P300 amplitude and the novel genome-wide
supported risk variant rs1625579 in MIR137 was not supported in the sensitivity
analysis.

The ABCBL1 finding is in line with the results of Liu and colleagues (Liu et al., 2009), who
used a parallel independent component analysis of electrophysiological and genetic
data (384 SNPs) in order to investigate the genetic underpinnings of auditory ERP
components in a sample of healthy individuals. They found the exact same SNP in
ABCB1 (rs1045642), which encodes for P-glycoprotein, to be associated with P300
amplitude. The fact that two studies in different samples, one in healthy volunteers
and one in patients with schizophrenia, identify the same SNP from a set of hundreds
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of markers at the Bonferroni-corrected threshold of significance, makes it unlikely that
this is a chance finding.

P-glycoprotein has a known function in ATP-driven cellular excretion of, among others,
drugs (Moons et al., 2011) and THC (Bonhomme-Faivre et al., 2008). Although
rs1045642 is a synonymous polymorphism, it changes the substrate specificity of the
translated protein (Kimchi-Sarfaty et al., 2007) and can thus be considered functional.
Little is known about the specific influence of the polymorphism on the cellular
excretion of different substrates, like antipsychotic drugs and THC. However, post-hoc
analyses in the present study, controlling for type of used antipsychotic drug, could not
explain the association between rs1045642 and P300 amplitude. This is in line with
expectations, since Liu et al. (Liu et al., 2009) found the same genotype-phenotype
association in healthy individuals, free of antipsychotic drugs. Similarly, controlling for
cannabis did not reduce the association between rs1045642 in ABCB1 and P300
amplitude, indicating that the association is unlikely to be mediated by genetically
determined differences in P-glycoprotein excretion of THC. The underlying biology of
the strong genotype-phenotype association between rs1045642 and P300 amplitude,
as well as the specific significance for schizophrenia, remains to be elucidated.

Previous research on a balanced translocation implicated DISC1 in P300 generation in
schizophrenia (Blackwood et al., 2001), supported by a recent study of common
genetic variation in this gene (Shaikh et al., 2011). The present study may add further
weight to this hypothesis, although it should be noted that the associated SNP in this
study (rs1572899) did not survive Bonferroni correction for multiple testing, and is not
in linkage disequilibrium with rs821597, which was found to be associated with P300
amplitude in the study of Shaikh and colleagues (Shaikh et al., 2011).

Earlier research has also examined the role of rs6265, better known as BDNF
Val66Met, in P300 generation in the general population; Schofield reported a slowed
P300 response in Met-homozygotes (Schofield et al., 2009), whereas Hansell failed to
find an association between rs6265 and P300 amplitude (Hansell et al., 2007). In this
study in schizophrenia patients, the Met-allele was associated with a lower P300
amplitude, although not at the Bonferroni corrected threshold of significance.
Rs1625579 is situated in an intron of a putative primary transcript for microRNA 137
(MIR137), a regulator of neuronal maturation and function. The recent GWAS of Ripke
et al. suggested that MIR137 forms part of a newly detected etiological mechanism in
schizophrenia (Ripke et al., 2011). Unlike the three other SNPs with a p-value <.01 in
the main analysis, the association between P300 amplitude and rs1625579 was not
confirmed in the sensitivity analysis.
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Some limitations of this study are worth noting. Although considerable in the light of
previous studies, the sample size of 336 patients with a psychotic disorder may have
been underpowered to detect more subtle genetic determinants of P300 generation.
With the additional sensitivity analysis in 191 patients, lower statistical power was
partially compensated by a gain of signal-to-noise ratio. Secondly, the lack of a healthy
control sample makes it impossible to draw inferences about the specificity of the
findings. However, since P300 is an important intermediate phenotype of
schizophrenia, every component explaining some of the individual differences in P300
amplitude may be of significance, as for example, P300 amplitude may help to predict
transition in subjects at high risk for developing psychosis (van Tricht et al., 2011).
Lastly, since the molecular pathway underlying P300 generation is not fully known, the
a priori SNP selection can be questioned. Therefore, future work could use a genome-
wide or candidate gene tag-SNP approach to unravel the genetic underpinnings of the
P300 generation, but the sample of 336 patients was insufficiently powered to allow
for this strategy. Nevertheless, we would argue that the selection in this study
harbours most of the relevant SNPs based on the available information and includes
SNPs from the classical candidate genes as well as those from genome-wide studies.
Since P300 is one of the most established intermediate phenotypes of schizophrenia,
improving the efforts to unravel its genetic underpinnings could be an interesting
complementary strategy to increase our understanding of the genetic and biological
mechanisms of this disorder.
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ABSTRACT

Background

Discovering modifiable predictors for age at onset may help to identify predictors of
transition to psychotic disorder in the ‘at-risk mental state’. Inconsistent effects of sex,
BDNF Val66Met (rs6265) and cannabis use on age of onset were previously reported.

Methods

BDNF Val66Met and cannabis use before illness onset were retrospectively assessed in
a sample of 585 patients with schizophrenia and their association with age at onset
was evaluated.

Results

Cannabis use was significantly associated with earlier age at onset of psychotic
disorder (AOP; average difference 2.7 years, p<.001), showing dose-response effects
with higher frequency and earlier age at first use. There was a weak association
between BDNF Val66Met genotype and AOP (difference 1.2 years; p=.050). No
evidence was found for BDNF X cannabis interaction (interaction y2(1)=0.65, p=.420).
However, a significant BDNF X cannabis X sex interaction was found (interaction
%2(1)=4.99, p=.026). In female patients, cannabis use was associated with earlier AOP
in BDNF Met-carriers (difference 7 years), but not in Val/Val-genotypes. In male
patients, cannabis use was associated with earlier AOP irrespective of BDNF Val66Met
genotype (difference 1.3 years). BDNF Val66Met genotype in the absence of cannabis
use did not influence AOP, neither in female or male patients with psychotic disorder.

Conclusion

Complex interactions between cannabis and BDNF may shape age at onset in female
individuals at risk of psychotic disorder. No compelling evidence was found that BDNF
genotype is associated with age at onset of psychotic disorder in the absence of
cannabis use.

Keywords
Schizophrenia — Tetrahydrocannabinol (THC) — Neurotrophins — Gender
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1. INTRODUCTION

In light of increasing efforts to identify predictors of transition to psychotic disorder in
persons presenting with an ‘at-risk mental state’, discovering modifiable predictors for
age at onset of psychotic disorder (AOP) is relevant (Compton et al., 2009). A growing
body of literature suggests that cannabis use may decrease age AOP (Compton et al.,
2009; De Hert et al., 2011b; Gonzalez-Pinto et al., 2008; Sugranyes et al., 2009; Veen et
al., 2004). Veen (Veen et al., 2004) reported a difference of 7,5 years on AOP between
cannabis using and non-using patients with a first psychotic episode (n=133).
Sugranyes (Sugranyes et al.,, 2009) found the same association, but with a smaller
difference of 1,93 years (n=116) and Gonzalez-Pinto (Gonzalez-Pinto et al., 2008)
reported a difference of 7 to 12 years, which was dependent on the frequency of
cannabis use, in a sample of 131 patients with a first psychotic episode. Compton
(Compton et al., 2009) did not find a significant effect of frequency of cannabis use on
AOP, but did find a significant association with progression to daily use.

In addition, some studies have examined possible associations between genetic
variation and AOP (Peerbooms et al., 2010; Vares et al., 2010), given evidence for a
genetic contribution to AOP (Hare et al., 2010). Genes regulating neurotrophic factors
may be of special interest in this regard, since neurotrophins are key factors for
maintenance of neuroplasticity and neuronal survival in response to environmental
exposures. Most notably, a Val to Met substitution at codon 66 (rs6265) of the Brain
Derived Neurotrophic Factor (BDNF) gene, resulting in less efficient intracellular
trafficking and decreased activity-dependent BDNF secretion (Egan et al., 2003), was
reported to be associated with AOP (Chao et al.,, 2008; Numata et al., 2006). Met-
carriers were significantly younger at the onset of psychotic disorder in a cohort of 159
Japanese patients with a diagnosis of schizophrenia (Numata et al., 2006) and in a
cohort of 42 African-American patients (Chao et al., 2008), although other work failed
to replicate this association in a sample of Japanese patients with a diagnosis of
schizophrenia (Naoe et al., 2007) and in 2 white patient samples (Gourion et al., 2005;
Renou et al., 2007).

All studies had fairly small sample sizes (less than 240 patients) and did not take
possible interactions with cannabis use into account, which may be important since
animal and human studies suggest that cannabis use may directly influence BDNF-
regulated physiological mechanisms (D'Souza et al., 2009; Derkinderen et al., 2003;
Jockers-Scherubl et al., 2004). For example, a study in mice reported significant up-
regulation of BDNF mRNA in the hippocampus within one hour of injection with A9-
THC (Derkinderen et al., 2003), which may be in agreement with a study in first-
episode patients with psychotic disorder suggesting that cannabis-using patients had
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significantly higher BDNF serum levels than both non-using patients and matched
controls (Jockers-Scherubl et al., 2004). These findings may suggest that BDNF release
in response to THC represents a neuronal adaptive response to the psychotogenic
effects of THC. Since BDNF upregulation in response to cannabis use may be less
efficient in BDNF Met-carriers, any effect of cannabis use on AOP would be greater in
Met-carriers. In agreement with this hypothesis, the possibility of gene-environment
interaction (GxE) between cannabis and BDNF Val66Met genotype was recently put
forward (D'Souza et al., 2009). In addition, a recent family-based study of patients and
their unaffected siblings found that genetic variation in AKT1 may be involved in
cannabis-induced psychosis (van Winkel and GROUP Investigators, 2011), which may
be in support of a BDNF X cannabis interaction since BDNF and cannabis signaling both
involve the AKT1-GSK3 pathway downstream of their receptors, TrkB and CB1
respectively.

In examining the possible synergistic effects of BDNF and cannabis use on AOP, it may
further be important to consider the role of sex. Female sex is associated with later
AOP (Angermeyer and Kuhn, 1988; Larsen et al., 1996), although not all studies
confirmed this (Kohler et al., 2007; Ongur et al., 2009), and some authors also
suggested that this association may be attenuated when controlling for cannabis use
(De Hert et al,, 2011b). In addition, several studies have suggested sex-specific BDNF
effects in phenotypes of potential relevance to psychosis. For example, gender-
dependent effects of the Val66Met BDNF polymorphism were reported for cognitive
abilities (Raz et al., 2009), HPA axis reactivity to stress (Shalev et al., 2009) and for the
genetic vulnerability to major depressive disorder (Verhagen et al., 2008). The reason
for sex-dependent BDNF Val66Met effects are unclear, but may result from complex
interactions with sex hormones such as estrogen (Scharfman and MacLusky, 2006).
There is replicated evidence showing similar effects of estrogen and BDNF on
measures of neuroplasticity and neurogenesis in the hippocampus (Scharfman and
MacLusky, 2006). These shared actions of estrogen and BDNF in the hippocampus may
have relevance for individuals at imminent risk for psychotic disorder, as several
studies have shown hippocampal alterations occurring in individuals with at-risk
mental states (Hurlemann et al., 2008), with more severe reductions in volume in more
severely ill patients (Hurlemann et al., 2008).

Therefore, the current study aimed to examine the association between cannabis use
and BDNF Val66Met genotype on the one hand, and AOP on the other, in a cohort of
587 patients with a diagnosis of schizophrenia. In addition, models of gene-
environment interaction between BDNF Val66Met genotype and cannabis use were
examined, taking into account the possibility of sex-specific models of GxE.
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2. SUBJECTS AND METHODS

2.1 Sample

In a catchment area of about 300.000 Dutch-speaking Belgians, patients with psychotic
disorder are usually treated at the University Psychiatric Centre of the Catholic
University in Louvain and affiliate services (UPC), in both outpatient and inpatient
settings. The sample of this study was collected between July 2003 and February 2008.
Conform to international guidelines (De Hert et al., 2009), these patients are routinely
screened for the presence of metabolic abnormalities as described previously (van
Winkel et al., 2006). On this occasion, they were asked for permission to store a blood
sample for genetic analyses and additionally provided information on lifetime
substance use, assessed using the Composite International Diagnostic Interview (CIDI) -
lifetime section on substance abuse or, in case the patients could not be contacted for
interview, by case-note review (Smeets, 1993). The CIDI was assessed by a trained
research assistant who was not involved in the treatment of the patients. Patients
were included in the study sample if their AOP was below 65 years. Psychiatric
diagnoses according to DSM-IV criteria were established by experienced psychiatrists
affiliated with the University Centre and responsible for the patient’s treatment.
Patients provided written informed consent and the study was approved by the
standing ethics committee.

AOP was defined as the age at first admission for psychotic disorder. This was assessed
by patient interview and cross-checked by case-note review. Age at first admission was
chosen because it can be assessed reliably and because it is a good indicator of clinical
relevance of psychotic symptoms, especially given the fact that there were no
community teams for the treatment of psychotic disorder in the catchment area
during the study period.

2.2 Cannabis measures

Cannabis use was considered present when subjects reported cannabis use at least five
times in their lives, and when first use of cannabis preceded the first admission for
psychotic disorder. This dichotomous variable, describing the presence of pre-onset
cannabis use, was used in all analyses concerning main and interaction effects.
Patients who only started using after their first admission for psychotic disorder, were
included in the analyses as non-users, since in their case cannabis use was unrelated to
the onset of the psychotic disorder. Other drug measures (cocaine, stimulants,
phencyclidine, psychedelics and opiates) were defined similarly. Furthermore, to
examine dose-response effects, suggested by previous literature (Gonzalez-Pinto et al.,
2008), two ordinal cannabis variables were constructed, each reflecting a separate

53



Age at onset

aspect of cannabis use: intensity of use and age at first use. By definition, the effect of
these variables on AOP can only be examined in the subgroup with pre-onset cannabis
use, as described above. Intensity of use was defined as the frequency of use in the
most intense period of cannabis use (1=less than once per week, 2=at least weekly but
less than daily, 3=daily use) and was only constructed in patients for whom the most
intense period of cannabis use started before their first admission for psychotic
disorder. Age at first use was defined as the age at which the first use of cannabis took
place (1=18 years or above, 2=from 16 to 18 years, 3= under 16), given the evidence
that the risk-increasing effects of cannabis are particularly present when first used in
early adolescence, but moderate to negligible when first used above the age of 18
years old (Arseneault et al., 2002; Konings et al., 2008; Stefanis et al., 2004).

2.3 Genotyping

The BDNF Val66Met polymorphism was genotyped using the rs6265 TagMan® SNP
Genotyping assay (assay ID C__11592758_10, Applied Biosystems, Nieuwerkerk a/d
lIssel, The Netherlands). The assay was run on a 7900HT Fast Real-Time PCR System
(Applied Biosystems, Nieuwerkerk a/d lJssel, The Netherlands).

2.4 Statistical analysis

All analyses were conducted using STATA/SE 10.1 for Windows (StataCorp., 2007).
Survival analysis of univariable main effects was conducted using the Log-rank STS
TEST procedure, thus taking advantage of the continuous nature of AOP as outcome
variable. For the ordinal cannabis measures, the additional TREND function within the
STS TEST procedure was used, in order to evaluate whether there was a linear
decrease in AOP associated with increasing intensity of use and earlier age at first use,
respectively. Subsequently, multivariable Cox regression models were fitted to
examine 1) main effects of sex, BDNF genotype and cannabis use, controlled for each
other, 2) two-way interaction between BDNF genotype and cannabis use, controlled
for sex and 3) BDNF X cannabis X sex interaction. Logistic regression and linear
regression were used respectively to test for a possible association between BDNF
genotype and (i) cannabis use (dichotomous variable) and (ii) age of first use
(continuous variable). Since the frequency of BDNF Met homozygosity is low in people
of European Caucasian origin (<5%) (Egan et al., 2003), BDNF genotype was divided
into Val/Val individuals (‘0’) versus Met-carriers (‘1’).
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3. RESULTS

3.1 Sample

The sample consisted of 587 individuals with a psychotic disorder who were on
average 36.1 years old (SD 12.1) and of whom 65.4% were male. They had clinical
diagnoses of schizophrenia (68.7%), schizophreniform disorder (11.2%) or
schizoaffective disorder (20.1%). Two patients were excluded because their age at first
admission was above 65 years, leaving a final sample of 585 patients. Of this sample,
97% was white, 2% was black African and 1% was Asian.

CIDI information on substance abuse was obtained for 559 patients (95.6%); for 23
patients, case-note information on cannabis use was available (3.9%) and for 3
patients no reliable information on substance use could be obtained (0.5%). Use of
cannabis on at least 5 occasions before the onset of the psychotic disorder was
reported by 35.0% of the sample. Overall lifetime use was reported by 36.4% of the
sample. Cannabis users were significantly younger and more likely to be male (Table
1). In their most intensive period of use, 62.4% were daily cannabis users, 19.3% were
weekly users and 18.3% of the cannabis users was using at a less than weekly
frequency. The most intensive period lasted on average 3.6 years (SD 3.7, range <1
year — 20 years).

Table 1
Demographics of cannabis users versus non-users (before onset of psychosis).
Cannabis (n=205) No cannabis (n=377) P
Sex (% male) 82.9 55.2 <0.001
Age (years) 28.6 39.9 <0.001
lliness duration (years) 5.7 14.4 <0.001
BDNF Met (%) 38.5 39.6 0.793

Use of other drugs (cocaine, stimulants, phencyclidine, psychedelics and opiates)
before first admission for psychotic disorder was reported by 17.2% (n=96) of the CIDI-
documented patients. Only 6.3% (n=6) of this group did not use cannabis before the
AOP.

Of the 587 genotyped patients, 60,6% had the Val/Val, 34.7% the Val/Met and 4,7%
the Met-Met genotype. The BDNF Val66Met polymorphism did not show departure
from Hardy-Weinberg equilibrium (x2= 0.05, p=.83) and its distribution was not
dissimilar for male and female patients (Table 2). Genotyping failed in eleven patients.
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Table 2
Demographics of BDNF Met-carriers and Val/Val genotypes.
BDNF Met BDNF Val/Val P
(n=226)° (n=348)°
Sex (% male) 61.9 67.2 0.193
Age (years) 34.9 36.7 0.073
Iliness duration (years) 11.0 11.6 0.503
Pre-onset cannabis use (%) 34.4 35.4 0.793
Overall lifetime cannabis use (%) 35.3 36.9 0.694
Intensity of cannabis use (n=158)b (n=60) (n=98) 0.328
Daily (%) 70.0 58.2
Weekly (%) 16.7 23.5
less than weekly (%) 133 18.4
Age first cannabis use (years) (n=186)" 16.5 16.9 0.341

11 patients (5 pre-onset cannabis users) could not be genotyped due to technical obstacles.

bonly tabulated if the most intense period of cannabis use started before age at onset of psychosis
only tabulated if cannabis use before age at onset of psychosis (age at first use not available for 14
patients)

3.2 Main effects of sex, cannabis use and BDNF Val66Met genotype

The mean AOP was 24.6 years (SD 7.2, range 14.0-62.9), with a median AOP of 22 and
an inter-quartile range of 20-27 years. Male patients had a significantly earlier AOP
than female patients: 23.3 years versus 27.0 years (Log rank x2(1)=40.1, p<.001).
Cannabis use was also significantly associated with AOP in a univariable log-rank
survival analysis (Log-rank x2(1)= 22.2, p<.001), decreasing the age at first admission
with 2.7 years. As depicted in figure 1, univariate log-rank analysis showed that AOP
was significantly predicted by the frequency of cannabis use in the most intense period
(Log-rank x2(1)=5.8, p=.016) and a younger age at first use of cannabis (Log-rank
x2(1)=14.9, p<.001). Intensity of use (Hazard Ratio (HR) 1.29, 95% Cl 1.03 - 1.60,
p=.023) and age at first use (HR 1.50, 95% ClI 1.24 — 1.82, p<.001) remained both
significantly associated with AOP in multivariate models controlling for the effects of
other drug use and sex. When both were entered in the Cox regression model, age at
first use rather than intensity of use was most strongly associated with an earlier AOP
(HR age first use 1.56, 95% Cl 1.26 — 1.93, p<.001, HR intensity of use 1.22, 95% Cl 0.98
—1.51, p=.072; controlled for sex and other drug use).

There was a weak association between BDNF Val66Met genotype and AOP (log-rank
x2(1)= 3.8, p=.050), Met-carriers on average displaying onset 1.2 years earlier than
Val/Val genotypes. BDNF Met was not associated with cannabis use or age at first use
of cannabis (Table 2).

Multivariable Cox regression confirmed an association between AOP and sex (HR 1.64,
95% Cl 1.36 — 1.99, p<.001), cannabis use (HR 1.43, 95% Cl 1.14 — 1.79, p=.002) and
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Figure 1
Kaplan-Meier survival curves indicating the percentage of patients not yet converted to psychotic
disorder as a function of frequency of cannabis use during the most intensive period (1A) and age of first
use (1B).

1A - Kaplan-Meier survival curve 1B - Kaplan-Meier survival curve
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BDNF genotype (HR 1.23, 95% Cl 1.03 — 1.46, p=.021) controlled for each other and the
effects of the use of other drugs. Results were similar when only individuals of
European Caucasian origin were considered. None of the differences in any of the
cannabis measures between BDNF Met individuals and Val/Val individuals were large
or statistically significant (Table 2).

3.3 Models of GXE

No evidence was found for BDNF X cannabis interaction (interaction x2(1) = 0.65, p=
.420). However, a statistically significant BDNF X cannabis X sex interaction was found
(interaction y2(1) = 4.99, p= .026), showing a significant BDNF genotype X cannabis
interaction in female (interaction y2(1) = 5.15, p= .023) but not in male patients
(interaction % 2(1) = 0.04, p=.833).

In female patients, cannabis use was associated with decreased AOP only in BDNF Met
carriers. When both cannabis use and BDNF Met genotype were present, AOP
decreased more than 7 years (Table 3 & Figure 2). No association was found between
BDNF genotype and AOP in the absence of cannabis use or between cannabis use and
AOP in Val/Val genotypes (Table 3).

In contrast, cannabis use was associated with a decreased AOP in male patients
irrespective of their BDNF Val66Met genotype (HR 1.27, 95% Cl 1.03 — 1.57, p=.024),
while no association between AOP and BDNF Met genotype was found (HR 1.20, 95%
Cl 0.97 — 1.48, p= .095). AOP was 1.3 years earlier for cannabis using male patients.
Again, results were similar when only individuals of European Caucasian origin were
considered.
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Table 3
Mean age at onset (in years), difference with reference (in years), Hazard Ratio and p-value for the
female schizophrenia patients stratified for cannabis use and BDNF Val66Met genotype.

Female non-users Female users
BDNF Val/Val BDNF Met BDNF Val/Val BDNF Met

(n=97) (n=69) (n=17) (n=17)
Age at onset 28.1 27.1 27.9 21.0
Difference with
reference (95%-Cl) 0.0 1.0(-2.0-4.0) 0.2 (-4.7-4.9) 7.1(4.3-9.8)
Hazard ratio (95%-Cl) = 1.11 (0.82 - 1.52) 1.01 (0.60 — 1.70) 2.39 (1.13-5.07)
p-value = 0.494 0.966 0.023

#
reference category

Figure 2

Diagram with mean age at onset for the different patient groups, stratified by sex, cannabis use and
BDNF Val66Met genotype. 95%-confidence intervals are indicated.
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4. DISCUSSION

In this large sample of patients with schizophrenia, earlier findings about the
unfavorable influence of cannabis use on the AOP were replicated. Cannabis use
before illness onset was associated with a 2.7 years earlier AOP. Similar to the findings
of Gonzalez-Pinto and colleagues (Gonzalez-Pinto et al., 2008), a dose-dependent
association between cannabis use and AOP, with an earlier onset of psychotic disorder
in heavier users, was found. Furthermore, a significant association between a younger
age of first cannabis use and an earlier onset of psychotic disorder was found; this
association remained significant after controlling for possible differences in intensity of
use in early users of cannabis. This is in agreement with existent literature suggesting
that the brain may be more vulnerable to the psychotogenic effects of cannabis during
adolescence (Arseneault et al., 2002; Konings et al., 2008; Stefanis et al., 2004).

A main effect of BDNF Met-allele has been reported before, although not always
replicated (Chao et al., 2008; Gourion et al., 2005; Naoe et al., 2007; Numata et al.,
2006; Renou et al., 2007). These earlier studies, however, all had fairly small sample
sizes compared to the current study and did not take cannabis use into account. In the
current sample of 585 patients, a weak association between AOP and BDNF genotype
was found, with an earlier AOP (difference 1.2 years) in Met-carriers. Importantly,
however, the present results may also suggest that the above-reported main effects
cannot be interpreted without taking a sex-specific gene-environment interaction
between the BDNF Val66Met polymorphism and cannabis use into account. Thus,
cannabis use independently predicted AOP in male patients, whereas in female
patients, cannabis use was only associated with AOP in BDNF Met-carriers. This group
had a 7 years earlier AOP than their non-using counterparts with the BDNF Val/Val
genotype. We were unable to find a significant effect of BDNF genotype in the absence
of cannabis use, in either female or male patients. These findings may be in agreement
with the hypothesis, derived from earlier findings (D'Souza et al., 2009; Derkinderen et
al., 2003; Jockers-Scherubl et al., 2004), that BDNF excretion could be a neuronal
adaptive response to the psychotogenic effects of THC, although this could only be
demonstrated in female and not in male participants.

The hippocampus may play a central role in an attempt to explain this observation,
since hippocampal alterations have been shown in individuals with at-risk mental
states (Hurlemann et al., 2008; Witthaus et al., 2009). Especially in the hippocampus,
shared cellular mechanisms and a complex interaction of BDNF and estrogen may play
an important role in neuroplasticity and neuroprotection, as reviewed by Scharfmann
and Maclusky (Scharfman and MacLusky, 2006). Smaller hippocampal volumes have
been shown in users of cannabis (Matochik et al., 2005; Yucel et al., 2008) and a recent
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study reported a sex-specific influence of cannabis on brain morphometry of the
prefrontal cortex with a decrease in prefrontal cortex volume in male users and an
increase in female users, compared to non-users of the same sex (Medina et al., 2009).
The present results may thus suggest that complex interactions between cannabinoids,
BDNF and estrogen shape AOP in individuals already at risk. Further research focused
on elucidating the role of cannabis use, estrogen and BDNF in key structures such as
the hippocampus in patients at high risk for psychotic disorder is warranted.

In the current sample a low frequency of cannabis use was found in women (17%).
Green and collegeas (Green et al., 2005) reported in their concise review that both age
and gender may contribute to observed differences in prevalence of cannabis use. It is
important to note that the rate of male pre-onset cannabis-users (44%) and the overall
rate of pre-onset cannabis users (35%) is also relatively low compared to other
samples, e.g. Foti (Foti et al., 2010). This may reflect differences in age, since the
present sample is not a first-episode sample but a more chronic sample (mean age
36.1 years, SD 12.1). In addition, the female subgroup is significantly older than the
male subgroup in the present sample (average of 40.2 vs 33.6 years, p<0.0001), which
together may explain the relatively low percentage of female users.

The current findings should also be interpreted in the light of some limitations. First,
AOP was defined as the age at first admission. Since there were no community teams
in the catchment area to treat psychotic episodes in the community, age at first
admission may be a good indicator of the clinical relevance of positive symptoms.
Moreover, the reliability of this variable is high, perhaps in contrast to other
retrospective measures of symptoms that rely heavily on the mnemonic capacity of
patients and thus are prone to recall bias.

Since age at first admission was used as outcome variable, no information on the
length of the prodromal period was available. It is possible that the current findings are
a reflection of a shorter prodromal period resulting in an earlier AOP, but even if this
were the case, this would not make the findings of the current study less relevant. A
second limitation is that psychiatric diagnoses were not formally examined by means
of a diagnostic interview, but were made by experienced psychiatrists. They may
therefore be considered reliable. Cannabis use, on the other hand, was documented
formally using the Composite International Diagnostic Interview, which can be
considered a strength of the current study, as is the large sample size. In spite of the
large sample size, however, it must be acknowledged that the group of cannabis-using
female patients was relatively small. Therefore, given the well-known risk of spurious
association in candidate gene studies, especially in stratified subgroups (Sullivan,
2007), replication of the current findings is required.
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5. CONCLUSION

The current study found sex-specific effects of cannabis use and BDNF Val66Met
genotype on age at onset of psychotic disorder in patients with schizophrenia. These
findings may help to gain new insights into important genetic and environmental
factors operating in the crucial phase of transition from vulnerability to onset of

psychotic disorder.
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ABSTRACT

Background

Studies have suggested that AKT1 rs2494732 influences the risk for psychosis in
cannabis users. However, longitudinal data are lacking and sample sizes were relatively
modest.

Methods

Data from two studies are reported: (1) A 3-year follow-up study examining the course
of schizotypy as a function of AKT1 genotype and cannabis use (by urinalysis) in 598
unaffected siblings of patients with psychosis, and (2) Case-only replication study in a
novel sample of 533 patients and individual participant meta-analysis of the combined
discovery and replication patient-samples (n=1,222).

Results

In the unaffected siblings, there was significant interaction between AKT1 genotype
and cannabis on the course of schizotypy. In persistent cannabis users (n=21), C-
carriers had significantly higher schizotypy at follow-up than T/T genotypes ((Wald
%2(df 1)=9.9, p=.002), whereas no differences were found in non-users. Moreover,
while separate analysis of the patient-replication sample was non-significant (odds
ratio (OR) linear trend for history of cannabis use 1.26, 95% Cl 0.93 — 1.69), the
direction and magnitude of effect was similar to the discovery patient-sample, and
meta-analysis of both patient samples confirmed the association between cannabis
use and C-allele loading at AKT1 rs2494732 (OR linear trend 1.22, 95% ClI 1.02 — 1.46).
The association was somewhat stronger in white European patients (n=1010, OR linear
trend 1.32, 95% Cl 1.08 — 1.60).

Conclusion

These data provide additional evidence that the AKT1 rs2494732 polymorphism may
influence the risk for cannabis-induced psychosis, in @ manner consistent with gene-
environment interaction rather than correlation.
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1. INTRODUCTION

Cannabis use is consistently associated with psychosis in epidemiological studies
(Henquet et al., 2005b; Moore et al., 2007) and the available evidence is in support of
a causal contribution (Kuepper et al., 2011). The associated risk is still low, however,
and genetic make-up is likely to play a roll in determining sensitivity to the psychosis-
inducing effects of cannabis (Decoster et al., 2012).

A recent study in a large sample of unaffected siblings of patients with psychotic
disorder, collected as part of the Genetic Risk and Outcome of Psychosis (GROUP)
study (Genetic Risk and Outcome of Psychosis (GROUP) Investigators, 2011; van Winkel
and Genetic Risk and Outcome of Psychosis (GROUP) Investigators, 2011), examined
possible interactions between cannabis and 152 single nucleotide polymorphisms
(SNPs) selected from 42 candidate genes and found 3 SNPs that significantly influenced
the effects of recent cannabis use on the expression of schizotypy, in AKT1 (2 SNPs)
and LRRTM1 (1 SNP). Follow-up of these SNPs in the patients confirmed the presence
of interaction between rs2494732 in AKT1 and cannabis in a case-only, case-sibling and
case-control design. Compared to those with the T/T genotype, individuals with a C/C
genotype displayed a 2-fold increased risk of being diagnosed with a psychotic disorder
when having used cannabis (van Winkel and Genetic Risk and Outcome of Psychosis
(GROUP) Investigators, 2011).

AKT1 is a protein kinase that is involved in multiple cellular processes (Freyberg et al.,
2010). It has a role in regulating neuronal cell size and survival (Franke, 2008) and is
also a key signaling molecule downstream of the dopamine D2 (DRD2) receptor;
decreased AKT1 functionality may result in exacerbated responses to DRD2 receptor
stimulation in the striatum (Arguello and Gogos, 2008). The biological plausibility of its
interaction with cannabis is strengthened by the fact that cannabinoids are able to
activate AKT1/GSK3 signalling through CB1 and CB2 endocannabinoid receptors in vitro
(Sanchez et al., 2003), as well as in vivo, in several brain areas including the striatum,
independent of dopamine D1 and D2 receptor blockade (Ozaita et al., 2007).

A recent case-control study of an independent sample of 489 patients and 278 controls
from the UK was in support of an interaction between rs2494732 in AKT1 and cannabis
(Di Forti et al., 2012a), while indirect evidence supporting this interaction was also
found at the level of AKT1-dependent prefrontal functioning under the influence of
cannabis, as measured by the Continuous Performance Test (van Winkel et al., 2011a).
Although these studies provide initial support that rs2494732 in AKT1 may indeed
influence the risk for psychosis in cannabis users, important questions remain. First, all
of the reported findings were based on cross-sectional data, making it difficult to
distinguish true gene-environment interaction (GxE) from gene-environment
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correlation. Although cross-sibling, cross-trait analyses indicated no clear evidence for
such gene-environment correlation in previous studies (Genetic Risk and Outcome of
Psychosis (GROUP) Investigators, 2011; van Winkel and Genetic Risk and Outcome of
Psychosis (GROUP) Investigators, 2011), longitudinal follow-up data would provide
validity to the notion of a temporal relationship between cannabis use, AKT1 genotype
and schizotypy. Second, a recent study demonstrated that the risk for false-positive
findings in candidate GxE studies is significantly reduced with increasing sample size
and greater ‘a priori probability’, indicating the need to collect additional samples with
the aim to specifically follow up on a promising candidate interaction in order to
increase the likelihood that the reported finding is actually true (Duncan and Keller,
2011b).

The present paper combines the two strategies described above. First, we report
longitudinal data of the sample of unaffected siblings who participated in the GROUP
study, in which we specifically investigate whether the combination of cannabis use
and AKT1 rs2494732 genotype predicts levels of schizotypy at the 3-year follow-up
assessment. Second, we report case-only data from a novel sample of 533 patients
from Belgium (University Psychiatric Centre — Catholic University of Leuven [UPC-CUL
sample])(Decoster et al., 2011) as well as a combined analysis of the UPC-CUL and
GROUP samples using individual participant genotype and phenotype data (1,222
patients in total). The rational of combining these strategies is that the issue of
temporality in the relationship between cannabis use and expression of psychosis (i.e.
what comes first) is addressed by the analysis in the unaffected siblings, while the risk
of spurious findings from relatively small sample sizes is reduced by the joint analysis
of the two patient samples.
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2. METHODS AND MATERIALS

2.1. Samples

2.2.1. Patients and their unaffected siblings — the GROUP study

A detailed description of this study can be found elsewhere (Genetic Risk and Outcome
of Psychosis (GROUP) Investigators, 2011). In short, the full GROUP sample consists of
1119 patients with non-affective psychotic disorder, 1057 siblings of these 1119
patients, 919 of their parents and 590 unrelated controls. Inclusion criteria for patients
were: (i) age range 16 to 50 years, (ii) diagnosis of non-affective psychotic disorder and
(iii) good command of Dutch language. Diagnosis was based on the Diagnostic and
Statistical Manual of Mental Disorder-IV (DSM-IV) criteria (American Psychiatric
Association, 2000b), assessed with the Comprehensive Assessment of Symptoms and
History (CASH) interview (Andreasen et al., 1992) or Schedules for Clinical Assessment
for Neuropsychiatry (SCAN 2.1)(Wing et al., 1990).

Of 1119 patients included, genetic data were available in 801 (76.8% male, mean age
27.9 [SD 8.2]). As this study aimed to examine the etiological relevance of cannabis use
on the development of psychotic disorder, and no information on the age of first use
of cannabis was available, patients whose period of most heavy cannabis use occurred
after the onset of their psychotic disorder (22.7% of the cannabis using patients) were
excluded from the analyses, resulting in a final sample size of 689 patients with
psychotic disorder (van Winkel and Genetic Risk and Outcome of Psychosis (GROUP)
Investigators, 2011).

Of the 1057 unaffected siblings included in the GROUP sample, 598 individuals
provided DNA and a urine sample at the baseline assessment and 3-year follow-up and
also participated in the Structured Interview for Schizotypy-Revised (SIS-R) at both
time-points. The SIS-R is a semi-structured interview containing 20 schizotypal
symptoms and 11 schizotypal signs, rated on a four-point scale. Symptoms are defined
as verbal responses to standardized questions concerning, for example, magical
ideation, illusions, and referential thinking. Signs refer to behaviours that are rated by
the interviewer such as, for example, goal directedness of thinking and flatness of
affect. Questions and rating procedures are standardized (Kendler et al., 1989; Vollema
and Ormel, 2000). In addition to the 598 siblings who remained well, 8 siblings
experienced a transition to a diagnosable psychotic disorder over the course of the
follow-up period, as assessed by CASH interview (Andreasen et al., 1992). For these
participants no SIS-R was done at follow-up, as this interview is not valid for individuals
with a diagnosed psychotic disorder (Kendler et al., 1989; Vollema and Ormel, 2000).
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2.2.2. The Belgian University Psychiatric Centre - Catholic University Leuven (UPC-CUL)
sample

This sample was collected between July 2003 and February 2008 at the University
Psychiatric Centre (UPC) of the Catholic University in Leuven, Belgium. Patients
presenting at the UPC are routinely screened for metabolic abnormalities as described
previously (De Hert et al., 2011a). On this occasion, they were asked for permission to
store a blood sample for genetic analyses and additionally provided information on
lifetime substance use, assessed using the Composite International Diagnostic
Interview (CIDI) -lifetime section on substance abuse (De Hert et al., 2011b; Decoster
et al., 2011). Psychiatric diagnoses according to DSM-IV criteria were established by
experienced psychiatrists affiliated with the University Centre and responsible for the
patient’s treatment. Patients provided written informed consent and the study was
approved by the standing ethics committee. The UPC-CUL sample consists of 585
patients with a non-affective psychotic disorder. For 574 patients genetic data were
available; for 548 of these detailed CIDI cannabis information was also available. In
agreement with the original report (van Winkel and Genetic Risk and Outcome of
Psychosis (GROUP) Investigators, 2011), patients whose period of most heavy cannabis
use occurred after the onset of their psychotic disorder (8.1% of the cannabis using
patients) were excluded from the analyses, resulting in a final sample size of 533.
Patients had clinical diagnoses of schizophrenia (68.5%), schizophreniform disorder
(10.9%) or schizoaffective disorder (20.6%).

2.2. Cannabis measures

In the prospective study of unaffected siblings, the measure applied was cannabis use
as established by urinalysis. Since cannabis in urine was measured both at baseline and
at 3-year follow-up, this variable (‘follow-up urinalysis’) had 4 levels: (0) negative
urinalysis at both time-points (‘no use’), (1) negative at baseline, positive at follow-up
(“follow-up only’), (2) positive at baseline, negative at follow-up (‘baseline-only’) and
(3) positive at both baseline and follow-up (‘persistent cannabis use’).

In the case-only analysis, cannabis measures were a history of cannabis use (of which
the lifetime period of heaviest use preceded the onset of psychosis; yes/no) and
frequency of use during the lifetime period of heaviest use (none [0], less than weekly
[1] weekly [2] and daily [3]), as applied in the original publication (van Winkel and
Genetic Risk and Outcome of Psychosis (GROUP) Investigators, 2011) and in the study
by Di Forti and colleagues (Di Forti et al., 2012a).
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2.3. AKT1 genotyping

AKT1 rs2494732 genotype was determined by Sequenom (Hamburg, Germany) in both
samples using the Sequenom MassARRAY iPLEX platform at the facilities of the
manufacturer, using the SNP array described in previous work (van Winkel and Genetic
Risk and Outcome of Psychosis (GROUP) Investigators, 2011). Genotyping of AKT1
rs2494732 was successful in 98.5% of the GROUP sample and 97.7% of the UPC-CUL
sample. Hardy-Weinberg Equilibrium was examined and confirmed (p>.05) in all
samples, using the GENHW command in STATA.

2.4. Statistical analysis

2.4.1. Longitudinal course of schizotypy as a function of AKT1 rs2494732 and cannabis
use

SIS-R schizotypy at follow-up was regressed on cannabis urinalysis, rs2494732
(genotypes coded 0, 1 or 2 and modeled as a linear effect), and their interaction while
co-varying for baseline schizotypy. This was done in two separate analyses using the
XTREG routine in STATA, which takes into account the multilevel structure of the data
(multiple assessments per person, as well as clustering of participants within families).
First, in order to investigate whether the combination of baseline cannabis use and
AKT1 genotype predicts SIS-R schizotypy at follow-up, this analysis was conducted
using cannabis information from the baseline measurement only (i.e. positive
urinalysis versus negative urinalysis at baseline). Second, in order to further
differentiate subgroups of cannabis use over the follow-up period, the variable ‘follow-
up urinalysis’ as described above (no use, baseline only, follow-up only, persistent
cannabis use) was used as a dummy variable in the regression model.

Analyses were a priori adjusted for age, sex and ethnicity. Post-hoc comparisons of
genotype (AKT1 rs2494732 T/T versus C/T + C/C) and follow-up urinalysis groups (no
use, baseline only, follow-up only, persistent cannabis use) were conducted using Wald
tests (Clayton and Hills, 1993). In addition, a sensitivity analysis re-examined the
interaction excluding the siblings scoring in the highest tertile of schizotypy at baseline,
thus removing the individuals driving the significant baseline interaction. A second
sensitivity analysis examined the interaction in individuals from white European
descent only, since the minor allele frequency (MAF) of AKT1 rs2494732 was
significantly different in the white versus non-white siblings (MAF white 40.6%, MAF
non-white 52.5%, ¢2(2)=9.2, p=.010).
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2.4.2. Case-only analysis

A case-only design determines presence of GXE on the basis of an association between
SNP and environmental exposure in patients, while assuming independence between
the two in the general population (Khoury and Flanders, 1996). This assumption
cannot hold when using a mass-marker approach (Murcray et al.,, 2009) but is
acceptable in the case of selective follow-up of previously established interactions with
high prior probability. A previous analysis of the healthy controls and the unaffected
siblings of the GROUP sample indeed demonstrated no association between AKT1
genotype and cannabis (van Winkel and Genetic Risk and Outcome of Psychosis
(GROUP) Investigators, 2011), and the same was true in the report by Di Forti and
colleagues (Di Forti et al., 2012a), in support of the independence assumption.

AKT1 rs2494732 was coded (0, 1, 2) and modeled as a linear effect. Analyses were a
priori adjusted for age, sex and ethnicity. Power analysis using Quanto version 1.2.4
(http://hydra.usc.edu/gxe/) revealed a power of .57 in the UPC-CUL sample for an
interaction effect of 2.0 (T/T versus C/C, based on (van Winkel and Genetic Risk and
Outcome of Psychosis (GROUP) Investigators, 2011)) at an alpha of .05, while the
individual participant meta-analysis of both samples had a power of .90. Again,
sensitivity analyses were conducted in patients from white European descent only,
since differences in genotype distribution of AKT1 rs2494732 between white and non-
white participants were trend-significant in the GROUP sample (x2(2)=5.8, p=.056) and
in the combined sample (y2(2)=4.7, p=.093), but not in the UPC-CUL sample, which
contained very few non-white individuals (4.7%; % 2(2)=1.1, p=.585).

3. RESULTS

3.1. Study 1: prospective analysis of unaffected siblings

Of the 598 unaffected siblings, slightly more than half were female (54.4%) and the
mean age at follow-up was 30.3 years (SD 7.7). Eighty-six percent was of white
European origin, 9% of mixed origin while the remaining siblings were of non-white or
unclear ethnicity. A proportion of 32.7% had the T/T genotype of AKT1 rs2494732,
50.1% the C/T and 17.3% the C/C genotype. In whites, percentages were 34.1% (T/T),
50.4% (C/T) and 15.5% (C/C), whereas in non-whites these were 23.5%, 48.2% and
28.4%, respectively.

The vast majority of the unaffected siblings did not screen positive for cannabis use on
either occasion (n=551, 92.1%), 2.0% (n= 12) screened positive only at baseline, 2.3%
(n= 14) only at follow-up and 3.5% (n= 21) screened positive on both occasions.
Overall, there was a significant decrease in schizotypy over the follow-up period (mean
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t0 = .31, mean t1 = .28, t=2.6, p
persistent cannabis use (mean tO

.009). This decrease was absent in those with
.42, mean tl1 = .44, t= -.3, p= .80). Persistent
cannabis use was associated with higher levels of schizotypy at follow-up compared to
non-use (b=.10, SE .04, p=.024), whereas AKT1 rs2494732 genotype was not (b=.01, SE
.01, p=.466).

There was a significant interaction between baseline urinalysis and rs2494732 in the
model of schizotypy at 3-year follow-up (interaction y2(df 1)=6.9, b=.17, 95% Cl .04 -
.30, p=.009). Sensitivity analyses showed that the interaction remained significant

when restricting the analysis to individuals from white European ancestry (interaction
%2(df 1)=6.4, b=.18, 95% Cl .04 - .32, p=.012) and when excluding the siblings scoring in
the highest tertile of schizotypy scores at baseline (interaction x2(df 1)=8.0, b=.18, 95%
Cl .06 - .31, p=.005). Similarly, there was a significant interaction between follow-up
urinalysis and rs2494732 in the model of schizotypy at 3-year follow-up (interaction
x2(df 1)=9.3, b=.06, 95% CI .02 - .10, p=.002). Again, this interaction remained
significant when restricting the analysis to individuals from white European ancestry
(interaction y2(df 1)=5.9, b=.05, 95% Cl .01 - .10, p=.016) and when excluding the
siblings scoring in the highest tertile of schizotypy scores at baseline (interaction y2(df
1)=8.4, b=.06, 95% Cl .02 - .10, p=.004).

Table 1
Course of schizotypy in unaffected siblings as a function of cannabis use and AKT1 rs2494732 genotype
in the overall sample and in the sample without the siblings scoring in the highest tertile of schizotypy at

baseline.
Overall sample
Baseline schizotypy Follow-up schizotypy o
(SD) (sD)
No cannabis use .50
AKT1 rs2494732 T/T (n=177) .30(.27) .29 (.25)
AKT1 rs2494732 C-carrier (n=374) .31(.28) .28 (.22)
Persistent cannabis use .002
AKT1 rs2494732 T/T (n=10) .25(.20) .22 (.21)
AKT1 rs2494732 C-carrier (n=11) .58 (.46) .64 (.41)
Without siblings scoring in highest tertile at baseline
Baseline schizotypy Follow-up schizotypy o
(SD) (SD)
No cannabis use .60
AKT1 rs2494732 T/T (n=130) .17 (.13) .22 (.21)
AKT1 rs2494732 C-carrier (n=283) .18 (.13) .22 (.17)
Persistent cannabis use .015
AKT1 rs2494732 T/T (n=8) .18 (.13) 17 (.11)
AKT1 rs2494732 C-carrier (n=7) .30(.13) .45 (.23)

”p—value refers to the comparison between AKT1 rs2494732 T/T and C-carrier groups using Wald tests.
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Further stratification showed that, in non-cannabis users, there were no significant
differences in schizotypy at the 3-year follow-up according to AKT1 rs2494732
genotype (Wald y2(df 1) =0.5, p=.50). The same was true for individuals that used
cannabis only at baseline (Wald % 2(df 1) =0.6, p=.43) or follow-up (Wald y2(df 1) =0.6,
p=.45). In persistent (baseline + follow-up) cannabis users, however, C-carriers had
significantly higher schizotypy scores at follow-up than individuals with the T/T
genotype (Wald y2(df 1)=9.8, p=.002). The group of C-carriers with persistent cannabis
use was also the only group for which mean schizotypy scores had increased over the
follow-up period (table 1). When excluding the siblings scoring in the highest tertile at
baseline, the largest increases were similarly observed in C-carriers with persistent
cannabis use (table 1).

3.2. Study 2: case-only replication and individual participant meta-analysis

Compared to the GROUP sample, the UPC-CUL sample was older and consisted of
more individuals of white European ancestry (table 2). AKT1 rs2494732 allele
frequencies were similar, but the

Table 2
Sample characteristics. GROUP sample had a higher
GROUP  UPC-CUL prevalence of lifetime cannabis
(n=689)  (n=533) use and an earlier age at onset of
Age (SD) 28.2(8.4) 36.2(11.9) psychosis (table 2).
Sex (% male) 75.3 64.4 Analysis of the UPC-CUL sample
Lifetime cannabis use (%) 55.9 319 showed no significant association
Less than weekly (%) 7.4 5.3
Weekly (%) 0 A between AKT1 rs2494732 and a
Daily (%) 37.5 20.5 history of cannabis use (OR linear
Age at onset of psychosis 229(7.1) 24.8(7.3) trend 1.26, 95% Cl 0.93 - 1.69, p=
AKT1 rs2494732 genotype .13) or frequency of use (b = .07,
/T 34.9 33.4 SE .07, p= .28). Results were
/T 46.1 47.4 o ) )
c/c 19.0 19.2 similar when analyzing white
Ethnicity European patients only (history of
White European (%) 75.5 95.3 use: OR linear trend 1.30, 95% ClI
Black African (%) N/A? 1.5
Asian (%) 0.2 0.6 0.96 — 1.76, p= .095; frequency of
Mahreb (%) 22 13 use: b = .07, SE .07, p= .29).
Iran/Pakistan/India (%) 0.0 0.6
Turkey (%) 23 0.8 Nevertheless, the pattern of
Antillian/Surinam (%) 35 0.0 association was in the expected
Mixed (%) 10.6 N/A . . .
Unknown/other (%) 5.8 0.0 direction and the effect sizes were

“Participants were considered ‘non-white’ if one of the comparable to those in the

!‘Jarents was of non-white ethnicity. original report (table 3)'
In category ‘other’.
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Individual participant meta-analysis of the combined GROUP and UPC-CUL samples did
show significant evidence for association between the AKT1 rs2494732 polymorphism
and history of cannabis use (OR linear trend 1.22, SE = .11, p =.027) as well as lifetime
frequency of use (b = .12, SE .05, p=.014), C/C genotypes displaying ORs of 1.49 (95%
Cl 1.04 — 2.14) for a history of cannabis use and 1.58 for daily lifetime use (95% ClI 1.06
— 2.37). Associations were also significant when analyzing only white European
patients (history of use: OR linear trend 1.32, 95% Cl 1.08 — 1.60, p= .007; frequency of
use: b =.13, SE .05, p=.016), but effect sizes were somewhat higher (table 4).

Table 3

Relative risk and 95% confidence interval (n, Cl) for cannabis use before the onset of psychosis as a
function of AKT1 rs2494732 genotype in 1200* patients with a psychotic disorder.

T/T c/T c/c Linear trend
GROUP 1.0° 1.14 1.49 1.21
(n=679") (n=237) (n=313,0.80-1.63)  (n=129, 0.94 —2.38) (0.96 - 1.52)
UPC-CUL 1.0° 1.42 1.53 1.26
(n=521") (n=174) (n=247,0.87-2.31)  (n=100, 0.84 — 2.80) (0.93 - 1.69)
Combined 1.0° 1.22 1.49 1.22
(n=1200) (n=411) (n=560,0.92-1.63)  (n=229, 1.04 —2.14) (1.02 - 1.46)

*Genotyping was unsuccessful in 22 patients
? reference category of genotype effect

Table 4
Relative risk and 95% confidence interval (n, Cl) for cannabis use before the onset of psychosis as a
function of AKT1 rs2494732 genotype in 1010 white European patients with a psychotic disorder.

T/T c/T c/c Linear trend
GROUP 1.0° 1.17 1.89 1.33
(n=513) (n=185) (n=241, 0.78 - 1.76) (n=87, 1.08 — 3.31) (1.02-1.74)
UPC-CUL 1.0° 1.55 1.62 1.30
(n=497) (n=164) (n=238, 0.93 - 2.56) (n=95, 0.87 — 3.02) (0.96 —1.76)
Combined 1.0° 1.30 1.74 1.32
(n=1010) (n=349) (n=479,0.95-1.78)  (n=182,1.16 — 2.61) (1.08 - 1.60)

? reference category of genotype effect

4. DISCUSSION

This study examined the interaction between AKT1 rs2494732 and cannabis,
specifically following up on a previous report (van Winkel and Genetic Risk and
Outcome of Psychosis (GROUP) Investigators, 2011). In a prospective follow-up of 598
unaffected siblings, a significant interaction on the course of schizotypy over the
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follow-up period was found, C-carriers with persistent cannabis use showing
significantly higher schizotypy at follow-up than persistent cannabis users with the T/T
genotype, whereas no such difference was observed in non-users. In addition,
although an attempt at direct replication in the independent UPC-CUL sample
produced a non-significant result, the direction and magnitude of the effect was
similar as in the original GROUP sample, and an individual participant meta-analysis of
both samples combined confirmed the association between cannabis use and C-allele
loading at AKT1 rs2494732, with an odds ratio of 1.6 for daily cannabis use in patients
with the C/C genotype.

These data provide important new information about the implicated SNP in AKT1 and
its interaction with cannabis use. First, the extension of the patient sample to 1,222
participants, together with an independent replication by researchers from the UK (Di
Forti et al., 2012a), considerably decreases the likelihood that the reported interaction
is due to chance, as it was clearly shown that the risk for false positives in GXE research
depends on (i) a priori probability of the polymorphism involved, (ii) sample size and
statistical power, as well as (iii) the degree of ‘direct’ (as opposed to indirect or
approximate) replication (Duncan and Keller, 2011b). This paper examined a SNP x
cannabis interaction that stood out in a screening of a large list of candidate
interactions in a previous study (van Winkel and Genetic Risk and Outcome of
Psychosis (GROUP) Investigators, 2011), thus increasing prior probability, in the largest
sample to date in this area of investigation. That sample size is important is illustrated
by the results reported here, as separate analysis of the Belgian sample did not result
in a positive finding despite reasonable sample size (n=533). Indeed, the fact that the
reported direction and effect sizes were similar in both samples and that analysis of
the combined sample did produce a significant association suggests that lack of power
is the most likely reason for the ‘non-replication’ in the separate analysis of the Belgian
sample, in agreement with our estimations showing a power of only .57 in this sample.
It may also be important to consider the effect size: while larger than the effect sizes
typically reported in genome-wide studies of schizophrenia, which are usually under
1.10 (Ripke et al.,, 2011; Shi et al., 2009), it is much smaller than the effect size
reported in a previous study involving COMT Val158Met — interaction with cannabis
(OR of 10.9 for individuals with adolescent cannabis use and the Val/Val genotype)
(Caspi et al., 2005). Given the evidence for a polygenic contribution to schizophrenia,
with possibly thousands of SNPs involved (Purcell et al., 2009b), we would argue that
effect sizes for interactions will also most likely be under 2.0 (Decoster et al., 2012).
The effect size reported in the present study is also somewhat smaller than the OR of 2
for a history of cannabis use and the OR of 7 for daily use in AKT1 rs2494732 C/C
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genotypes in the study of Di Forti and colleagues (Di Forti et al., 2012a). A possible
reason for this difference may be situated in the THC-content of the cannabis that was
used, which was reported to be very high in a previous study by the same researchers
(Di Forti et al., 2009). It should also be noted that the confidence interval for daily use
in Di Forti’s study was large (OR 7.32, 95% Cl 1.37 — 38.12), indicating the need for
further follow-up in larger samples.

The second important finding reported in the present paper is the prospective
validation of AKT1 rs2494732 — cannabis interaction in the sample of unaffected
siblings. Although this analysis was conducted in the same sample of siblings that was
used in the paper which first described this interaction (van Winkel and Genetic Risk
and Outcome of Psychosis (GROUP) Investigators, 2011), it provides important new
information about the nature of the interaction, as it suggests that the reported
interaction is not the result of gene-environment correlation (i.e. high schizotypy
leading to cannabis use in individuals with AKT1 rs2494732 C-alleles), but that the
synergistic effects of genotype and exposure result in prospective increases in
schizotypy. Nevertheless, given the lack of independent replication, further efforts to
examine this finding in other cohorts at risk for psychosis remains necessary.

It should also be noted that AKT1 rs2494732 is not among the few top hits in the latest
genome-wide association study of schizophrenia (Ripke et al., 2011). However, it is
becoming increasingly clear that the risk for schizophrenia is polygenic, and that
several thousands of SNPs are likely to be involved, only a handful of which have been
identified (Sullivan et al., 2012). Nevertheless, 5 SNPs with genome-wide association to
schizophrenia (in MIR-137, PCGEM1, CSMD1, MMP16 and CNNM2) were shown to be
associated with the ratio of phosphorylated (active) versus total AKT1 in 115 healthy
volunteers, individuals carrying the schizophrenia risk alleles displaying lower ratios
(Balog et al., 2012). Similar results were found for rs1006737 in CACNA1C, which was
also found to be associated with schizophrenia and bipolar disorder in genome-wide
association studies (Green et al., 2010; Hamshere et al., 2012), leading the authors to
speculate that “the complex array of proteins encoded by schizophrenia genes may
converge on common intracellular molecular pathways that convert information from
the environment to the biological system” (Balog et al., 2012). Our results may be in
agreement with this interpretation, suggesting that genetic variation in AKT1 may be
an important determinant in modifying the psychosis-inducing effects of
environmental factors such as cannabis use (Di Forti et al., 2012a; van Winkel and
Genetic Risk and Outcome of Psychosis (GROUP) Investigators, 2011) and obstetric
complications (Nicodemus et al., 2008), possibly in concert with other dopamine-
related SNPs (Blasi et al., 2011; Tan et al., 2011; Tan et al., 2008).
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A number of limitations need to be considered when interpreting the data of the
current paper. First and most importantly, only 21 of the 597 unaffected siblings were
persistent cannabis users, limiting statistical power. On the other hand, we used a
biological measure, thus increasing reliability, and the overall sample size may be
considered large given the well-recognized difficulty of recruiting subjects at risk.
Second, cannabis use was assessed twice, three years apart, meaning that subjects
testing negative could also have used cannabis over the follow-up period without this
being detected. Third, the results of this paper are not independent from those
reported earlier (van Winkel and Genetic Risk and Outcome of Psychosis (GROUP)
Investigators, 2011). Nevertheless, as argued above, they do provide evidence that the
combination of cannabis use and AKT1 genotype predict prospective increases in
schizotypy, in agreement with a causal explanation (i.e. gene-environment interaction
rather than gene-environment correlation), as well as providing a greater degree of
confidence that the reported interaction is actually true. Fourth, we used a case-only
design, which relies on the independence assumption. However, the available data
from previous reports concerning AKT1 rs2494732 and cannabis were in support of
this assumption (Di Forti et al., 2012a; van Winkel and Genetic Risk and Outcome of
Psychosis (GROUP) Investigators, 2011). It must be noted, however, that the sample
sizes of the unaffected siblings (n=740) and healthy controls (GROUP, n=419, Di Forti,
n=278) used in these papers may have resulted in moderate statistical power to detect
an association. Assuming that lack of statistical power is the reason that no association
is found in the unaffected individuals, rather than a genuine absence of association,
this would point to gene-environment correlation as the most likely explanation for
the association between AKT1 genotype and cannabis use. However, this
interpretation is not compatible with the results of the prospective analysis of the
unaffected siblings, which clearly argue against gene-environment correlation. In
conclusion, while further efforts at replication and validation remain necessary, there
is now reasonable evidence that AKT1 rs2494732 may influence the risk for psychosis
in cannabis users.
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ABSTRACT

Cannabis use is associated with an increased risk for psychotic disorder, yet most
cannabis users do not develop psychosis, suggesting that other factors are also
involved.

This paper reviews the available evidence suggesting that differential sensitivity to the
psychosis-inducing effects of cannabis may be related to underlying genetic liability.
There is robust evidence that persons at psychometric risk for psychosis are most
vulnerable to display psychotic symptoms subsequent to the use of cannabis. Multiple
studies have also found that persons at familial risk for psychosis have an increased
sensitivity to the effects of cannabis. Together, these findings support the concept of a
biological interaction between cannabis use and one’s underlying genetic vulnerability.
At the molecular-genetic level, however, few (if any) interactions have been
consistently replicated, although a reported interaction with variation in AKT1 is
promising and deserves further follow-up. The apparent lack of consistent replication
can be ascribed to problems of initial gene selection, statistical power, a bias towards
positive results and insufficient attempts at true replication, leading to the conclusion
that increased sample sizes, greater density of genetic markers and a stronger focus on
true replication are necessary.

The major challenge for molecular-genetic gene-environment interaction research will
be to combine the agnostic detection of disorder-associated genetic variants from
genome-wide studies with the hypothesis-based approach from epidemiological and
neurobiological studies. Possible strategies for future cannabis interaction studies are
discussed.
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1. INTRODUCTION

Epidemiological studies and meta-analytic work have consistently shown an
association between psychotic disorder and cannabis use, with a two-fold increased
risk for psychotic disorder associated with the use of relevant amounts of cannabis
(Arseneault et al., 2004; Henquet et al., 2005b; Moore et al., 2007). Some authors have
argued that emerging psychotic symptoms may lead to cannabis use as a way of
dealing with these symptoms, also referred to as the ‘self-medication hypothesis’
(Goswami et al., 2004; Hambrecht and Hafner, 1996), while others have argued in
favour of a causal contribution of cannabis use (Hambrecht and Hafner, 1996; Kuepper
et al.,, 2011b). It has also been proposed that the observed association may be
explained by residual, non-measured (genetic) confounding (Macleod et al., 2004) (for
schematic overview, see Figure 1). A number of studies have addressed the
directionality of the association between cannabis use and psychosis in longitudinal
designs. Henquet and colleagues (Henquet et al., 2005a) found no significant evidence
for self-medication but did find a significant association between cannabis use at
baseline and psychotic symptoms at 4-year follow-up in 2,437 individuals from the
general population aged between 14 and 24 years. Fergusson and co-workers drew the
same conclusions from a 7-year follow-up (from age 18 to 25) of a New-Zealand birth-
cohort (n=1,055)(Fergusson et al., 2005). These findings were recently supported by

Figure 1
Possible mechanisms explaining association between cannabis use and psychosis
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Kuepper and colleagues in a 10-year follow-up of 1,923 individuals from the general
population (aged 14-24 at baseline) (Kuepper et al., 2011b). In this study, the authors
found that in individuals who had no psychotic symptoms and no cannabis use at
baseline, incident cannabis use at the 4-year follow-up measurement increased the
risk of later incident psychotic symptoms at 9-year follow-up, while there was no
evidence for self-medication effects (Kuepper et al., 2011b). However, Ferdinand and
co-workers found a more complex bi-directional temporal association between
cannabis use and psychotic symptoms in a 14-year follow-up of a general population
sample of 1,580 individuals interviewed about lifetime cannabis use (aged 4 — 16 at
baseline) (Ferdinand et al., 2005) as did McGrath and colleagues in a birth-cohort study
of 3,801 individuals assessed at age 14 and 21 years (McGrath et al.,, 2010a).
Importantly, the latter study also included a sibling-pair analysis (228 pairs) confirming
the association between duration since first cannabis use (as proxy for age at first
cannabis exposure) and incident delusional-like experiences in non-affected sibling-
pairs. The sibling analysis reduces the likelihood that the reported association may be
explained by unmeasured residual confounding, since many of the unmeasured
potential confounders can be assumed to be similar for both siblings.

In addition, Veling and colleagues addressed the issue of possible genetic confounding
in a study examining cannabis use in 100 patients, their unaffected siblings (n=63) and
100 healthy controls (matched for age, gender and ethnicity) (Veling et al., 2008). In
this sample the healthy siblings displayed similar rates of cannabis use as did the
healthy controls, arguing against the possibility that a genetic predisposition for
schizophrenia also leads to a genetic predisposition for cannabis use. Similarly, the
Genetic Risk and Outcome in Psychosis (GROUP) investigators did not find evidence for
genetic confounding, using a cross-sibling, cross-trait design investigating sensitivity to
the psychotomimetic effect of cannabis in a sample of 1,120 patients with psychotic
disorder, 1,057 siblings of these patients and 590 community controls (Genetic Risk
and Outcome in Psychosis (GROUP) Investigators, 2011). By contrast, Smith and
colleagues did find higher rates of cannabis use in 53 non-psychotic sibling of patients
with schizophrenia, as compared to 75 siblings of community controls (Smith et al.,,
2008).

Taken together, most of the available evidence points to a direct risk-increasing effect
associated with the use of cannabis. Although some studies have found an indication
of self-medication or genetic confounding, these, even if confirmed, cannot entirely
explain the association between cannabis and psychosis.

Any causal effect of cannabis may be rather modest, however, since only a minority of
cannabis users develops subclinical psychotic symptoms (Freeman et al., 2010a; van Os
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et al., 2009) and an even smaller subsample will develop a clinical psychotic disorder
(Tandon et al., 2008b) despite high rates of cannabis use in Western countries, with up
to 50% of all adolescents having used cannabis at least once (Perkonigg et al., 2008).
This apparently modest effect is likely explained by the fact that cannabis may only
increase risk in interaction with other environmental and genetic risk factors (Van
Winkel et al., 2010a) (Figure 1). For instance, urban environment (Kuepper et al.,
2011a) and childhood trauma (Harley et al., 2010; Houston et al., 2008) were recently
put forward as environmental factors that interact with cannabis use to increase the
likelihood of psychotic symptoms. In addition, as will be argued in this paper, genetic
factors may determine one’s individual sensitivity to the psychosis-inducing effects of
cannabis. These so-called ‘gene-environment interactions’ (GXE) may help to explain
the observed differential sensitivity to cannabis (Henquet et al., 2008; van Os et al.,
2010). Molecular gene-environment interactions (at the level of individual genes or
single nucleotide polymorphisms (SNPs)) may only be valid and relevant, however,
given evidence that one’s underlying genetic vulnerability for psychosis is indeed
associated with sensitivity to the effects of cannabis.

2. OVERVIEW OF THE LITERATURE

2.1. Vulnerable individuals (G) and cannabis use (E): differential sensitivity (GxE)?
Underlying genetic vulnerability to psychotic disorder is currently not directly
measurable and remains latent in many individuals. Two approaches that attempt to
model liability to psychosis, at the group level, use (i) familial risk, or (ii) psychometric
risk as a proxy of the underlying genetic risk. The use of familial risk as a proxy of
psychosis liability is based on the observation that the risk to develop a psychotic
disorder increases as the degree of genetic affinity with an affected family member
increases (Kendler et al., 1993). Adoption studies have established that familial liability
for psychosis has a clear genetic component (Tandon et al., 2008b), and heritability
rates of schizophrenia are estimated at around 60% (Lichtenstein et al., 2009).

In addition to familial risk, many researchers have used psychometric psychosis liability
as a proxy for the underlying genetic vulnerability. Psychometric psychosis liability
refers to the level of subtle psychotic experiences, which are seen as the behavioural
expression of genetic vulnerability in non-patients. It can be assessed by means of self-
report questionnaires (the Community Assessment of Psychic Experiences scale (CAPE)
(Konings et al., 2006), the Symptom Checklist-90-R (SCL-90-R) (Derogatis, 1983), and
the Schizotypal Personality Questionnaire (SPQ) (Raine, 1991)) or structured interview
(Structured Interview for Schizotypy-Revised (SIS-R) (Vollema and Ormel, 2000)).
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Earlier research provides arguments to assume that psychometric psychosis liability in
the general population reflects a genetic liability that is coherent with the genetic
vulnerability in patients with a clinical psychosis phenotype (Henquet et al., 2008; van
Os et al., 2009).

These findings imply that the use of familial or psychometric risk to examine GxE on
psychosis-related outcomes may be an informative and valid approach (van Os et al.,
2008a). Psychosis-related outcomes already examined in GxE designs include the
development of psychotic symptoms, but also other phenotypes such as cognition and
neurobiological alterations.

2.1.1. Psychotic symptoms

In the previously cited study by Henquet and colleagues the association between
cannabis use and incident psychotic symptoms was significantly stronger in those at
psychometric risk for psychosis (Henquet et al., 2005a). In a sample of 532 university
students, Barkus and Lewis found a positive correlation between psychometric
psychosis liability and psychotic symptoms experienced during and after cannabis use
(Barkus and Lewis, 2008). This finding was replicated in a pooled sample of 431 young
cannabis users by Stirling and colleagues (Stirling et al., 2008). Mason and colleagues
compared the level of psychotic symptoms in 142 controls without cannabis use with
the symptoms in 140 cannabis-users immediately after cannabis use in their familiar
environment (Mason et al., 2009). A second measurement of psychotic symptoms was
performed 3 days later and after at least 24 hours of abstinence in the cannabis users.
Higher levels of psychotic symptoms were reported for cannabis users at increased
psychometric psychosis liability in reaction to acute cannabis use, but also when not
acutely intoxicated (Mason et al., 2009). Furthermore, in a sample of 79 cannabis-using
undergraduate university students, Verdoux and colleagues used the Experience
Sampling Method (ESM) to investigate cannabis use and psychotic symptoms in daily
life (Verdoux et al., 2003) and similarly found that the acute effects of cannabis were
greater with increasing psychometric psychosis liability.

Using familial risk as the proxy of underlying genetic vulnerability, Hollis compared
mental health functioning in relation to cannabis use in three groups of young people:
non-psychotic siblings of adolescents with schizophrenia (n=36), 25 adolescents with
Attention Deficit Hyperactivity Disorder (ADHD) (n=25) and 72 healthy controls (Hollis
et al., 2008). In this study an association between cannabis use and mental health
disturbance was specific for the group at high familial liability for psychosis. The
authors concluded that this subgroup was particularly vulnerable to the detrimental
effects of cannabis use (Hollis et al., 2008). In addition, the Genetic Risk and Outcome
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in Psychosis (GROUP) Investigators recently demonstrated an increased sensitivity to
cannabis associated with familial risk for psychosis, using a sibling-control and cross-
sibling design (1,120 patients with psychotic disorder, 1,057 siblings of these patients
and 590 community controls) (Genetic Risk and Outcome in Psychosis (GROUP)
Investigators, 2011).

2.1.2. Cognition

As described above, there is a wealth of evidence showing that psychosis liability
contributes to differential sensitivity at the level of (subclinical) psychotic symptoms.
Research on possible differential effects of cannabis use on cognition remains scarce
and is complicated by the fact that the relationship between cannabis use, cognition
and psychosis is unclear. Most studies agree that acute cannabis use is associated with
cognitive impairments in the short-term (Morrison et al., 2009; Ramaekers et al.,
2009). With regard to the possible long-term consequences, however, recent meta-
analyses reported better cognition in cannabis-using patients (Rabin et al., 2011; Yiicel
et al., 2010). Several explanations for superior cognitive abilities in cannabis-using
patients have been put forward, including possible neuroprotective effects of cannabis
in individuals developing psychotic symptoms (Jockers-Scherubl et al., 2007) and a
selective mechanism of causal contribution of cannabis, such that persons with less
neurocognitive impairment make a transition to psychotic disorder that they would
not have made in the absence of cannabis use (Yiicel et al., 2010).

In an experimental design with intravenous delta-9-tetrahydrocannabinol (THC)
administration in 13 patients with schizophrenia and 22 healthy controls (D'Souza et
al., 2005; D'Souza et al., 2004), patients were found to be more vulnerable to the acute
effects of THC on learning and recall. However, another experimental study with
controlled THC-exposure in 30 patients with a psychotic disorder, 12 relatives and 32
healthy controls was unable to demonstrate differential effects of THC on cognitive
measures as a function of psychometric psychosis liability in these individuals
(Henquet et al., 2006).

Concerning the possible long-term consequences of cannabis use, Jockers-Scheriibl et
al suggested a different effect on cognitive function in schizophrenia patients and
healthy controls (Jockers-Scherubl et al., 2007). However, this conclusion was based on
the results of only a few of the administered neuropsychological tests, in a study
sample of only 39 patients (19 users) and 39 controls (18 users), the results of which
did not survive control for multiple testing. Scholes and Martin-lverson only found a
subtle difference in cognitive performance between cannabis users and non-users in
both healthy individuals (n=71) and patients with schizophrenia (n=71) (Scholes and
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Martin-lverson, 2010). They reported no differential effects between both groups.
Similarly, Meijer and colleagues (Meijer et al., 2011) were unable to find a significant
interaction between cannabis use and group status on cognitive functioning in a large
cross-sectional sample of 956 patients with non-affective psychosis, 953 healthy
siblings and 554 controls. Given these findings, it can be concluded that, at the level of
cognition, the evidence for differential sensitivity to cannabis associated with pre-
existing liability is relatively inconsistent, for both the acute as well as the longer-term
effects.

2.1.3. Neurobiological changes

Several imaging studies investigated the influence of cannabis use on brain
morphology in schizophrenia patients and reported greater reduction of grey matter
density in cerebral regions known to have a high density of cannabinoid receptors
(CB1R) in cannabis-using patients (Bangalore et al., 2008; James et al., 2011; Rais et al.,
2010; Szeszko et al., 2007), although this was not always found (Cahn et al., 2004).
Ambiguous results were reported with regard to the effect of cannabis use on white
matter integrity (Dekker et al., 2010; James et al.,, 2011). Since no cannabis-using
healthy controls were included in these studies, they do not allow for the examination
of possible differential sensitivity to cannabis at the level of brain morphology.
However, in a recent study, Habets and colleagues used T1-weighted MRI scans to
measure cortical thickness in 88 patients with schizophrenia, 98 non-psychotic siblings
of a schizophrenia patient and 87 healthy controls, and examined the association
between cortical thickness and cannabis use (Habets et al., 2011). A group X cannabis
interaction was found, showing a dose dependent decrease in cortical thickness
associated with the use of cannabis in patients and siblings, but not in control subjects,
suggesting differential sensitivity (Habets et al., 2011).

Earlier research found that the concentration of the endocannabinoid anandamide in
cerebrospinal fluid (CSF) may be elevated in antipsychotic-naive psychotic patients
(Giuffrida et al., 2004) and a possible protective role of this increased concentration in
early psychosis was hypothesized (Koethe et al., 2009). In addition, Leweke and co-
workers measured CSF anandamide levels in 44 first-episode, antipsychotic-naive
patients with schizophrenia and 81 healthy volunteers, among them 19 and 26
cannabis users, respectively (Leweke et al., 2007). The findings supported possible
differential sensitivity to cannabis exposure, with down-regulation of CSF anandamide
associated with cannabis use in patients, but not in healthy controls, suggesting that
alterations of endocannabinoid signalling may underlie the mechanism through which
cannabis impacts mental health.
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2.2. Molecular genetic findings

Despite the evidence for interaction between pre-existing vulnerability and cannabis
use, research efforts to discover the underlying molecular genetic variation are
relatively scarce and mainly limited to a number of specific candidate genes.

2.2.1. Psychotic symptoms

Caspi and colleagues were the first to report a molecular genetic GXE with cannabis in
psychosis (Caspi et al., 2005). Their study focused on a functional polymorphism
(Val158Met or rs4680) in the catechol-O-methyltransferase (COMT) gene. COMT is an
enzymatic inactivator of dopamine and other mono-amines and is essential for
dopamine signalling in the prefrontal cortex. The Val allele is associated with a 40%
higher enzyme activity (Lachman et al., 1996; Lotta et al., 1995). Although COMT
Vall58Met is probably not associated with schizophrenia (Okochi et al., 2009), Caspi
and colleagues found that the COMT polymorphism moderated the risk of developing
schizophreniform disorder at age 26 following adolescent-onset cannabis use in a
birth-cohort of 1,037 individuals, Val carriers displaying a higher risk (Caspi et al.,
2005).

Following Caspi’s initial paper, several studies focused on this particular COMT x
cannabis interaction. Using an experimental design in which patients with a psychotic
disorder, their relatives and healthy controls were exposed to THC, Henquet and co-
workers tried to further validate this finding (Henquet et al., 2006). In this study,
examining acute effects of cannabis, the same interaction between COMT
polymorphism and cannabis was found, but only in individuals with a pre-existing
psychometric psychosis liability. Henquet and colleagues also demonstrated this
conditional (COMT x cannabis x psychosis liability) interaction in an ESM-study with 31
patients and 25 controls. In this study, carriers of the Val allele with prior evidence of
psychometric psychosis liability showed an increase in hallucinations after acute
cannabis exposure in daily life (Henquet et al., 2009a).

Zammit and colleagues used a case-only design in a sample of 493 schizophrenia
patients in order to examine possible COMT x cannabis interaction (Zammit et al.,
2007). A case-only design determines presence of GXE on the basis of an association
between SNP and exposure, while assuming independence between SNP and exposure
in the general population (Khoury and Flanders, 1996). However, this study was
unable to find an association between COMT Val158Met and cannabis use. In addition,
the same study could not find an association between cannabis use and (i) 2 other
SNPs in COMT (rs737865 and rs165599) and (ii) rs1049353 in the cannabinoid receptor
CB1R (Zammit et al., 2007). Kantrowitz and colleagues also failed to replicate the
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COMT rs4680 finding using a case-only design in a (markedly underpowered) sample of
92 patients with psychotic disorder (Kantrowitz et al., 2009). In contrast with the
report of Caspi et al. (Caspi et al., 2005), Costas and co-workers (Costas et al., 2011)
found in their case-only study with 748 patients with schizophrenia an association
between lifetime cannabis use and (i) low activity haplotype defined by 5 SNPs in
COMT and (ii) homozygosity for the Met (rather than Val) allele at rs4680. Finally,
Zammit and colleagues (Zammit et al., 2011) studied the possible interaction between
cannabis use and COMT in a longitudinal design with 2,630 individuals of a birth
cohort, assessed at age 14 for cannabis use and at age 16 for incident psychotic
symptoms. No interaction between COMT rs4680 and cannabis use was found. Also
analyses with the rs6269-rs4818-rs4680 haplotype and additional SNPs (rs737865,
rs2097603 and rs165599) revealed no interaction between COMT and cannabis use.
The authors of this study also conducted 26 sensitivity analyses, using different
measures of exposure, different samples and different designs. In all these analyses
the main effect of cannabis (significantly associated with psychotic symptoms, in a
dose-dependent way) remained relatively stable. By contrast, interactions between
cannabis and COMT showed greater variation, even with opposite directions in
different analyses (Zammit et al., 2011).

Given increasing concerns in the psychiatric genetics field about the risk of spurious
findings associated with the use of the candidate gene approach, especially in the
context of studies (i) examining the effects of single SNPs (ii) without a valid replication
strategy and (iii) using liberal significance thresholds (Van Winkel et al., 2010a), van
Winkel and the GROUP investigators tried to use a more systematic, yet hypothesis-
driven approach towards gene-selection (van Winkel and GROUP Investigators, 2011).
The authors examined possible interactions between 152 SNPs selected from 42
candidate genes and recent cannabis use in 740 unaffected siblings, and found 3 SNPs
to survive correction for multiple testing, in AKT1 (2 SNPs) and LRRTM1 (1 SNP).
Follow-up of these SNPs in the patients confirmed the presence of GxE between
rs2494732 in AKT1 and cannabis using a case-only (801 patients with psychotic
disorder), case-sibling and case-control (419 unrelated controls) design. Compared to
those with the T/T genotype, individuals with a C/C genotype displayed a 2-fold
increased risk of being diagnosed with a psychotic disorder when having used cannabis
(van Winkel and GROUP Investigators, 2011). In a recent study, Bhattacharyya and co-
workers, found a trend for a main effect of the AKT1 rs1130233 polymorphism (G-
homozygotes vs A-carriers; in linkage disequilibrium with rs2494732) on the increase
of psychotic symptoms induced by experimental cannabis administration in 35 healthy
volunteers (placebo-controlled, within-subject design) (Bhattacharyya et al., 2012).
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Also a main effect of the polymorphic 40-basepair variable number of tandem repeats
(VNTR) in the 3’ untranslated region (UTR) in the DAT1 gene (9-repeat vs 10-repeat
allele) and an interaction between the AKT1 and the DAT1 polymorphisms was
reported. The volunteers who were G homozygotes of AKT1 rs1130233 and also
carriers of the 9-repeat allele of the DAT1 3’UTR VNTR (the GG/9-repeat carriers), had
a greater increase in psychotic symptoms after cannabis than the others
(Bhattacharyya et al., 2012).

2.2.2. Cognition

Although the evidence for differential sensitivity to cannabis with regard to cognition is
inconsistent, as outlined above, a few reports attempted to identify molecular-genetic
interactions with cannabis use, specifically following-up on previously reported
interactions in COMT and AKT1. For example, COMT Val carriers were found to be
more sensitive to the acute effects of cannabis in some domains of verbal memory and
sustained attention, compared to Met allele carriers (Henquet et al., 2006). Only the
interactions with regard to sustained attention (as measured by the Continuous
Performance Test [CPT]) survived correction for multiple testing (Henquet et al., 2006).
Building on the recent finding that AKT1 may be associated with a differential
sensitivity to the psychosis-inducing effects of cannabis use (van Winkel and GROUP
Investigators, 2011), van Winkel and colleagues studied the effects of this interaction
on verbal memory and sustained attention in patients with psychotic disorder (van
Winkel et al., 2011b). No interaction was found between AKT1 rs2494732 and cannabis
use in 654 patients with a psychotic disorder in terms of verbal memory impairment.
By contrast, in the CPT, patients with the C/C genotype and lifetime cannabis use
(especially those with daily use) were slower and less accurate, whereas cannabis-
using patients with the T/T genotype performed similar or even slightly better than
non-using patients with the same genotype. This interaction was also apparent in
patients with psychotic disorder who had not used cannabis in the 12 months
preceding assessment, but was absent in the unaffected siblings of these patients and
in healthy controls. In their recent study, Bhattacharyya and colleagues reported the
same DAT1-AKT1 interaction, that was associated with the acute psychotogenic effects
of cannabis, to be associated with cannabis-dependent changes in striatal and
midbrain function during a verbal learning task inside a MRI scanner (Bhattacharyya et
al., 2012). The effects of cannabis administration on activation in the striatum during
encoding and in the midbrain during recall, as measured by the blood oxygen level-
dependent (BOLD) haemodynamic response, were also greater in the GG/9-repeat
carriers (Bhattacharyya et al., 2012).
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2.2.3. Neurobiological changes

Recently, Ho and co-workers studied the impact of cannabis abuse/dependency and 12
SNPs in the cannabinoid receptor 1 gene (CB1R) on MRI measured white matter
volume and performance in a comprehensive neurocognitive test battery in 235
patients with schizophrenia (Ho et al., 2011). They reported GxE between CB1R
rs12720071 and cannabis abuse on white matter (WM) volume and neurocognition.
Compared to A/A homozygotes, G-allele carrying patients had significantly smaller
frontal and temporal WM volumes and for the parietal WM volumes this was only the
case for cannabis-using G-allele carriers. The same interaction was found in problem
solving skills, but not in other neurocognitive domains. This study based its conclusions
on a relatively small proportion of patients with the heaviest cannabis use (52 out of
235) and did not include a control group to evaluate whether the reported effects
were specific for patients with psychotic disorder.

2.2.4. Age at onset

In addition to the phenotypes discussed above, some studies have focused on age at
onset of psychosis, following (i) robust evidence that cannabis use is associated with a
2.7 years earlier onset of psychosis (De Hert et al., 2011; Large et al., 2011) and (ii)
evidence that age at onset of psychosis may be under considerable genetic control
(Hare et al.,, 2010). This evidence furthers the possibility that gene-by-cannabis
interactions may also play a role in determining age at onset of psychosis, which is
potentially important given the known clinical and prognostic relevance of age at onset
of psychosis (Crespo-Facorro et al., 2007; Rabinowitz et al., 2006).

In a sample of 80 patients with a psychotic disorder and 77 patients with a non-
psychotic disorder (conduct, affective and personality disorders), the interaction
between COMT Vall158Met genotype and cannabis use was significantly associated
with age at onset, but only for the patients with a psychotic disorder (Estrada et al.,
2011). Val/Val-genotype cannabis users showed an earlier age at onset than Met
carriers. The data also suggested that the interaction was particularly present in those
who started cannabis use at a young age.

Another GxE study using age at onset of psychosis as primary outcome is the study of
Decoster and colleagues (Decoster et al., 2011). Building on previous findings that a
functional polymorphism in the brain-derived neurotrophic factor (BDNF) gene
(ValebMet in rs6265) may be associated with age at onset in psychosis, with earlier
onset in Met-carriers (Chao et al., 2008; Numata et al., 2006), and that cannabis use
may directly influence BDNF-regulated physiological mechanisms (D'Souza et al., 2009;
Derkinderen et al., 2003; Jockers-Scherubl et al., 2004), an interaction between
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cannabis use and BDNF genotype was investigated in a cohort of 587 patients with a
psychotic disorder. Since age at onset is known to be associated with gender (Larsen et
al.,, 1996) and, furthermore, gender-dependent effects of BDNF (Raz et al., 2009;
Shalev et al., 2009; Verhagen et al., 2010) and shared effects of BDNF and estrogen
(Scharfman and MacLusky, 2006) were reported, a three-way BDNF x cannabis x
gender interaction was hypothesized. A significant interaction between cannabis use
and BDNF-genotype in females was demonstrated, although findings were based on a
relatively small group of cannabis-using female patients (n=34).

3. CRITICAL REVIEW OF THE AVAILABLE EVIDENCE

Considering the available evidence regarding the gene-cannabis interaction, several
things can be noted. First, there is robust evidence that persons at psychometric risk
for psychosis are most vulnerable to display psychotic symptoms following cannabis
use. In addition, multiple studies have confirmed that persons at familial risk for
psychosis have an increased sensitivity to the effects of cannabis, in terms of psychotic
symptoms. Together, these findings support the concept of a biological interaction
between cannabis and a person’s underlying genetic vulnerability. Less evidence is
available regarding possible underlying neurobiological changes, although the available
studies consistently support differential sensitivity to cannabis use in terms of
neurobiology as well. For cognition, the reported findings are inconsistent.

At the molecular-genetic level, few (if any) interactions have been consistently
replicated (see Table 1), although the reported interaction with AKT1 is promising and
deserves further follow-up. Several reasons for this apparent lack of consistent
replication can be identified, such as problems with gene selection, underpowered
samples, lack of adequate attempts for replication and ‘pseudo-replications’,
considerable heterogeneity in research designs and outcome measures.

3.1 Gene selection

It is increasingly clear that appropriate gene selection is a very challenging task. For
example, a recent study showed that there was no evidence for enrichment of genetic
variation implicated in the etiology of schizophrenia in the most studied candidate
genes (e.g. COMT, NRG1, DTNBP1, etc)(Collins et al., 2011). Although gene selection
may be somewhat easier for GXE research, as it is partly known how cannabis exerts its
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Table 1
Overview of studies examining molecular gene x cannabis interactions, reported in clinical psychotic
phenotype.
Genetic First Report Replication Replication  Indirect validation with
Variant (Risk attempts outcome studied phenotype®
Genotype)
COMT Caspi (Caspi et al., Zammit Negative Henquet (Henquet et al.,
rs4680 2005); (Zammit et al., 2006);
(Val/Val) birth cohort study 2007); Acute effects of
case-only study experimental cannabis
exposure on psychotic
symptoms and cognition
(sustained attention,
measured by CPT)
Kantrowitz Negative Henquet (Henquet et al.,
(Kantrowitz et 2009a);
al., 2009); Psychotic symptoms after
case-only study cannabis use in daily life
Costas (Costas Negative g Estrada (Estrada et al.,
etal., 2011); 2011);
case-only study Age at onset of psychosis
Zammit Negative
(Zammit et al.,
2011);
birth cohort
study
AKT1 van Winkel (van / van Winkel(van Winkel
rs2494732 Winkel and and GROUP Investigators,
(C/C) GROUP 2011);
Investigators, Schizotypy in unaffected
2011); siblings

case-only, case-
control and case-
sibling study

van Winkel (van Winkel
etal., 2011b);
Cognition (performance
on CPT)

Bhattacharyya
(Bhattacharyya et al.,
2012)

Acute psychotogenic
effects of cannabis,
correlated with effects on
midbrain and striatal
function

? No attempts of indirect validation with negative finding were reported

® Costas and colleagues (Costas et al., 2011) reported an association between homozygosity for the Met

allele and cannabis use
Bhattacharyya and colleagues (Bhattacharyya et al., 2012) reported an association with rs1130233
which is in high linkage disequilibrium with rs2494732
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effects in the brain, the lack of consistent interactions supports the view that gene
selection, even in the context of GxE, is very difficult. A recent paper proposed to use a
broad range of SNPs with either a reliable association to the disorder or a plausible
relation to the underlying biology by which the environmental factor may exert its
effects (Van Winkel et al., 2010a). The first attempt that used this strategy (van Winkel
and GROUP Investigators, 2011), although limited by the fact that no genome-wide
supported variants were included and the selected SNPs did not cover the entire
genetic variation within the selected genes, resulted in the identification of the AKT1 x
cannabis interaction. This finding, which was robust across different samples and study
designs, may support the claim that such a strategy may be fruitful.

3.2 Statistical power and ‘replication’

It is estimated that the detection of a novel interaction requires an up to four times
larger sample than the detection of a main effect of similar magnitude (Thomas, 2010).
Although one hopes for larger effect sizes associated with GxE than the Odds Ratios of
1.10 or lower reported in GWA (Genome Wide Association) studies, it is now evident
that GxE studies have generally been underpowered (Burton et al., 2009; Duncan and
Keller, 2011a; Luan et al., 2001). In addition, fuelled by reports about chance findings
in random (i.e. simulated) datasets as long as enough statistical tests were conducted
(Eaves, 2006; Sullivan, 2007), there are increasing concerns about undisclosed multiple
statistical comparisons (post-hoc analyses or statistical ‘fishing expeditions’)(Munafo
and Flint, 2009), resulting in a high prevalence of false positive chance findings (type |
errors). Furthermore, as argued by Sullivan, once a false positive finding is reported
and acclaimed, there is a high risk of propagating this false positive finding by
approximate, indirect or pseudo-replication (Sullivan, 2007). This view was recently
supported by Duncan and Keller, who showed clear evidence for publication bias in
GxE research, favouring positive ‘new’ findings and positive replication attempts
(Duncan and Keller, 2011a).

Finally, there is the issue of the many designs that can be used to demonstrate gene-
environment interaction, both at the level of the clinical disorder as well as at the
subclinical level, and the associated uncertainty about what actually constitutes ‘true
replication’. The often cited COMT x cannabis interaction (Caspi et al., 2005) may serve
as a good example, since the initial report has never been replicated with the same
outcome-measure, the same genotype (SNP or haplotype), the same direction of
association, the same type of interaction (2-way or 3-way) or the same definition of
environmental exposure (Zammit et al., 2011). Importantly, also studies that failed to

99



Genes x Cannabis in Psychosis

replicate the finding did not fulfil these criteria (Costas et al., 2011; Zammit et al.,
2011; Zammit et al., 2007).

4. FUTURE DIRECTIONS FOR GxE RESEARCH

In order to understand the differential sensitivity to the psychosis-inducing effects of
cannabis at the molecular-genetic level, the challenge is to deal with the shortcomings
of previous research (See Box 1 for summary).

4.1 Adequate replication

It is disappointing that even the most studied gene-cannabis interaction (COMT
Val158Met), has never been the subject of a true attempt at replication. It should be
noted that the (negative) studies by Zammit and colleagues came closest to the
original study design, in terms of phenotype under study (Zammit et al., 2007) or in
terms of the prospective design (Zammit et al., 2011) (although it should be noted that
the follow-up was short, from age 14 to age 16 and that the measure of psychosis
outcome was uncertain as it was not associated with family history of psychotic
disorder (Zammit et al., 2008)). Therefore, as also argued by Duncan and Keller
(Duncan and Keller, 2011a), greater efforts at replication are necessary. We would
argue that, in terms of replication, efforts to show relevance of any reported
interaction at the level of the clinical phenotype are most important, whereas the
subclinical phenotype may be an additional tool in the discovery of novel interactions,
as large general population samples with detailed environmental info are available and
these studies may have increased statistical power. In addition, studies of the
subclinical phenotype may serve to further validate existing findings, although the
focus should be on the clinical phenotype since only these studies are able to truly
establish the clinical relevance of the reported interaction.

4.2 Larger samples and improved gene selection

The observations that GxE studies have generally been underpowered (Burton et al.,
2009; Duncan and Keller, 2011a; Luan et al., 2001) and biased towards positive results
(Duncan and Keller, 2011a) lead to the obvious conclusion that increased sample sizes
and density of genetic markers are necessary, as has been the case in genetics in
general (Cichon et al., 2009). While collaborative efforts are underway (EU-GEI, 2008),
appropriate gene selection for GxE studies remains a considerable challenge. The
major challenge in GxE research is to combine the agnostic detection of disorder-
associated genetic variance from GWAS with the hypothesis-based approach from
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Box 1
Future challenges in GxE research

Large samples

- Collaborative efforts

Appropriate gene selection
- Caution with (single) candidate gene approaches
- Possibility for broad SNP range approaches: SNPs associated with disorder or underlying
biology by which the environmental factor may exert its effects
- Genes implicated in underlying pathways detected by gene ontology analyses

- GEWIS and subsequent pathway detection

Adequate replication
- Importance of replication in clinical phenotype

- Efforts for true replication of reported findings

epidemiological and neurobiological studies (van Os and Rutten, 2009). The strategy of
using a broad range of SNPs with a reliable association to the disorder or SNPs that can
be plausibly related to the underlying biology by which the environmental factor may
exert its effects, tries to find a midway between hypothesis-based testing on the one
hand and systematic reporting of all investigated markers and controlling for the
associated number of statistical tests on the other, thus trying to avoid a bias towards
positive results (van Winkel and GROUP Investigators, 2011; Van Winkel et al., 2010a).
Application of this strategy using the first SNPs reliably associated with schizophrenia
by genome-wide studies (Ripke et al., 2011) would be an interesting and
uncomplicated first step, with the important advantage that the required sample sizes
need not be very large. In addition, elegant tools and strategies were recently
developed to detect disease-implicated biological pathways based on GWAS findings;
the so-called gene ontology analyses, of which the applicability was also demonstrated
for psychiatric disorders (Holmans et al., 2009; Poelmans et al.,, 2011; Weng et al.,
2011). The detection of underlying pathways may enable a more directed and
hypothesis-based selection of genes for further investigation of their role in the
disease and possible interactions with cannabis.

A final strategy, although in need of statistical and conceptual refinement, is to enrich
the agnostic GWAS strategy with an environmental risk factor (e.g. cannabis use) to
agnostically investigate interaction effects: the so-called Gene-Environment Wide
Interaction Studies (GEWIS)(Khoury and Wacholder, 2009). Several approaches have
been proposed to deal with the large number of statistical tests and associated low
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power for detecting genome-wide significant signals (Chatterjee and Wacholder, 2009;
Kooperberg and Leblanc, 2008; Murcray et al., 2011; Murcray et al., 2009; Thomas,
2010). In addition to pathway-based approaches based on GWAS, GEWIS studies may
also serve as the first step in the search for pathways associated with schizophrenia
following, for example, cannabis use.

Further refinement of the proposed strategies and continued joint efforts, like the EU-
GEl project (EU-GEI, 2008), will hopefully result in a better understanding of the
molecular-genetic variation underlying sensitivity to the psychosis-inducing effects of
cannabis within the foreseeable future.
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ABSTRACT

Background

Paranoia is a core symptom of schizophrenia and is also highly prevalent in affective
and anxiety disorders. Previous evidence shows that both genetic vulnerability and
social stressors are important in the formation of paranoia. This study aimed to
investigate possible interactions between social stress and relevant single nucleotide
polymorphisms (SNPs).

Method

Paranoid reactivity to social stress was measured using the Experience Sampling
Method in five different samples across the paranoia continuum (total n=867). 33 SNPs
emerging from either agnostic genome-wide association studies of relevant
phenotypes or from previous candidate gene-environment interaction studies were
selected. Replicated interactions at p<.05 in two healthy subsamples (1. healthy
control group [n=112] and 2. female general population twin sample [n=434]) were
followed-up in an at-risk (unaffected siblings of psychotic patients, n=86) and two
patient samples (1. schizophrenia [n=109] and 2. depression [n=126]) for further
assessment of etiological and clinical relevance.

Results

6 SNPs moderated the effects of social stress on paranoia in both healthy samples
(p<.05); rs3803300 in AKT1 and 5 SNPs in the Major Histocompatibility Complex
(MHC). Rs3803300 in AKT1 also moderated paranoia in the unaffected siblings and the
psychotic patients, whereas the five MHC-SNPs moderated paranoia in the patients
with remitted depression.

Conclusions

Genetic variation in AKT1, and possibly also in the MHC region, is important in
explaining individual differences in paranoid reactivity to social stress, a fundamental
psychological mechanism of relevance across traditional diagnostic boundaries.
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1. INTRODUCTION

Paranoia is one of the core symptoms of schizophrenia (Tandon et al., 2009a) and is
also highly prevalent in affective and anxiety disorders, in which case it is associated
with worse outcome, higher genetic risk for psychiatric disorders, greater exposure to
social stress in early life as well as recent life events (Wigman et al., 2012). Subclinical
paranoid ideation is detectable in the general population with a prevalence of up to 18
% (Freeman et al., 2010b). Similar cognitive, social and clinical characteristics were
found in persons with subclinical paranoia and in individuals with clinical persecutory
delusions (Combs et al., 2007), suggesting that paranoid beliefs in healthy persons and
persecutory delusions in patients with schizophrenia form part of a ‘paranoia
continuum’ (American Psychiatric Association, 2000a).

Recent observational (Simons et al., 2009) and experimental work in the general
population (Lincoln et al., 2009) and in patients with schizophrenia (Moritz et al., 2010)
has found that paranoid ideation increases with higher levels of perceived stress. Since
misinterpretation in social interactions seems to be a key feature of paranoid ideation
(Freeman, 2008), perceived social stress is considered one of the crucial elements in
the developmentof paranoid beliefs (Bentall and Fernyhough, 2008).

The experience sampling method (ESM), a diary method that assesses thoughts,
emotions and social context, is an elegant approach to capture subtle paranoid
reactions to minor (social) stressors as they occur in the flow of daily life (Henquet et
al.; Myin-Germeys et al., 2005a; Myin-Germeys et al., 2005b; Simons et al., 2009; van
Winkel et al., 2008a). Previous ESM work has shown significant increases in paranoia
under stressful circumstances in patients with a psychotic disorder and their first-
degree relatives (Myin-Germeys et al., 2005a), as well as in healthy volunteers (Simons
et al.,, 2009). There is also evidence of familial covariation of stress-reactivity and
psychotic symptoms (Lataster et al., 2010). Furthermore, when combined with genetic
information, ESM offers a unique way to test gene-environment interactions (GxE)
(Moffitt et al., 2005; Myin-Germeys et al., 2009). The large number of within-person
measurements results in improved statistical power to detect GxE interactions,
yielding highly significant findings using moderate sample sizes (Collip et al., 2011c;
Peerbooms et al., 2012). Preliminary studies found evidence of (i) genetic moderation
of stress-induced psychotic symptoms by functional polymorphisms in COMT
(Val158Met)(Collip et al.,, 2011c; van Winkel et al., 2008a) and BDNF
(Vale6Met)(Simons et al., 2009).

Given the importance of paranoia across a range of mental disorders, and abundant
evidence for the role of interaction between environmental factors and underlying
vulnerability in producing mental disorders (Lesch, 2004; van Os et al., 2010), the
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present study aimed to examine possible interaction between social stress and
carefully selected single nucleotide polymorphisms (SNPs) in different samples across
the paranoia continuum, totalling a combined number of 867 individuals.

2. METHODS

2.1. Subjects

For this study, subjects were pooled from five separate samples; inclusion criteria were
described elsewhere for four of these (Collip et al., 2011a; Geschwind et al., 2011;
Thewissen et al., 2008; Wichers et al., 2009) and one unpublished sample. In the latter,
22 patients with non-affective psychotic disorder, 25 first-degree relatives of patients
with psychotic disorder and 38 controls were included. In total, the combination of
ESM and genetic data was collected in 905 participants. Participants were classified on
the basis of their psychosis liability and need for care: healthy controls (n=568), non-
affected relatives of psychotic patients (n=97), formerly depressed patients with
residual symptoms (n=126) and psychotic patients (n=114). The healthy control group
consisted of two different samples: a group of healthy controls (n=115, detection
sample) and a group of female general population twins and their non-twin sisters
(n=453 (in 226 families), replication sample)(see Table 1). In the group of non-affected
relatives, 41 individuals were a first degree relative of 35 patients in the psychosis
subsample.

2.2. Experience Sampling Method

ESM is a structured diary technique for assessing subjects in their daily living
environment (Myin-Germeys et al., 2009), and has been validated for studying
paranoid reactions to stress (Oorschot et al., 2009; Simons et al., 2009; Thewissen et
al., 2008). Subjects received a digital wristwatch and a set of ESM self-assessment
forms collated in a booklet for each day. Ten times a day on 5 consecutive days for the
twins and 6 for all other participants, the watch emitted a signal (beep) at
unpredictable moments between 7:30 AM and 10:30 PM. After every “beep,” reports
of thoughts, current context (activity, persons present, location), appraisals of the
current situation, current symptomatology and mood were collected. All self-
assessments were rated on 7-point Likert scales. The ESM procedure was explained to
the subjects during an initial briefing session, and a practice form was completed to
confirm that subjects were able to understand the 7-point Likert scale format. Subjects
were instructed to complete their reports immediately after the beep, thus minimizing
memory distortions, and to record the time at which they completed the form. During
the actual sampling period, research staff repeatedly called the subjects to assess
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whether they were complying with the instructions. Based on the times subjects
indicated that they completed the report, all reports completed more than 15 min
after the actual signal were excluded from the analysis. Previous work has shown that
reports completed after this interval are less reliable and consequently less valid
(Delespaul, 1995). Subjects with less than 17 or 20 valid reports, during 5 or 6
consecutive days respectively, were excluded from the analysis (n=38, see Table 1), in
agreement with previous ESM work in these samples (Collip et al., 2011a; Geschwind
et al., 2011; Thewissen et al., 2008; Wichers et al., 2009).

2.2.1. Social stress

Social stress was conceptualized as the subject’s appraisal of the current social
situation, as previously applied (Collip et al., 2011a; Simons et al., 2009). First, subjects
were asked to indicate whether they were alone or with other people. If they were not
alone, they were asked to state (1) how comfortable they felt in the present company
and (2) whether they would rather be alone. Both items were rated on a 7-point Likert
scale (1 not at all — 7 very much). The first item was inversed and combined with the
second item, by calculating the mean of the two scores to generate one social stress
score, varying from 1 to 7. In the general population twin sample, the second item was
not available; therefore only the first item was used in this sample.

2.2.2. Paranoia

Paranoid stress response was assessed by asking subjects on each ESM moment to
state whether they felt suspicious, on a 7-point Likert scale (1 not at all — 7 very much)
(Myin-Germeys et al., 2005b; Simons et al., 2009; Thewissen et al., 2008).

2.3. Gene selection

As previously described (Decoster et al., 2012a; Van Winkel et al., 2010b), the major
challenge for gene-environment interaction research is to combine the agnostic
detection of disorder-associated genetic variants from genome-wide studies with the
hypothesis-based approach from epidemiological and neurobiological studies. For the
SNP selection of this study, we therefore combined SNPs emerging from agnostic
genome-wide association studies (GWAS) of relevant phenotypes on the one hand,
and candidate SNPs emerging from previous GxE studies on the other hand. Thus, 20
SNPs were included based on GWAS results in schizophrenia (situated in the 6p21.3
Major Histocompatibility Complex (MHC) region, NOTCH4, NRGN, RELN, TCF4,
ZNF804A), bipolar disorder (ANK3, CACNA1C) and neuroticism (MDGA2, PDE4D,
SNAP25). 17 SNPs were added based on previous GxE studies in which the selected
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SNPs interacted with stress-related environmental factors (AKT1, BDNF, COMT, CRHR1,
DRD2, FKBP5, HTR2A, NR3C1, TPH1). See table 2 for further details.

DNA was extracted from blood, saliva, or buccal epithelium for different samples. The
selected SNPs were determined by Sequenom MassARRAY iPLEX platform at the
facilities of the manufacturer (Hamburg, Germany) ; SNPs, therefore, were not
selected from a larger set of genomewide markers.

For every monozygotic twin pair in the sample, only one individual was genotyped and
the same genotypic data was included for the co-twin, assuming that both twins had
identical genotypes.

Of the 37 SNPs originally included, 3 SNPs were excluded because they had more than
10% genotyping failure (rs3800316 of the 6p21.3 MHC region, rs3131296 in NOTCH4,
rs2494735 in AKT1) and 1 SNP was excluded because of Hardy-Weinberg
disequilibrium (p < .001) (rs4713916 in FKBP5). A final set of 33 SNPs in 19 genes was
therefore used for further analysis.

2.4. Plan of analysis

2.4.1. Statistical analysis

ESM data have a hierarchical structure; multiple observations (level 1) are clustered
within subjects (level 2), and some of themwere related (level 3). Multilevel random
regression analysis was applied since it takes the variability associated with each level
of nesting into account (Snijders and Bosker, 1999). Thus, multilevel random regression
analysis models both fixed and random effects. The fixed effects are interpreted
similarly as standard regression coefficients and are estimated directly; the random
effects portion of the model is specified by considering the nesting of the data. The
XTMIXED command in STATA 11.0 (StataCorp LP, 2012) was thus used for the 3 level
analyses.

First, the association between perceived social stress and ESM paranoia was assessed
for each sample. Multilevel regression models, as described above, with ESM paranoia
as dependent variable, were used. Second, using the same strategy, possible
associations between the selected SNPs and ESM paranoia were examined. Finally,
ESM paranoia, as dependent variable, was modeled by the two-way interaction of
perceived social stress and each selected SNP separately. Genotypes were coded ‘0’,
‘1’ or 2" according to the number of minor alleles and modeled as a linear effect, since
this method can deal with different genotype distributions, including distributions with
a low minor allele frequency, as it avoids stratification into small subgroups (Cordell
and Clayton, 2005). All analyses were controlled for age and sex as a priori
confounders.
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2.4.2. Analytic strategy

The large number of within-person measurements in the ESM-method results in
improved statistical power to detect GxE interactions, yielding highly significant
findings using moderate sample sizes (Collip et al., 2011c; Peerbooms et al., 2012).
Some of these findings may reflect true interactions with the genotype under study,
while others, in spite of a convincing p-value, may be specific to a particular sample.
Therefore, a two-step strategy focusing on replication rather than absolute statistical
significance was applied, as this strategy best takes the ESM data structure into
account in separating true from false positives. In the first ‘detection’ step, the
selected SNPs were thus tested for their main effects and for possible interactions with
social stress in the healthy control sample (n=112) and the general population twin
sample (n=434). Secondly, replicated, directionally similar main effects and SNP-social
stress interaction models (at alpha .05) were then followed up in the genetic at-risk
sample as well as in the patient samples. Main effects and interactions were
considered potentially relevant when, in addition to replication in the control samples,
(i) at least one at-risk/patient sample also yielded significant, directionally similar,
association and (ii) the p-value in the combined sample reached Bonferroni-corrected
statistical significance. For the latter a threshold of p=.002 was applied, since 33
genotype x stress interactions were tested.

3. RESULTS

3.1. Detection

The healthy control sample consisted of 112 participants, of whom DNA material and
valid ESM data were available. 30.4% of them was male. The general population twin
sample consisted of 434 female participants. Mean age of the included controls was
33.3 years (SD 11.6) and 27.7 years (SD 7.9) for the twins. See table 1 for more details.
ESM paranoia was associated with perceived social stress in the healthy control sample
(b= .082, 95%-CI .064-.099, p<.001) and in the general population twin sample (b=
.045, 95%-Cl .036-.054, p<.001). None of the SNPs had a replicated association with
ESM paranoia.

For six SNPs of the selection, replicated, directionally similar interactions with social
stress were found in both the control and the twin sample (see Table 3): rs3803300 in
AKT1 and 5 SNPs in the Major Histocompability Complex (MHC; rs13219181,
rs3800307, rs6904071, rs6913660 and rs926300).
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Table 3

Multilevel regression models of ESM paranoia with perceived social stress, SNP and their interaction term as independent variables, controlled for age and sex.

Coefficients (b) and p-values (p) of the significant models are displayed.

residual
depressive

relatives of
psychotic

psychotic
patients

total sample

symptoms

patients

twins

8.14*10%

-0.046
0.058

1.25*10™

6.14*10™

0.048

3.56*10™

0.056

3.67*10™

0.056

2.51*%10™

0.056

n.s.
0.008
<.001
0.008
0.008
0.008

0.082

0.096

0.082

0.082

0.082

0.002

-0.116

n.s.

n.s.

n.s.

n.s.

n.s.

0.015

-0.046

n.s.

n.s.

n.s.

n.s.

n.s.

0.013

-0.028
0.058

<.001

<.001

0.04
0.058

<.001

<.001

0.058

<.001

0.06

controls

b
-0.04

0.1

0.043

<.001

<.001

0.088
0.076

<.001

<.001

0.076

<.001

0.075

gene location
14q32.32

SNP
rs3803300

AKT1

6p21.3

MHC

rs13219181

MHC  6p21.3

rs3800307

MHC  6p21.3

rs6904071

MHC  6p21.3

MHC

rs6913660

6p21.3

rs926300

3.2. Follow-up
86 non-affected relatives of psychotic
patients, 109 psychotic patients and 126
depressed patients formed three
separate follow-up samples (see table 1).
ESM paranoia was associated with
perceived social stress in the relatives
(b=.036, 95%-Cl .020-.051, p<.001), the
psychotic patients (b= .106, 95%-Cl .076-
137, p<.001), and the
patients (b= .215, 95%-Cl

p<.001).

depressed
.183-.247,

Follow-up of rs3803300 in AKT1
confirmed (directionally similar)
interaction between rs3803300 and

social stress in psychotic patients, as well
as in the genetic at-risk sample (Table 3).
In the minor allele carriers (A-allele),
paranoia is significantly less reactive to
the social environment. The interactions
between the MHC SNPs and social stress
were replicated in the subgroup of
depression patients, but not in the at-
risk or psychotic patient sample (Table
3). For the MHC SNPs, carriers of the
minor allele consistently displayed the
greatest reactivity to social stress.

In the overall sample, the AKT1 and MHC
SNPs remained significant predictors of
stress-evoked paranoia, at the
treshold  of
significance (Table 3). For rs3803300 in
AKT1, the minor A-allele was associated

Bonferroni  corrected

with a decreased paranoid reactivity to
social stress (see Figure 1). For all 5 MHC
SNPs, the minor alleles displayed an
increased reactivity.
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Figure 1
The minor A-allele of rs3803300 in AKT1 (151 A-carriers vs 716 G/G genotypes) is associated with a

Paranoid reactivity by AKT1 rs3803300

paranoia
3
1

0 1 2 3 4 5 5 7
social stress

—a— GG —&— "Acarriers”

decreased paranoid reactivity to social stress.

4. DISCUSSION

4.1. Findings

Previous work has demonstrated the importance of social stress in the paranoia
continuum (Bentall and Fernyhough, 2008) as well as a familial component in
moderating paranoid reactivity to the social environment (Lataster et al., 2010).
However, efforts to investigate the relevance of interactions between social stress and
genetic variability on psychosis phenotypes have been limited (van Winkel et al.,,
2008b).

The present study therefore investigated possible interactions between social stress
and relevant SNPs in 5 samples across the paranoia continuum and found that, in each
of the five subsamples, social stress was associated with paranoid reactivity in daily
life, confirming earlier findings (Myin-Germeys et al., 2005b; Simons et al., 2009). Of
the 33 selected SNPs, one SNP in AKT1 and five SNPs in MHC showed significant,
replicated interactions in the healthy controls and general population twins.
Confirmation of this interaction was found for rs3803300 in AKT1 in the psychotic
patient group as well as in the unaffected sibling sample. The interaction of the 5 SNPs
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in MHC with social stress was not confirmed in either psychosis samples, however
these SNPs did show significant interactions with social stress in the depressive
patients group. The interactions between social stress and rs3803300 in AKT1 as well
as the MHC SNPs, were confirmed in the overall sample with Bonferroni corrected
statistical significance, validating their relevance across the paranoia continuum.

4.2. AKT1 and the environment

AKT1 has previously been shown to interact with environmental factors associated
with the development of psychosis. Nicodemus and colleagues (Nicodemus et al.,
2008) found three SNPs in AKT1 (rs3803300, rs2494735 and rs1130233) that showed
significant associations with serious obstetric complications in individuals with
schizophrenia spectrum diagnoses. Another SNP in AKT1 (rs2494732) has been
implicated in increasing the risk for psychosis following cannabis use (Di Forti et al.,
2012b; van Winkel and GROUP Investigators, 2011). Decreased AKT activation has also
been shown to be associated with an increased vulnerability to social defeat stress in
mice (Krishnan et al., 2008). Mice susceptible to social defeat stress were compared
with unsusceptible mice, and although similar total levels of AKT were observed,
susceptible mice showed a significant decrease in AKT phosphorylation. Although
these findings were used as a model for depression, similar decreases in AKT
phosphorylation have been observed in schizophrenia patients (Emamian et al., 2004;
Sei et al., 2007). Moreover, in a recent human study (Balog et al., 2012), several loci
associated with schizophrenia at genome-wide significance (Schizophrenia Psychiatric
GWAS Consortium, 2011), were associated with decreased phosphorylated AKT1
levels.

The finding of the present study cannot directly be linked to AKT1 phosphorylation or
protein levels; nevertheless this study emphasizes the potential role of AKT1 in
moderating environmental influences on the development of psychotic symptoms.

4.3. Stress, the MHC and BDNF

A second finding, although less convincing than the AKT1 finding, was an interaction
between social stress and SNPs in MHC. SNPs in the MHC region have repeatedly been
associated with the risk for psychotic disorders in recent GWAS (Li et al., 2010; Shi et
al., 2009; Stefansson et al.,, 2009), however the knowledge about their role on
intermediate phenotypes or clinical characteristics of these disorders, is very limited
(Debnath et al., 2012). Since genes in the MHC region are implicated in reaction to
stress and infection and in neurodevelopment, they form a conceivable junction
between organism and environment, also with potential relevance in psychosis
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(Debnath et al.,, 2012; Van Winkel et al., 2010b). Given that the MHC x stress
interaction could not be replicated in the psychosis and the unaffected relatives
sample, further confirmation of this GxE finding is needed.

No evidence was found for variation in the BDNF'***™*"

genotype to be associated with
paranoid reactivity to social stress. This is not in agreement with earlier findings
(Simons et al., 2009). Simons and colleagues did find an interaction between social
stress and BDNF"2'*6Me!

female twins, also used in this study (Simons et al., 2009), and therefore, the BDNF

, however their sample comprised only the general population

finding may be seen as gender or sample specific .

4.4. Limitations and strenghts

Several methodological limitations have to be considered. First, the replication sample
used in this study was a general population twin sample. As this sample consisted of
only women, SNPs specifically associated with paranoia or paranoid reactivity in males
could have been missed. However, there was no a priori hypothesis about gender
differences and in analyses of the mixed gender samples, potential confounding by
gender was statistically controlled for.

Second, the separate sample sizes are relatively small (see table 1). Therefore, false-
negative findings are likely, on the other hand, together with the replication strategy,
inferences made from the positive findings are strengthened. Lastly, paranoia and
social stress were examined using self-report ESM. However, earlier studies have
shown the validity of this approach (Jacobs et al., 2007).

An important strength of this study is the use of the replication strategy. As a high
number of individual measurements increases the power, findings may be specific for
the sample. By using a replication approach across different samples, the risk of false
positive findings was highly diminished. Another important strength is the ecological
validity of the ESM method (Myin-Germeys et al., 2009). More classical interview-
based measurements are limited in capturing subtle fluctuations in paranoia in
response to daily social stressors.

5. CONCLUSION

In conclusion, the present study identified potentially interesting gene-environment
interactions underlying paranoid reactivity to the social environment. In addition, this
study also represents a next step in the search for gene-environment interactions in
psychiatric disorders, as crossing diagnostic boundaries to disentangle the interplay
between genes and environment in ecological valid phenotypes or mechanisms, may
promote a better understanding of various psychiatric disorders.
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Chapter Seven

The aim of this thesis was to explore the research possibilities, in the post-GWAS era,
to unravel the genetics of psychosis and integrating it with existing knowledge on the
role of environmental factors assumed to play a causal role in the development of
psychosis. In this final chapter | will discuss the research findings of this thesis in the
light of the ongoing and future genetic research in psychosis. What are the options,
besides bigger genome-wide studies?

1. Endophenotypes

Although the endophenotype concept was proposed in the 1960s (John and Lewis,
1966), it caught the widespread attention of psychiatry researchers only in the
beginning of this century. The renaissance of the idea inspired Gottesman and Gould
to broaden the initial definition of “internal phenotypes discoverable by a biochemical
test or microscopic examination”, by launching five widely cited and used criteria
(Gottesman and Gould, 2003); (i) association with the disorder in the general
population, (ii) heritable, (iii) state-independent, (iv) cosegregation with the disorder
within families and (v) non-affected family members display the endophenotype in a
higher degree than the general population. Any measurable component fulfilling these
criteria can be a valid and useful endophenotype. The general idea was that
endophenotypes may be less genetically complex and closer to the actual underlying
biology, thus facilitating the identification of genes causally implicated in the onset of a
given disorder (Gottesman and Gould, 2003).

So far, mainly neurocognitive measures or deficits (Greenwood et al., 2011; Gur et al.,
2007), structural and functional imaging parameters (Brown and Thompson, 2010;
Khadka et al., 2013; Prasad and Keshavan, 2008), stress-reactivity (Lataster et al., 2012;
Myin-Germeys and van Os, 2007) and electrophysiological parameters (Light et al.,
2012; Rissling and Light, 2010) were proposed as endophenotypes for psychotic
disorders. In Chapter Two of this thesis | argue why, amongst the suggested candidate
endophenotypes, the P300-amplitude is a very good endophenotype for
schizophrenia. This theorem was recently strengthened by a well-conducted study of
Light and colleagues (Light et al., 2012). Out of a battery of 18 neurophysiologic and
neurocognitive measures, P300-amplitude was shown to be the candidate-
endophenotype with the biggest differences between patients and controls, the most
state independence and the most long-term stability, together with Mismatch
Negativity (MMN) and oculomotor antisaccade (Light et al., 2012). The usefulness of
P300 as endophenotype is further strengthened when taking into account the
heritability of around 80% (Bestelmeyer et al., 2009; Hall et al., 2009).
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Although endophenotypes are described as promising to inform the “gene-to-phene
gap” in psychotic disorders, there are few studies that used endophenotypes for a
(partly) agnostic, genetic association approach (Greenwood et al., 2012; Greenwood et
al., 2013) and even none for the very promising P300 measure. Therefore, the study
described in Chapter Two, was conducted. Out of 193 SNPs in 67 genes, four SNPs
displayed a possible association with the P300 amplitude in patients with psychosis,
with rs1045642 in ABCB1 as the most convincing finding. This replicates an earlier
finding of ABCB1 rs1045642 implication in the P300 amplitude in healthy volunteers
(Liu et al., 2009). ABCB1 gene encodes for P-glycoprotein that has a known function in
ATP-driven cellular excretion of drugs (Moons et al., 2011) and THC (Bonhomme-Faivre
et al., 2008). In view of the potential relevance for the observed deficits in directed
attention and working memory in schizophrenia, further translational research could
be aimed to unravel the exact molecular mechanism underlying the association
between ABCB1 and P300 amplitude. Also the associations between P300 amplitude
and rs1625579 in miR-137, rs6265 in BDNF and rs1572899 in DISC-1, which of course
still await confirmation, may generate some interesting hypotheses for further
(translational) research. All three genes are implicated in the complex and crucial
processes of neurodevelopment (Favalli et al., 2012; Shaikh et al., 2011; Wright et al.,
2013), subtle deficits of which could be reflected by abnormal or inefficient P300
generation.

Since P300 is one of the most established intermediate phenotypes of schizophrenia
and a first attempt to unravel its genetic underpinnings (Chapter Two) seems to be
fruitful, further efforts with regard to other electrophysiological paradigms (e.g. MMN,
P50, LDAEP, ...) could form an interesting complementary strategy. Due to the fact that
electrophysiological parameters directly reflect the reaction of the organism to its
environment, they also form potential clues for subsequent GxE research.

2. GXE

In the etiology of psychotic disorders, genetic effects may not be detectable by looking
for main effects of SNPs, but only by considering higher order gene-gene or gene-
environment interactions (GxE) (Cichon et al., 2009; Duncan and Keller, 2011a; van Os
et al., 2010; Van Winkel et al., 2010b). This thesis was focused on the latter and tried
to deal with challenges pertinent to GxE research.

2.1. Which E?

Epidemiological research provided us already with several environmental factors that
are unequivocally associated with the prevalence of psychotic disorders. Meta-analytic
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evidence links paternal age (Matheson et al., 2011; Miller et al., 2011), complications
during pregnancy and delivery (Matheson et al., 2011; Mittal et al., 2008), urbanicity
(Vassos et al., 2012), childhood trauma (Matheson et al., 2013; Varese et al., 2012),
migration (Bourque et al., 2011; Veling, 2013) and cannabis use (more details in
Chapter Five) with an increased risk for psychosis. Although in most cases causality is
plausible, the exact mechanisms are still to be elucidated, taking into account that the
investigated environmental factor can be nothing more than a proxy for another, more
delineated causal factor (March et al., 2008) and that only a minority of all exposure
leads to disorder. Such a differential reaction to a potentially harmful exposure, may
point to an interaction between individual genetic sensitivity and the implicated
environmental factor. The most suitable environmental factors for molecular GxE
studies are those for which (i) neuroscientific findings suggest a potential mechanism
(Caspi and Moffitt, 2006) and (ii) epidemiological evidence shows an increased
sensitivity in people with a genetic predisposition (familial or psychometric) for
psychosis (van Os et al., 2008a). The use of these criteria before performing GxE
research with a certain ‘E’, can constitute a first filter for false positive findings. Thus,
in Chapter Five, cannabis use is extensively argumented as an ideal candidate ‘E’ for
GxE research, which was deployed in Chapter Three and Chapter Four.

Because of the complex interplay between nature en nurture, gene-environment
correlation (rGE) can never be ruled out entirely (van Os et al., 2008a). Therefore, for
each ‘E’ in GxE it remains important to be aware of, and control for, the possibility of
rGE. For the BDNF Val66Met polymorphism (Chapter Three) no association between
genotype and cannabis use could be detected. In Chapter Four, longitudinal evidence
makes a possible rGE between cannabis use and AKT1 rs2497432 very unlikely.

In GxE research, high-quality measurements of the ‘E’ is crucial, but not always so easy
to perform. In Chapter Three and Chapter Four, cannabis use was well documented
using the CIDI-interview and urine analysis. Although some concerns can still be raised
(van Os et al., 2008a), not every ‘E’ is suitable for such a clear-cut approach, certainly
not if exposure (e.g. social stress) is more subtle during daily life. In this case, as
argumented in Chapter Six, the Experience Sampling Method (ESM) can be a very
useful instrument. The findings of Chapter Six reveal a glimpse of the possibilities of
ESM in GXE research.

2.2. Which G?

In Chapter Five of this thesis the limitations of candidate gene approaches
(cGxE)(Collins et al., 2011; Duncan and Keller, 2011a) are illustrated with reference to
the ‘Gene x Cannabis’ research in psychosis. The big challenge for future GxE research
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(in psychosis) remains combining the agnostic detection of disorder-associated genetic
variance from GWAS with the hypothesis-based approach from epidemiological and
neurobiological studies (van Os and Rutten, 2009). Also in Chapter Five, some possible
strategies are suggested. One interesting strategy could be to use a broad range of
SNPs with either a reliable association to the disorder or a plausible relation to the
underlying biology by which the environmental factor may exert its effects (Van Winkel
et al., 2010b). The first attempt that used this strategy (van Winkel and GROUP
Investigators, 2011) resulted in the identification of the AKT1 rs2497432 x cannabis
interaction, which was given further credibility with the study reported in Chapter
Four. This finding, which was robust across different samples and study designs, may
support the claim that the described strategy may be fruitful. In Chapter Six, the
strategy was further refined by using a SNP selection with SNPs emerging from GWAS
of relevant phenotypes on the one hand, and candidate SNPs emerging from previous
GXE studies on the other hand.

Two other, more advanced strategies outlined in Chapter Five, are very promising for
the future: (i) gene-selections based on biological pathways discovered by so-called
‘gene ontology analyses’ (Holmans et al., 2009; Poelmans et al.,, 2011; Weng et al.,
2011) or ‘convergent functional genomics’ (Ayalew et al.,, 2012) and (ii) Gene-
Environment Wide Interaction Studies (GEWIS)(Khoury and Wacholder, 2009).

2.3. Which outcome/phenotype?

2.3.1. Clinical diagnosis

In the available GXE research in schizophrenia/psychosis, most research focused on
interactions that predict a clinical diagnosis (Caspi et al., 2005; Nicodemus et al., 2008;
van Winkel and GROUP Investigators, 2011). The employed statistical strategy in
papers using clinical disorders as outcome require a strict distinction between ‘normal’
and ‘affected’. Although GxE findings based on such a distinction can be very
informative (e.g. the confirmation of the AKT1 rs2497432 x cannabis interaction in
Chapter Four), it ignores the heterogeneity and the dimensional nature of psychotic
disorders, as elaborated in Chapter One. This thesis advocates the use of disease
characteristics, subclinical symptoms or endophenotypes as outcome in GxE research.

2.3.2. Disease characteristic

It has long been suggested that modifiers of the age at onset of psychosis may offer
important clues to the etiology of the illness (DeLisi, 1992). The known clinical and
prognostic relevance (Crespo-Facorro et al.,, 2007; Rabinowitz et al., 2006) seems to
underline the key role of age at onset in the heterogeneity of psychotic disorders. Also
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gender could play a central role in the observed heterogeneity, possibly even by
influencing age at onset (Aleman et al., 2003; van der Werf et al., 2012). Since there is
evidence that cannabis use (De Hert et al., 2011; Large et al., 2011), as well as genetic
factors (Hare et al., 2010) affects age at onset, examining gene-by-cannabis interaction
is a logical GXE approach in the search for modifiers of age at onset. Therefore, the GxE
found in Chapter Three of this thesis; a sex-specific interaction between BDNF
Val66Met and cannabis use, predicting age at onset of psychosis, may be a promising
finding. Although possibly subject to the limitations of cGxE, the tested hypothesis was
based on ‘building blocks’ delivered by neuroscience, enhancing its a priori probability.
The results and possible interpretations on their turn, can fuel new neuroscientific
research (Caspi and Moffitt, 2006).

2.3.3. (Subclinical) Symptom level

Convincing research is available to support an etiological continuity in the psychosis
continuum, for genetic as well as environmental factors (van Os et al., 2009).
Therefore, as circumstantially motivated in Chapter One, investigating the etiological
and pathophysiological mechanisms, with for instance GxE studies, along the entire
continuum may help to increase the knowledge about underlying causes of psychosis.
Clinically relevant psychosis seems to be marked by several upper ends of different
continua, creating many interesting research hypotheses, all based on relevant
characteristics, properties and/or (subclinical) symptoms of the disorder. Earlier GxE
research already focused on stress-reactivity (Collip et al.,, 2011; van Winkel et al.,
2008a), cognition (Henquet et al., 2006), positive psychotic symptoms (Henquet et al.,
2009b; Henquet et al., 2006), schizotypy (van Winkel and GROUP Investigators, 2011)
and paranoia (Simons et al., 2009). In Chapter Four of this thesis, the earlier finding of
an AKT1 rs2497432 — cannabis interaction associated with schizotypy, validating the
same interaction associated with clinical diagnosis of schizophrenia, is confirmed. In
Chapter Six of this thesis, GxE between a broad selection of SNPs (G) and ESM-
documented social stress (E) is examined along the paranoia continuum. The rationale
and the advantages of the SNP selection and the ESM measures are described above.
With an elegant replication design, variation in AKT1 rs3803300 was detected as a
potential moderator of paranoid reactivity to social stress. Also genetic variation in the
Major Histocompatibility Complex (MHC), with 5 SNPs detected to interact with social
stress, may be of relevance along the paranoia continuum.
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2.3.4. Endophenotypes

As mentioned before, endophenotypes and more particular electrophysiological
endophenotypes, may form potential clues for GxE research. No environmental factors
are unequivocally known to influence P300 amplitude, so no GxE design could be
added to Chapter Two of this thesis. But with regard to this topic, an interesting study
illustrates the possibilities of endophenotypes in GXE research; schizophrenia risk
alleles in the TCF4 gene were found to interact with smoking behavior in predicting the
P50 sensory gating response (Quednow et al., 2012). Nicotine use, excessively present
in patients with psychosis, might thus be considered in future research to genetic risk
factors.

3. Next step?

Ideally, epidemiological GxE findings should be replicated independently and followed
up in “experimental ecogenetic” paradigms to validate them and to rule out rGE (van
Os et al.,, 2008a). Also integration in “functional enviromics” paradigms to further
unravel underlying biological mechanisms, would be an interesting next step (van Os et
al., 2008a). The findings of Chapters Two (ABCB1, DISC1, BDNF and miR137
involvement in P300 generation), Chapter Three (sex-specific interaction between
BDNF Val66Met and cannabis use, moderating age at onset of psychosis), Chapter
Four (AKT1 rs2497432 — cannabis interaction associated with schizophrenia and
schizotypy) and Chapter Six (AKT1 rs3803300 and MHC implication in paranoid
reactivity to social stress) of this thesis can provide the neuroscience community with
new hypotheses to test in translational (animal) research. Such a translational
approach would combine epidemiological and biological/molecular research efforts in
trying to explain the pathophysiological processes underlying schizophrenia, or better;
to explain the cross-diagnostical processes of suspiciousness, salience attribution,
disorganization, disinhibition, ... (van Os, 2009). After all, the most important lesson
learned in genetic research so far, is that the current nosological concepts in the clinic
will likely have to make place for more (multi)dimensional and mechanistic diagnoses
(Owen, 2012).

4. Challenges for the field

The main challenges of future gene x cannabis research listed in Chapter Five of this
thesis, can be generalized to GxE research at large. Some of them are already
mentioned and interpreted above; (i) improved gene-selection, (ii) high-quality
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measurement of the environmental exposure, (iii) collaborative (multi-center) efforts
to increase sample sizes, (iv) developing statistical strategies to deal with the large
number of statistical tests and associated low power for detecting (genome-wide)
significant GxE signals and (v) efforts for true replication of positive ‘new’ findings.
However, inspired by a critical review of GxE research so far (Duncan and Keller,
2011a) and influenced by several media reports during my own PhD trajectory about
scientific fraud, it has become obvious that there are more than only methodological
challenges for the GxE (and other) researchers. The current focus of funding agencies
and universities on the number of publications researchers are ought to achieve
(preferably in high impact journals) nourishes (i) publication bias for underpowered,
positive findings and replication attempts (with the associated high false discovery
rates)(Duncan and Keller, 2011a), (ii) undisclosed multiple testing (Munafo and Flint,
2009) or (iii) even flagrant forms of fraud. It also may hamper the very necessary multi-
centered, collaborative research efforts. Hopefully, the awareness of such mechanisms
inherent to ‘modern’ science, will grow fast.
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1. Societal need

Psychotic disorders are estimated to be among the health states with the highest
disability (Salomon et al.,, 2013). Patients, caregivers and professional helpers are
making big efforts to treat the disease and lessen the impact on quality of life, but
many of them are confronted with the limitations of their efforts, interventions and
care. Many of them have to deal with feelings of powerlessness and have to cope with
permanent disabilities.

Fortunately, since the 1950s, antipsychotic medication is available. Although it
underwent already some improvements, important shortcomings still remain; side-
effects and/or insufficient effectiveness. The general pharmacodynamic mechanism
consists of influencing dopaminergic signaling in the brain, which disturbance is
believed to be a common final pathophysiological pathway in psychosis (Lau et al.,
2013). However, this final pathway does not represent the etiology of the disorder.

We have already considerable knowledge about genetic and environmental risk factors
for developing psychotic disorder, but how these factors interact and via which precise
neurobiological mechanisms they mediate their harmful effects, is not yet understood
(Keshavan et al., 2008; Tandon et al., 2008).

Fully understanding the exact etiology of psychosis would make it possible to develop
new and better prevention and treatment strategies. This is the ultimate goal of
genetic researchers in psychosis. Our DNA builds the smallest elements in the network
of our brain, so detecting disease-specific variations in the DNA may lead us to the
discovery of molecular brain pathways, that really matter.

Since the basic knowledge of the etiology of psychotic disorders is still limited, and
possible leverage points to intervene are still hidden, the scientific need is quite
obvious. The search for prevention strategies, early detection strategies and better
treatment options to lessen the personal, societal and economical harm caused by the
disease, mainly run aground on the still remaining scientific need to elucidate the
etiology.

Once more is known about the etiology, pharmaceutical research and development
groups can start their search for new pharmacological compounds. Also healthcare
organizations and policy makers will be able to think about the implementation of
prevention strategies, more efficient early detection programs and more personalized
treatment protocols. And hopefully, patients and their families will have more
guidance in dealing with increased genetic risk, preventing disease development,
coping with symptoms and preventing relapse.
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2. Critical analysis

Alas, psychotic disorders are very complex and multifactorial. So, the ‘code’ is not
easily cracked. Brute force strategies to unravel the genetic code of schizophrenia, e.g.
GWAS, has only had limited success so far. Some possible explanations are provided in
the introduction and the general discussion of this dissertation. Some alternatives,
suggested in the literature, are listed.

But also the refined, purely hypothesis-driven strategies that are already used, e.g.
candidate SNP GxE studies, have important shortcomings, as extensively substantiated
in chapter five, based on the example of research on genes x cannabis interactions in
psychosis.

This critical analysis is followed by the listing of some guidelines which can be used by
researchers who are designing new GxE studies or by funding agencies which have to
decide which study protocols to sponsor:

Large samples

- Collaborative efforts

Appropriate gene selection
- Caution with (single) candidate gene approaches
- Possibility for broad SNP range approaches: SNPs associated with disorder or
underlying biology by which the environmental factor may exert its effects
- Genes implicated in underlying pathways detected by gene ontology analyses

- GEWIS and subsequent pathway detection

Adequate replication
- Importance of replication in clinical phenotype

- Efforts for true replication of reported findings

The use of this guidelines is not limited to genes x cannabis use in psychosis, but can be
expanded to all GXE research in complex, multifactorial (psychiatric) disorders.

3. Proof of concept

In this dissertation some suggested, alternative methodologies in genetic research are
applied. The studies show some very interesting results, which are discussed in the
specific chapters. In addition, some of these studies can be seen as proofs of concept.
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The successful application of the alternative strategies for genetic research invites
other scientists to use these strategies in bigger samples and with more extensive
ways of gene-selection.

3.1. Electrophysiological endophenotypes

Although endophenotypes are described as promising to inform the “gene-to-phene
gap” in psychotic disorders, there are few studies that used endophenotypes for a
(partly) agnostic, genetic association approach (Greenwood et al., 2012; Greenwood et
al., 2013) and even none for the very promising P300-wave. Since P300 is one of the
most established intermediate phenotypes of schizophrenia and a first attempt, in this
dissertation, to unravel its genetic underpinnings seems to be fruitful, further efforts
to replicate and extend this approach are justified. Also the use of other
electrophysiological paradigms (e.g. MMN, P50, LDAEP, ...) could form an interesting
complementary strategy.

3.2. Experience Sampling Method in GXE research

As stated before (Moffitt et al., 2005), several strategies can improve the quality of
environmental data; prospective instead of retrospective, proximal instead of distal
and cumulative, repeated measures instead of snapshot measures. The latter because
it provides more precise, sensitive, and reliable measurement of the environmental
risk factor. The Experience Sampling Method (ESM), also described in this dissertation,
is an elegant diary method that assesses thoughts, emotions and (social) context in the
flow of daily life and meets the above mentioned criteria for optimal measurement of
the environment (Myin-Germeys et al., 2009). The ecological validity of the ESM
method is outcompeting this of more classical interview-based measurements, that
are limited in capturing subtle fluctuations of the studied phenotype (e.g. paranoia) in
response to daily life stressors (e.g. social stress). Referring to the results of the study
in this dissertation, a broader use of ESM data in GXE approaches can be advocated.

3.3. Crossing diagnostic boundaries with GXE research

Studying psychosis with a binary distinction between ‘ill’ and ‘not ill’, ignores the
heterogeneity and the dimensional nature of psychotic disorders, as elaborated in the
general introduction.

As described in chapter six of this thesis, crossing diagnostic boundaries to disentangle
the interplay between genes and environment in ecological valid phenotypes,
characteristics or mechanisms, may promote a better understanding of various
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psychiatric disorders. Given the interesting results of the mentioned study, this
innovative strategy deserves to be propagated.

4. Dissemination

4.1. Publication

Given the stage of the genetic research in psychosis and the fact that most of the
results in this thesis still need replication, the most important stakeholders for this
type of research are other (future) scientists. Also the above mentioned innovative
approaches first need to be adopted and applied by other researchers.

Therefore, dissemination of the work in this dissertation will mainly be limited to
publication in scientific journals or presentation at research congresses. See the
publication list at the end of this booklet for more details.

4.2. Employing acquired skills within network

The combination of clinical work in the University Psychiatric Centre KU Leuven,
collecting data in a prospective twin survey and in an electrophysiological lab and
performing research activities in Maastricht University, gave me the opportunity to
acquire a lot of skills. It also creates a lot of opportunities for cross-pollination at
several levels between several clinical and research groups.

Therefore, after finishing my PhD-trajectory, | will be glad to keep contact with all the
people and groups | met. It would be an honor to be able to participate in the further
analyses of the collected data. And | will certainly try to employ my acquired skills to
help promoting the quality of scientific research, and its output, in the whole network.

4.3. Coaching young researchers
Coaching young researchers will be a good way to preserve own skills and to further
disseminate the above mentioned innovative approaches in genetic research.

5. Concern

As already mentioned in the general discussion, | am concerned about the strong trend
to valorization of (fundamental) science. | agree that cooperation between university,
industry, clinic and public policy should be encouraged. But, since | do not expect a
lucrative or quickly implementable scientific breakthrough in psychosis research in the
near future, | am afraid that the quality of research will suffer under the perceived
need of quantity and that the so much needed collaborative efforts will be hampered.
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1. SUMMARY

A lot of research efforts has already been made to unravel the underlying genetics of
schizophrenia. Genome Wide Association Studies (GWAS) gave the scientific world a
few good findings but were not able to capture the whole complexity of the disease.
This thesis, Breaking down schizophrenia, into phenes, genes and environment,
explores the further possibilities to unravel the genetics of psychosis, by leaving the
concept of schizophrenia and focusing on separate disease characteristics, (subclinical)
symptoms and endophenotypes. Also the methodology of simple genetic association
was exchanged for the more ecologically valid model of gene-environment interaction
(GxE).

Chapter One describes the concept of schizophrenia and questions its validity in the
light of recent knowledge. Instead of a binary distinction between being diagnosed or
not, the psychosis continuum, from subclinical psychotic experiences to symptoms
requiring treatment, can offer a more promising approach for scientific research. Like
for a phenomenological continuum, there is also evidence available for an etiological
and pathophysiological continuity. Since only a better understanding of the underlying
molecular pathophysiological mechanisms can provide scientists with new clues to
develop new and better biological, therapeutic interventions and since the genetic
association studies in schizophrenia, given their limitations, seem to approach their
maximum return, other research strategies are needed.

The concept of intermediate phenotype is outlined and decreased P300 amplitude is
put forward as a valid candidate. Also the importance of the environment in a possible
shift on the psychosis continuum is stressed. For researchers, properly measuring the
environment is a big challenge, in which the introduced Experience Sampling Method
(ESM) can be an elegant solution.

To complete the introduction, gene-environment interactions are announced as a
more ecological valid way to look at the complex phenomenon of psychosis. Exploring
the application of GxE, together with the application of the endophenotype approach,
in genetic research in psychosis is the aim of this thesis.

Chapter Two assesses decreased P300 as a valid endophenotype for schizophrenia and
looks for its genetic underpinnings. To do so, a range of 193 single nucleotide
polymorphisms (SNPs) were examined for their association with P300 amplitude in 336
patients diagnosed with schizophrenia. The SNP selection was based on previous
evidence of association with schizophrenia, involvement in dopamine or
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endocannabinoid signaling or involvement in the regulation of environmental
influences. 4 SNPs of the selection show significant association with P300 amplitude;
rs1045642 in ABCB1, rs1572899 in DISC1, rs6265 in BDNF and rs1625579 in miR137.
Especially the ABCB1-SNP seems to be a relevant finding since it has the most
convincing association with P300 amplitude, but also because this finding is in line with
that of an earlier study in healthy individuals. ABCB1 encodes for P-glycoprotein, which
has a known function in ATP-driven cellular excretion.

The underlying biology of the found associations, as well as the specific significance for
psychosis, remains to be elucidated. Anyway, further efforts to understand the
molecular mechanisms underlying P300-generation, seem to be of big interest for
psychosis research.

The next three chapters discuss the differential effects of cannabis on the
development of psychosis, based on the GxE theory. In Chapter Three a candidate-
gene approach is used to examine the association between cannabis use and BDNF
Val66Met genotype on the one hand, and age at onset of psychosis on the other,
taking into account the possibility of a sex-specific GXE. Age at onset is an important
disease characteristic; both clinically (in predicting the course of the illness) and
etiologically. Analyses in a sample of 585 patients with a psychotic disorder show an
interaction between cannabis use and BDNF in association with age at onset in female
patients. In the total sample, cannabis use before illness onset is associated with a 2.7
years earlier age at onset. However, in female patients the effect of cannabis use can
only be interpreted when taking into account the interaction with BDNF Val66Met;
Met carrying female patients with cannabis use before onset have a 7 years earlier age
at onset. These results suggest complex interactions between BDNF, cannabis and
estrogen (e.g. in the hippocampal structures), which may be a subject for further
research.

Chapter Four describes a study that adds more credibility to the existence of an
interesting GxE with rs2494732 in AKT1, suggested to contribute to the differential
sensitivity to the psychotogenic effects of cannabis. Data of two samples; (i) 598
unaffected siblings of 689 patients and (ii) 533 patients with psychosis, are used in a
follow-up and a case-only replication analysis. The follow-up part of the study finds
that the interaction between cannabis use and AKT1 rs2494732 significantly predicts
levels of schizotypy after three years. Only siblings with both persistent cannabis use
and the rs2494732 C-allele show increased schizotypy scores. The case-only part could
not find a statistically significant association between AKT1 genotype and a history of
cannabis use, but the direction of association and the effect sizes were comparable to
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those in the original report. A combined analysis (n=1222) of the discovery sample and
the replication sample did confirm the association between rs2494732 AKT1 genotype
and cannabis use (history as well as frequency of use).

Chapter Five provides a critical review of the available evidence suggesting a GxE with
cannabis in psychosis. Molecular studies in this matter are only valid and relevant if
epidemiological findings suggest that psychosis liability contributes to differential
sensitivity to the effects of cannabis. Familial risk as well as psychometric risk is used as
a proxy for psychosis liability in epidemiological studies. The available studies do find a
differential sensitivity to cannabis, by a priori liability, to develop (subclinical) psychotic
symptoms, but evidence for differential sensitivity at the level of cognition and
neurobiological alterations is less consistent, respectively less abundant. In molecular
GxE studies few (if any) interactions have been consistently replicated, although the
reported interaction with AKT1 is promising. Several reasons for the apparent lack of
consistent replication are listed; problems with gene selection, underpowered
samples, lack of adequate attempts for replication and ‘pseudo-replications’, and
considerable heterogeneity in research designs and outcome measures. Based on this
observations, some recommendations are made for future research.

Finally and in the spirit of the above-described etiological continuity in the psychosis
continuum, Chapter Six examines GxE in paranoia, a core symptom of psychotic
disorders. The results of a large ESM-study (n=876), exploring underlying genetics of
paranoid reactivity to social stress, are presented. For this study, 33 SNPs emerging
from previous GWAS or GxE studies, are selected and tested for their interaction with
perceived social stress in predicting paranoia. A replication strategy within two
samples of healthy individuals is followed-up in an at-risk (unaffected siblings of
psychotic patients) and two patient samples; (i) psychotic patients and (ii) formerly
depressed patients with residual symptoms. An interaction between rs3803300 in
AKT1 and social stress was detected, replicated and confirmed in the at-risk sample
and the psychotic patient group. 5 SNPs in the Major Histocompatibility Complex
(MHC) were replicated and confirmed in the depressed patients group. The
interactions between social stress and rs3803300 in AKT1 as well as the MHC SNPs,
were confirmed in the overall sample with Bonferroni corrected statistical significance,
validating their relevance across the paranoia continuum. Besides the identification of
potentially interesting GXE underlying paranoia, this study also proposes a next step in
the search for gene-environment interactions in psychiatric disorders by crossing
diagnostic boundaries with ecological valid phenotypes.
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Chapter Seven discusses the findings of this thesis in the light of the ongoing genetic
research in psychosis and provides some directions for future research, which are
further elaborated in Chapter Eight.
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2. SAMENVATTING

Al heel wat onderzoek probeerde om de onderliggende genetica van schizofrenie te
ontrafelen. Genome Wide Association Studies (GWAS) leverden enkele goede
bevindingen op, maar waren niet in staat om de volledige complexiteit van de
aandoening te vatten. Dit proefschrift, Breaking down schizophrenia, into phenes,
genes and environment, verkent de verdere mogelijkheden om de genetica van
psychose te ontcijferen. Dit onder meer door het concept ‘schizofrenie’ te verlaten en
in te zoomen op afzonderlijke ziektekenmerken, (subklinische) symptomen en
endofenotypes. Ook de methode van het enkelvoudig, genetisch associatie-onderzoek
wordt ingeruild voor de zoektocht naar, ecologisch meer valide, gen-
omgevingsinteracties (GxE).

Hoofdstuk Eén beschrijft het concept van schizofrenie en stelt, in het licht van de
huidige kennis, zijn validiteit in vraag. Het omruilen van het onderscheid tussen ‘ziek’
en ‘niet ziek’ voor een psychose-continuiim, biedt een meerbelovende benadering
voor wetenschappelijk onderzoek. Niet enkel voor het bestaan van een
fenomenologische continuiteit (gaande van subklinische psychotische ervaringen tot
symptomen die behandeling behoeven), maar ook van een etiologische en
pathofysiologische continuiteit, bestaat er reeds wetenschappelijk bewijs. Omdat het
ontwikkelen van nieuwe biologische behandelingen enkel kan wanneer we de
onderliggende moleculaire, etiologische en pathofysiologische mechanismen beter
begrijpen, en omdat genetische associatiestudies in schizofrenie hun maximale
rendement lijken te benaderen, zijn er andere onderzoeksstrategieén nodig.

Het concept ‘endofenotype’ wordt geschetst en een verminderde P300 amplitude
wordt vooruitgeschoven als een goede kandidaat. Ook het belang van de omgeving
binnen het psychose-continuiim wordt benadrukt. Het accuraat meten van omgevings-
variabelen vormt echter een grote uitdaging, waarbij de Experience Sampling Method
een elegante oplossingkan bieden. Deze methode wordt voorgesteld.

De algemene introductie wordt afgerond met het voorstellen van GxE als een
ecologisch meer valide model om het complexe fenomeen van psychose te
bestuderen. Naast het toepassen van de endofenotype benadering, vormt ook het
verkennen van de toepassing van GxE binnen het genetisch onderzoek naar psychose,
het doel van dit proefschrift.

Hoofstuk Twee beoordeelt ‘verminderde P300 amplitude’ als een geldig endofenotype
voor schizofrenie. Van 193 single nucleotide polymorphisms (SNPs) wordt het
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statistische verband met de P300 amplitude van 336 patiénten met schizofrenie
onderzocht. De selectie van SNPs werd gebaseerd op eerder onderzoek die deze SNPs
verband met schizofrenie, met dopaminerge of endocannabinoide signaaloverdracht
of met moleculaire regulatie van omgevingsinvioeden. 4 SNPs in 4 verschillende genen
toonden een statistisch significant verband met P300 amplitude; rs1045642 in ABCB1,
rs1572899 in DISC1, rs6265 in BDNF en rs1625579 in miR137. Vooral de ABCB1 SNP
lijkt een relevante bevinding. Niet alleen omwille van het meest overtuigende verband
met P300 amplitude, maar ook omdat ditzelfde verband eerder al beschreven werd bij
gezonde proefpersonen. Het ABCB1-gen codeert het P-glycoproteine, een eiwit
betrokken bij ATP-gedreven cellulaire excretie.

Wat de bevindingen biologisch gezien betekenen, ook specifiek binnen psychose, moet
nog uitgeklaard worden. Hoe dan ook, verdere inspanningen om de moleculaire
mechanismen achter de P300-golf te begrijpen, lijken van groot belang voor psychose
onderzoek.

De volgende drie hoofdstukken behandelen, gebaseerd op de GxE theorie, de
gedifferentieerde effecten van cannabis binnen de ontwikkeling van psychose. In
Hoofdstuk Drie wordt een kandidaatgen benadering gebruikt om het verband tussen
cannabis gebruik en BDNF Val66Met genotype aan de ene kant, en leeftijd van eerste
psychose aan de andere kant te onderzoeken, rekening houdende met de mogelijkheid
van een geslachtsspecifieke GxE. Leeftijd van eerste psychose is een ziektekenmerk dat
zowel klinisch (voorspellend voor het verloop van de aandoening) als voor etiologisch
onderzoek van belang kan zijn. Analyses bij 585 patiénten met een psychotische
aandoening tonen een interactie tussen cannabisgebruik en BDNF die de leeftijd van
eerste psychose bij vrouwelijke patiénten beinvioedt. In de volledige steekproef is
cannabisgebruik voor de eerste psychose geassocieerd met een 2,7 jaar vroeger begin
van de aandoening. Echter, bij de vrouwelijke patiénten kan het effect van
cannabisgebruik enkel geinterpreteerd worden wanneer ook rekening wordt
gehouden met de interactie met het BDNF Val66Met genotype. Vrouwen met het Met-
allel die voor het begin van de aandoening cannabis gebruikten, maakten 7 jaar
vroeger dan de andere vrouwelijke patiénten hun eerste psychose mee. Deze
resultaten suggereren complexe interacties tussen BDNF, cannabis en oestrogeen (vb;
in de hippocampale structuren), die verder onderzoek vereisen.

Hoofdstuk Vier beschrijft een studie die meer geloofwaardigheid verleent aan het
bestaan van een reeds beschreven GxE met rs2494732 in AKT1l. Deze SNP wordt
verondersteld bij te dragen tot de gedifferentieerde gevoeligheid om een psychotische
aandoening te ontwikkelen na cannabisgebruik. Gegevens van twee steekproeven, (i)
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598 gezonde broers en zussen van 689 patiénten en (ii) 533 patiénten met psychose,
worden gebruikt in een follow-up studie en een case-only studie. Het follow-up
gedeelte toont dat, bij gezonde broers en zussen, de interactie tussen cannabisgebruik
en AKT1 rs2494732 op een significante manier het niveau van schizotypie 3 jaar later,
voorspelt. Enkel diegene met zowel blijvend cannabisgebruik als het rs2494732 C-allele
vertoonden verhoogde schizotypie scores. Het case-only gedeelte kon geen statistisch
significant verband vinden tussen AKT1 genotype en een voorgeschiedenis van
cannabisgebruik, maar de richting en de effectgrootte van het verband was
gelijkaardig aan deze in de eerste studie die het verband beschreef. Een
gecombineerde analyse (n=1222) van de steekproef van deze eerste studie en onze
steekproef, bevestigde wel het verband tussen AKT1 rs2494732 genotype en
cannabisgebruik (zowel het al dan niet gebruiken als de mate waarmee gebruikt werd).
Hoofdstuk Vijf presenteert een critical review van de beschikbare literatuur over GxE
met cannabis bij psychose. Moleculaire studies in deze zijn enkel valabel en relevant
wanneer epidemiogische bevindingen aantonen dat vatbaarheid voor psychose
bijdraagt tot de gedifferentieerde gevoeligheid voor cannabis. In epidemiologische
studies wordt zowel familiaal risico als psychometrisch risico gebruikt als benadering
van vatbaarheid voor psychose. De beschikbare studies vinden wel degelijk een
gedifferentieerde gevoeligheid voor cannabis, volgens a priori vatbaarheid, om
(subklinische) psychotische symptomen te ontwikkelen, maar bewijs voor
gedifferentieerde gevoeligheid op het niveau van cognitie en neurobiologische
veranderingen is minder consistent, respectievelijk minder voorhanden. Moleculaire
GxE studies tonen weinig (of geen) consistente replicaties, hoewel de gerapporteerde
interactie met AKT1 veelbelovend lijkt. Verschillende redenen voor dit gebrek aan
consistente replicatie worden opgesomd: problemen met genselectie, te kleine
steekproeven, gebrek aan adequate replicatiepogingen en ‘pseudo-replicaties’, en
aanzienlijke verscheidenheid in onderzoeksdesigns en uitkomstmaten. Gebaseerd op
deze vaststellingen, worden enkele aanbevelingen gemaakt voor toekomstig
onderzoek.

Tenslotte en in de geest van de hierboven reeds genoemde etiologische continuiteit in
het psychose continulim, onderzoekt Hoofdstuk Zes GxE in paranoia, een
kernsymptoom van psychotische aandoeningen. De resultaten van een grote ESM
studie (n=876), die de genetica van paranoide reactiviteit op sociale stress onderzoekt,
worden gepresenteerd. Voor deze studie werden 33 SNPS uit eerdere GWAS of GxE
studies geselecteerd en getest op hun interactie met ervaren sociale stress in het
voorspellen van paranoia. Na een replicatiestrategie in twee steekproeven van
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gezonde vrijwilligers werden bevindingen opgevolgd in een groep met gezonde broers
en zussen van psychotische patiénten (verhoogd genetisch risico) en 2 groepen van
patiénten; (i) psychotische patiénten en (ii) voorheen depressieve patiénten met
resterende symptomen. Er werd een interactie tussen rs3803300 in AKT1 en sociale
stress gedetecteerd, gerepliceerd en bevestigd in de groep met verhoogd genetisch
risico en in de steekproef van psychotische patiénten. 5 SNPs in het Major
Histocompatibility Complex (MHC) werden gerepliceerd en bevestigd in de steekproef
van depressieve patiénten. De interacties tussen sociale stress en zowel rs3803300 in
AKT1 als de MHC SNPs, werden bevestigd in de totale steekproef met Bonferroni
correctie voor meervoudige statistische toetsen. Hiermee wordt de relevantie van de
bevindingen gevalideerd over het volledige paranoiacontinuim. Deze studie
identificeert niet alleen enkele potentieel interessante gen-omgevingsinteracties in
paranoia, maar stelt ook een volgende stap voor in de zoektocht naar GxE in
psychiatrische aandoeningen; het doorbreken van diagnostische grenzen met
ecologisch valide fenotypes.

Hoofdstuk Zeven bespreekt de bevindingen van dit proefschrift in het licht van het

actuele genetisch onderzoek inpsychose en biedt enkele oriénterende beschouwingen
voor toekomstig onderzoek. Dit wordt ook nog verder uitgewerkt in Hoofdstuk Acht.
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VEEL. DANK

September 2009 — november 2014; een prachtige etappe in mijn leven. Niet altijd even
vlak, maar steeds met mooie hellingen. Niet altijd wind in de rug, maar dikwijls uit de
wind gezet. Niet altijd voldoende energie op zak, maar steeds iemand in de buurt met
een extra voorraad. De hindernissen onderweg ben ik nu al bijna allemaal vergeten, de
mensen die er waren om me te helpen zeker niet. Voor allen een hartelijke dankjewel!

Inez, Marc en Ruud, bedankt om in mij te geloven en van mij de Leuvense PhD-student
binnen EU-GEI te maken. Een nieuwe wereld ging voor mij open. Inez, je enthousiasme
en gedrevenheid, inspireerden en motiveerden me. Marc, je eenvoud en
onbaatzuchtigheid nopen me tot diep respect. Ruud, je rust en geduld, je rechtuit
gegeven mening en advies, boden mij de houvast die ik nodig had om alles binnen mijn
promotietraject op de rails te houden.

Oprechte dank aan alle leden van de leescommissie en corona. Zonder jullie geen
verdediging.

Claudia, we hadden niet te kiezen, maar ik had ook niet beter kunnen kiezen. Samen
brainstormen en creéren, samen organiseren en uitvoeren, samen evalueren en
bijsturen, samen pleiten en verzuchten, via Skype of op Vijverdal; het was telkens een
plezier om samen met jou aan TwinssCan te werken! Dit was natuurlijk nooit zo vlot
gelopen zonder de steun en coaching van Ruud, Marieke en Nele. Bedankt om jullie
uitgebreide ervaring met ons te delen. Ook tonnen ervaring en engagement bij
Debora, Truda en Ron. De gigantische dataverzameling binnen TwinssCan was volledig
in de soep gedraaid zonder jullie. En was natuurlijk ook totaal onmogelijk geweest
zonder de enthousiaste inzet van Katrien, Jill en Davinia. Dames, jullie waren
fantastisch! Omwille van jullie glimlachende ijver, zag ik er nooit tegenop om naar
Oost-Vlaanderen te rijden om mee te testen of te komen vergaderen. Oost-
Vlaanderen; waar we te gast mochten zijn bij het East Flanders Prospective Twin
Survey (EFPTS). Cathérine, Evert, Greet, Lut en Ingeborg, bedankt voor de hartelijke
ontmoetingen en de goede samenwerking. Ik hoop dat TwinssCan nog veel vrucht mag
dragen.

Ik was nooit zoveel onderweg als de laatste jaren, maar dit telkens om leuke en

boeiende mensen te ontmoeten. Niet in het minst alle AlO’s, postdoc onderzoekers en
professoren verbonden aan Divisie 2. Of het nu in Vijverdal was, op research retreat of
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op congres; bij een koffie, een pint of een glas wijn; voor een warm gesprek, een
interessante discussie of wat gezever; het was genieten. Merci! Ik wou dat veel van
deze ontmoetingen wat minder vluchtig geweest waren, maar helaas, ik was dus veel
onderweg...

Een extra woord van dank voor Prof. Dr. Jim van Os. Het is duidelijk dat mijn
proefschrift op jouw leest is geschoeid. Bedankt voor de theorieén die je met vuur
wereldkundig maakt. Mede dankzij jouw joviale begroetingen voelde ik me welkom in
Maastricht.

Zonder elektrofysiologie geen onderzoek. Althans niet voor mij. Mijn eerste
voorzichtige stappen in de wereld van het wetenschappelijk onderzoek zette ik op het
labo elektrofysiologie in Kortenberg. Ik wil dan ook professor Peuskens bedanken om
mij wat te laten experimenteren met ERP-paradigma’s. De testbatterij die eruit
voortkwam geeft me nog steeds de gelegenheid tot heel wat interessante
samenwerking. Het feit dat ik er ook best in de buurt bleef om een handje toe te
steken wanneer de registratieapparatuur de zoveelste foutmelding gaf, zorgde ervoor
dat ik gedurende een drietal jaar aanspraak kon maken op een bureau in de gezelligste
gang van het ziekenhuis in Kortenberg. Ignace, Marianne, Ellen, Guy, Liesbeth, Mieke,
Lou, Stijn, Jeroen, Jeroen en Jorne; dankzij jullie had ik er een toffe en fascinerende
tijd. Tim, ook jij kwam er meer dan eens langs en ook nadien in Sint-Rafaél kon ik
meermaals genieten van een geanimeerd gesprek over ons gedeelde lot van de jonge
vader die wetenschap en psychiatrische kliniek probeert te combineren.

Een uiterst welgemeende bedanking gaat naar alle vrijwilligers, met of zonder
psychotische kwetsbaarheid, die deelnamen aan wetenschappelijk onderzoek. Het
vergt dikwijls een grote inspanning, maar ik ben ervan overtuigd dat deze inspanning
vroeg of laat zijn vruchten afwerpt.

Wat zeker ook zijn vruchten zal afwerpen, is alle hartverwarmende vrijwilligheid
tijdens Te Gek!? Op de Pedalen. Langzaamaan wordt de onwetendheid en het taboe
rond psychose doorprikt... Het was een grote eer om mee te mogen sleutelen aan dit
prachtige evenement. Marc en Te Gek!?; keep up the good work!

Ik werd psychiater dankzij de verschillende teams waar ik deel van mag/mocht
uitmaken. Ex-collega’s van Sint-Rita, Sint-Agnes, Sint-Monica en van het CIC:
ongelofelijk veel respect voor jullie toegewijde zorg en bedankt voor de boeiende tijd
samen! Collega’s van het PSC, samen werken we in het gezelligste ziekenhuis van het
land en het voelt fantastisch om dit op elke donderdagnamiddag/avond opnieuw
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bevestigd te zien. Collega’s van het MCT en van EPSI/spoed; velen van jullie timmeren
al lang aan de weg naar meer crisiszorg op maat. lk ben heel blij dat ik jullie hierin
vanaf januari 2013 mag vergezellen. Ons team en ons enthousiasme blijft groeien. Laat
ons er blijven voor gaan!

“Druk, druk, druk,” was de laatste jaren heel dikwijls het antwoord. Vrienden, gelukkig
zijn jullie er om samen de drukte te doorbreken met momenten van echt leven.
Bedankt voor de ‘Dinners for Six’. Bedankt voor de fijne weekends. Bedankt voor de
supergezellige spelletiesmomenten. Bedankt voor het squashen en fietsen. Bedankt
voor de kwis. Bedankt voor het musiceren op woensdagavond. Bedankt voor de
culturele avonden en de wereldverbeterende discussies tussen pot en pint. Bedankt
voor de etentjes samen. Bedankt voor de helpende hand. Bedankt voor het
vertrouwen. Bedankt voor het leven en alles wat erbij hoort!

Mama en papa, ondertussen oma en opa, heel erg bedankt voor alle liefde en alle
kansen die jullie me gaven. Ik besef steeds meer wat een onmetelijk geschenk ik van
jullie heb meegekregen. Bedankt ook voor alle aanmoedigingen, waardoor uiteindelijk
ook zelfs dit proefschrift er kwam. Wie had het nog durven hopen? Meme, bedankt
voor je voorbeeld van rustige doorzetting. Dieter, Sofie en Ruben, we zwermden uit
over Vlaanderen, maar vinden elkaar steeds beter terug. Ik zie jullie graag.

Lieve en Leo, lieve schoonouders. Bedankt voor alle steun, de gezellige
tafelmomenten, de aangename biertjes en natuurlijk ook het jaar onderdak. Pat, Tine,
Maud, Flo, Christophe, Karen, Gust en Marie; saaie (schoon)familiemomenten bestaan
niet.

Liefste Nathalie, niet te geloven wat we samen al allemaal voor elkaar kregen. Ook dit
doctoraat valt daar zeker onder, want zonder jou was dit nooit gelukt. Straks een dikke
knuffell Ik hou van je.

Liefste Warre en Lowie, mijn helden. Van jullie leer ik ongetwijfeld het meest.
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4. CURRICULUM VITAE

Jeroen Decoster werd geboren op 16 maart 1982 in leper, Belgié. Hij behaalde zijn
diploma middelbaar onderwijs in het Sint-Vincentiuscollege te leper, richting
wetenschappen-wiskunde. In 2000 startte hij met de opleiding geneeskunde aan de KU
Leuven om in 2007 met onderscheiding af te studeren.

Nadien vatte hij in het UPC KU Leuven het assistentschap psychiatrie aan en werd hij
op 1 oktober 2013 erkend als psychiater. Vanaf 2009 combineerde hij de opleiding tot
psychiater met een promotietraject binnen het departement Psychiatrie en
Psychologie van de School for Mental Health and Neurosciences, Universiteit
Maastricht. Daarnaast behaalde hij in 2012, aan de KU Leuven, het
postgraduaatsdiploma in de gedragstherapie.

Momenteel werkt hij als psychiater-psychotherapeut binnen het UPC KU Leuven waar
hij de medisch-psychiatrische verantwoordelijkheid draagt voor het Mobiel CrisisTeam
(MCT), de EPSI-unit (EPSI: eerste psychiatrische spoed-interventie) en de EPSI-werking
op de dienst spoedgevallen. Ook is hij verbonden aan het PSC Sint-Alexius Elsene waar
hij mee instaat voor de psychiatrische begeleiding van mensen met een psychotische
aandoening, en dit binnen een waaier aan zorgvormen; nacht- en daghospitalisatie,
postkuurprogramma, beschut wonen, Assertive Community Treatment (trACTor) en
ambulante consultatie.
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Thoughts about photographs

Dat de innerlijke wereld

te grenzeloos doorkliefd wordt door een uitwendige wereld.

Zoals geen begrenzing voelen tussen jezelf en de buitenwereld.

Dat voelt meestal slecht, akelig aan en ook bedreigend met momenten.
Maar na een tijdje heb je dat zelf niet meer door.

(LVM)



