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Abstract

Substance misuse and addictions impose serious health and socio-economic consequences for
both individuals and societies. Substance use during adolescence predicts the severity of
addictions in later life, indicating that adolescence is an important milestone for developing
addictions. Alcohol and tobacco are the most common form of substance use in adolescents.
The heritability estimates of alcohol and tobacco addictions range between 30 - 70%, suggesting

that both genetic and environmental factors could contribute to the risks of addictions.

This PhD thesis aimed to identify the genetic and epigenetic factors in alcohol and tobacco
misuse in adolescence. The impact of life stress and circadian system on reward sensitivity and
substance use was investigated in over 2000 adolescents from the IMAGEN Study. In the first
study, both negative life events and ventral striatal activations during reward anticipation were
shown to predict the increased alcohol and tobacco use in adolescents. The second study
investigated the relationships among reward sensitivity, substance use and the DNA methylation
in PERIOD 1, a circadian gene that was found to associate with stress-mediated alcohol use in
adolescence (Dong et al., 2011). The third study explored the additive genetic and polygenic
effects of single nucleotide polymorphisms (SNPs) in the stress and circadian systems on
reward sensitivity and substance use. Results from the second and the third studies showed that
reward sensitivity, alcohol and tobacco use in adolescents were not associated with the DNA
methylation in PERIOD 1, and the genetic polymorphisms within the stress and circadian
systems. The fourth study examined the genetic influence of stress systems on alcohol misuse.
SNP rs1409837 on FYN oncogene related to SRC (FYN) gene was found to associate with the
reduced drunkenness and binge drinking in adolescents at age 16. When investigating the role
of FYN rs1409837 on brain functions, FYN rs1409837 was found to associate with the reduced
amygdala activations during angry face processing. This thesis highlights the genetic influence
of life stress on alcohol misuse and provides new approaches that should aid the understanding
of genetic underpinnings of substance misuse in adolescence.
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Chapter 1

General Introduction

1.1 Substance misuse and addictions®

The use of psychoactive substances in primates and humans can be traced back to 200 million
years ago. Archaeological records indicate the use of nicotine from pituri plants Duboisia
hopwoodii and Nicotiana gossel among the Australian aborigines around 40000 years ago
(Saah, 2005). The use of alcohol dates back to 50 million years ago, when the pentailed tree
shrews (mammals closely related to the ancestors of modern primates) in West Malaysia
consumed nectar from the bertam palm Eugeissona tristis that contained about 3.8%

concentration of alcohol (Spanagel, 2009).

Nowadays, substance misuse and addictions impose serious health and socio-economic
consequences for both individuals and societies. Revealed by the Global Burden of Diseases,
Injuries and Risk Factors Study, the contribution of substance use to disease outcomes has
increased by 3% - 57% during 1990 to 2010 (Lim et al., 2012). Alcohol and substance
addictions account for 86.1 % years of life lost to premature mortality, 20.5 % disability-
adjusted life years and 17.3% years lived with disability in worldwide populations (Whiteford et
al., 2013). Understanding the aetiology of substance addictions will be crucial in order to

prevent substance use related-problems and addictions.

! This chapter was adapted from Wong & Schumann (2012). Integration of the circadian and
stress systems: influence of neuropeptides and implications for alcohol consumption. Journal of
Neural Transmission, 119, 1111-1120.
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The development of addiction is a multi-stage process characterised by experimentation,
repeated use, tolerance, withdrawal and relapse of addictive substances (Figure 1-1).
Individuals' experience from the occasional, recreational substance use reinforces and shapes
their consumption behaviour. Over time, repeated substance use leads to the development of
tolerance and loss of control over substance intake, resulting in compulsive substance seeking
behaviour as well as difficulties in withdrawal. The addiction cycle can be conceptualised into
three main components (Koob and Le Moal, 1997). The Preoccupation/ Anticipation stage
describes substance users engage in substance seeking behaviour and craving; followed by the
Binge/ Intoxication stage where individuals consume substance excessively and results in
substance tolerance and intoxications; and abstinence from substance creates negative affect
among substance users at the withdrawal stage. The negative emotion associated with substance
withdrawal further encourages craving and substance intake. These three components feed into

each other and escalates substance use and addictions.

Repeated
L Substance Use

Withdrawal/ RelapseJ Tolerance J
} Bingeing/ |
\ Intoxication

Figure 1-1 The development of addictions. Followed by the experimentation of addictive
substance, individuals develop repeated, regular substance use over time. Progressive tolerance
to the addictive substance promotes excessive use/ bingeing that are followed by intervals of
withdrawal. The negative emotion arises from substance withdrawal causes relapse into

substance use, forming a vicious cycle of addiction.
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1.2 Substance use in adolescents

Adolescence is a developmental period that occurs between the ages of 12 to 18 (Spear, 2000).
During this transitional period, adolescents experience numerous behavioural and physiological
changes which will equip individuals with necessary skills for survival and independence in
adulthood. These behavioural changes are accompanied by continuous brain maturation (Giedd
et al., 1999, Wolf et al., 2013, Blakemore and Mills, 2013, Giedd et al., 1996a). Immature
neural connectivity due to the lag between cortical and subcortical brain development may
predispose as risks of brain dysfunctions and vulnerability to substance addictions during
adolescence (Giedd et al., 1996a). According to the National Comorbidity Survey Replication
study in which over 9000 adolescents in the United States were studied during 2001 - 2003, the
age of onset for substance use disorders spans from age 14 to adulthood (Kessler et al., 2005).
Early onset of substance use predicts comorbid substance use and the severity of addictions in

late adolescence and early adulthood (Chambers et al., 2003, Kandel et al., 1992).

Alcohol and tobacco are the two most common forms of substance use (Kendler et al., 2012).
According to the National Longitudinal Alcohol Epidemiologic Survey in 1992, over 40% of
individuals who started drinking at age 14 or younger had developed alcohol dependence in
adulthood (Grant and Dawson, 1997). On the contrary, only 10% of the alcohol dependent
individuals started drinking after age 20 (Grant and Dawson, 1997). Likewise, more than 71%
of adult smokers reported tobacco consumption before age 18 (Giovino et al., 1995). Therefore,
substance use in adolescence is an important milestone for the development of substance misuse

and addictions in adulthood.

1.2.1 Heritability of alcohol and tobacco use and addictions
The genetic component of substance use has been demonstrated using twin models. Since
monozygotic (MZ) twins are genetically identical and dizygotic (DZ) twins share about 50% of

their genetic identity, the genetic component of a disorder or behavioural trait can be confirmed
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if higher concordance in the MZ twins compared to the DZ twins is shown. Results from twin
studies indicate that the heritability estimates for nicotine dependence range between 30 - 70%
(Broms et al.,, 2007, Kendler et al., 1999), whereas the heritability estimates for alcohol
consumption and dependence lies within 30 - 60% (Hansell et al., 2008, Goldman, 1993).
Therefore, both genetic and environmental factors can contribute to the development of nicotine

and alcohol dependence.

1.2.2  Genetics for alcohol and tobacco use and addictions

The first draft of human genome sequence was completed in 2000 (Lander et al., 2001). The
estimated size of human genome is about 3000 mega base pairs, of which 15 - 20% are gene
and gene-related sequences. Owing to the advances in genotyping and sequencing techniques,
our knowledge in genetic variations and complex disorders has been expanding in the past
decade. One of the most studied genetic variations is single nucleotide polymorphism (SNP),
which is defined as the variation of deoxyribonucleic acid (DNA) sequence occurring at a single
nucleotide at a given position in the genome. Over 38 million validated SNPs across human
populations have been documented in the latest SNP database in the National Centre for

Biotechnology Information (NCBI dbSNP build 137, released in June 2012).

The genetic vulnerability to substance use and addictions can also be studied in unrelated
individuals using genome-wide associations (GWASs) and candidate gene association analyses.
Both GWAs and candidate gene association analyses allow the identification of genetic
polymorphisms that may associate with disorders or traits of disorders. Conducting GWASs does
not require any prior knowledge on the biological basis of phenotypes or disorders, thus
providing an unbiased, exploratory approach to screen genetic polymorphisms that may
predispose as risk factors for gene functions or disorders. On the other hand, candidate gene

association enables the genetic effects of target regions or genes to be investigated.
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Various SNPs associated with alcohol and nicotine addictions have been identified in previous
studies. The genetic polymorphisms of alcohol metabolising enzymes including alcohol
dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) were found to associate with
alcohol intake and dependence (Frank et al., 2012, Treutlein et al., 2009). Individuals who
carried the ADH1B*2 allele displayed accumulation of acetaldehyde in blood due to the reduced
activity of ADH1B enzyme (Rivera-Meza et al., 2010). Acetaldehyde is a toxic intermediate
that produces adverse reaction towards alcohol including flushing and nausea, therefore the
accumulation of acetaldehyde in blood prevents excessive alcohol intake (Edenberg, 2007).
Functional genetic polymorphisms on genes related to receptor signalling and
neurotransmission have been found to associate with alcohol addictions. For example, SNP
rs6943555 on autism susceptibility candidate 2 gene (AUTS2) was associated with alcohol
consumption in the European population and the downregulation of AUTS2 might reduce the
sensitivity to alcohol in the Drosophila (Schumann et al., 2011). Various SNPs on the alpha-2
subunit of y-aminobutyric acid A receptor (GABRA2) were found to associate with alcohol
dependence and neural excitation (Bierut et al., 2010, Edenberg et al., 2004), demonstrating the

profound consequences of alcohol on brain functions.

Cigarette smoking and nicotine dependence were found to associate with the genetic
polymorphisms of genes coding the nicotinic acetylcholinergic receptor subunits CHRNBS3,
CHRNA3, CHRNB4, CHRNAS (Tobacco and Genetics, 2010, Thorgeirsson et al., 2010, Nees et
al., 2013). Nicotine is a major psychoactive components present in tobacco and it targets the
nicotinic receptors that are distributed in various brain regions (O'Hara et al., 1998, Markus et
al., 2003). It was thought that the genetic polymorphisms on nicotinic receptor genes alter the
sensitivity to nicotine and tobacco in the brain (Stevens et al., 2008). Researchers have
endeavoured to identify genetic risk variants and narrow the missing heritability in substance
use and addictions. Nonetheless, evidence from the current findings supports the polygenic risk

of substance addictions.
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1.2.3 Epigenetics of substance use and addictions

1.2.3.1 Background

In addition to the genetic polymorphisms, epigenetic mechanisms can play an important role in
determining disease susceptibility and progression. The term 'epigenetics' was coined by Conrad
H. Waddington in early 1940s to describe the development of phenotypes as a result of gene-
environment interaction. In the epigenetic landscape model postulated by Waddington (1942),
the developmental events are ‘canalised’, hence forming various developmental trajectories
(Waddington, 1942) (Figure 1-2). The valleys and canals of the landscape can be determined by
the genetic influence. Imagine a ball rolls down the landscape, the endpoint of the ball will be
determined by the paths it has taken. The endpoint of the ball represents the phenotypes that are
produced during the development processes in the epigenetic landscape. Nowadays, epigenetics
is defined as the study of alterations in phenotypes, chromatin structures and gene transcriptions
that are not due to genetic variations. Epigenetic markers are thought to be reprogrammable,
reversible and heritable across generations (Lande-Diner and Cedar, 2005, Herb et al., 2012,

Reik, 2007).
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Figure 1-2 Waddington's epigenetic landscape model (1942).
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1.2.3.2 DNA methylation in eukaryotes

Various forms of epigenetic modification have been identified in the past decade. Among all
identified epigenetic modifications, 5’-cytosine methylation (hereafter DNA methylation) is one
of the most commonly studied epigenetic mechanisms in the human genome. It is also the
earliest form of DNA modification found in eukaryotic organisms (Bird, 1980, Razin and Riggs,
1980). DNA (5’-cytosine) methylation refers to the addition of methyl group by DNA
methyltransferase at the 5" carbon position of cytosine in 5’-CpG-3’ dinucleotides (Figure 1-3).
At least three DNA methyltransferases (DNMT), including DNMT1, DNMT3A and DNMT3B
have been identified. DNMT1 preferentially binds to hemimethylated CpG dinucleotide and it is
thought to maintain the DNA methylation pattern during replication (Denis et al., 2011,
Robertson and Wolffe, 2000). On the other hand, members of the DNMT3 family may be
responsible for de novo DNA methylation since they target to both hemi- and unmethylated
CpG dinucleotides (Denis et al., 2011, Robertson and Wolffe, 2000). All of these DNA
methyltransferases use S-adenosyl methionine (SAM) as the methyl donor during the process of

DNA methylation (Goll and Bestor, 2005).

NH, NH,
H,C
‘ ~N DNA methyltransferase 3 | SN
N /&O N/KO
H H
Cytosine 5’-Methylcytosine

Figure 1-3 5°-cytosine methylation. The conversion of cytosine to 5’-cytosine methylation
(DNA methylation) is catalysed by DNA methyltransferases. All known DNA

methyltransferases use S-adenosyl methionine (SAM) as the methyl donor.
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In the human genome, regions with over 50% CG content and 0.6 or greater observed-to-
expected CpG dinucleotides ratio occurring within a sequence window of at least 200bp are
classified as CpG islands (Gardiner-Garden and Frommer, 1987). Over 60% of human genes
contain CpG islands are located within gene promoters and the locations of CpG islands are
thought to be evolutionarily conserved (Antequera, 2003). DNA methylation at CpG
dinucleotides has been linked to transcriptional silencing, which can be crucial to the
development and disease progressions (Jaenisch and Bird, 2003). One speculation is that DNA
methylation at CpG dinucleotides alter gene transcription efficiency, potentially by reducing the
binding affinity of transcriptional factor binding sites (Watt and Molloy, 1988). Other
modifications of DNA sequence such as 5'- hydroxymethylation have also been reported after

the discovery of 5’-cytosine methylation (Tahiliani et al., 2009).

1.2.3.3 DNA methylation in substance use disorders

The investigation of DNA methylation in complex disorders has come into focus in recent
years. The importance of DNA methylation has been implicated in genomic imprinting,
embryonic development, silencing of transposable elements and gene expressions. These events
may further contribute to the progression and transmission of diseases across generations (Jirtle
and Skinner, 2007). Environmental stimuli such as the exposure to radiation and nutritional
supplements can also alter the epigenetic landscape as well as the behavioural phenotypes in

offsprings (Koturbash et al., 2006, Waterland and Jirtle, 2003).

Since the heritability for substance addictions ranges from 30 - 70% (Broms et al., 2007,
Kendler et al., 1999, Hansell et al., 2008, Goldman, 1993), the propensity of alcohol and
tobacco use can be modified by various environmental factors. For example, the production of
acetyaldehyde is thought to disrupt the production of methyl donor SAM as well as the DNA

methylation profiles (Selhub, 1999). Acetyaldehyde inhibits methionine synthase to convert
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homocysteine into methionine, which subsequently alter the level of SAM and DNA

methylation profile (Selhub, 1999).

Recent studies indicate alterations of DNA methylation landscape in alcohol and tobacco
dependent populations. Epigenome-wide analyses revealed differential DNA methylation
patterns among patients with alcohol dependence and healthy controls, of which
hypomethylation of genes related to alcohol metabolism e.g. alcohol dehydrogenase 1A and
ALDH were observed in the patients (Zhang et al., 2013). Conversely, hypermethylation and
reduced mRNA expression of DNMT3B were found in alcohol dependent patients (Bonsch et
al., 2006). Several epigenetic loci have been identified to associate smoking behaviour. For
example, hypomethylaton of CpG sites on the coagulation factor 1l (thrombin) receptor-like 3
(F2RL3) and aryl hydrocarbon receptor repressor gene (AHRR) were consistently observed
among smokers (Breitling et al., 2011, Zeilinger et al., 2013, Shenker et al., 2013). Differential
protein binding affinity was observed at AHRR, suggesting the potential influence of DNA
methylation in gene regulations (Zeilinger et al., 2013). Together the results suggest the

importance of DNA methylation in predicting substance use.

The propensity of substance use and addictions can be influenced by various factors. In the
following sections, | am going to address the relevance of the stress system, circadian system
and reward processing in substance use during adolescence. The significance for interactions of

these systems on substance use will be discussed.

1.3 The role of stress in substance use

1.3.1 HPA axis and extrahypothalamic stress system

Coping with life stress and negative emotion is essential for the maintenance of psychological
well-being in humans (Johnson and Pandina, 1993). In human, the hypothalamic-pituitary-

25



adrenal (HPA) axis is responsible for monitoring the initiation and feedback of stress responses
(Wust, 2004). Exposure to stressful stimuli triggers the production and the release of
corticotrophin releasing hormone (CRH) from CRH-neurons in the paraventricular nucleus
(PVN) that is transported to the anterior pituitary via the hypophyseal portal system (Antoni,
1986). Upon the binding to CRH receptors, CRH and stress hormones such as arginine
vasopressin (AVP) stimulate the synthesis and the release of pro-opiomelanocortin (POMC) and
adrenocorticotropic hormone (ACTH) from the anterior pituitary (Simpson and Waterman,
1988). Subsequently ACTH is transported to the adrenal gland and triggers the production of

glucocorticoids such as cortisol.

Glucocorticoids regulate stress responses through binding to mineralocorticoid (MR or NR3C2)
and glucocorticoid receptors (GR or NR3C1). Both MR and GR are expressed in various tissues
and brain regions including the pituitary, hippocampus, amygdala, PVVN and hypothalamus (De
Kloet et al., 1998). The ligand binding affinity of MR is approximately 5 - 10 fold higher
compared to the GR (Reul and de Kloet, 1985). The high affinity of MR maintains receptor
activation up to 1 hour (Reul & de Kloet, 1985). GR can only be activated by a large amount of
glucocorticoids due to its low ligand-binding affinity (5-10 nM); therefore GR is thought to
mediate the delayed inhibition of stress responses (Reul and de Kloet, 1985, de Kloet et al.,
2005, Koob, 2003). Upon the binding of glucocorticoids, GR translocates to the nucleus as
homodimers or heterodimers with MR. The dimers recruit transcription factors at the
glucocorticoid response element (GRE) sites and regulate gene transcriptions (De Kloet et al.,
1998). Increase cortisol level promotes additional GR activation, long-term alterations in gene

transcriptional activities and neural activations (Joels and de Kloet, 1992).

In addition to the HPA axis, the extrahypothalamic stress system is responsible for monitoring
stress responses. The CRH-containing neurons in the PVVN projects to the surrounding limbic
regions including the central extended amygdala (CeA), hippocampus, bed nucleus of the stria
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terminalis (BNST), nucleus accumbens (NAc) and the locus coeruleus (LC) (Herman et al.,
2003), allowing the limbic regions receive stress signal from the HPA axis. The activation of
the extrahypothalamic stress system can enhance the recruitment of dynorphin, a class of opioid
peptide that preferentially binds to x-opioid receptors and involves in producing aversive
dysphoric-effects in mammals (Wee and Koob, 2010, Shippenberg et al., 2007). The neural
projections from the extrahypothalamic brain regions to the PVN allow the modulations of both

voluntary and reflexive stress responses (Herman et al., 2003).

1.3.2  Stress-induced substance use

The detrimental effect of stress on substance use has been implicated in both healthy and
clinical populations. Adolescents were found to consume more alcohol and tobacco when they
experienced more stressful life events (Blomeyer et al., 2008, Booker et al., 2008). The
elevation of stress level is accompanied by alterations in brain activations. Upon the
presentation of stress- or alcohol-related visual cues, patients with alcohol dependence showed
increased alcohol craving and blunted brain activations in the prefrontal cortex, anterior
cingulate and the amygdala (Seo et al., 2013, Breese et al., 2011). Such observation could be
driven by alterations of the HPA axis activity, as higher baseline cortisol level was observed
among the smokers and the alcohol dependent patients (Steptoe and Ussher, 2006, Sinha et al.,
2009). Family history of substance addictions could be another reason leading to differential
HPA axis and stress system reactivity, as children of alcohol-dependent fathers showed higher
level of stress-related hormones at baseline compared to children with no family history of
alcohol addictions (Zimmermann et al., 2004). At molecular level, the exposure to ethanol or
nicotine was found to reduce the mRNA expressions of stress genes including the CRH and c-
fos in the PVN (Richardson et al., 2008, Schmitt et al., 2008). After prolonged ethanol
treatment, foetal rats showed reduced mRNA expressions of POMC and adenylyl cyclase in
neurons expressing B-endorphin (Sarkar et al., 2007). At the same time, the reduction of B-

endorphin neurons in the arcuate nuclei and the PVVN was also observed (Sarkar et al., 2007).
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Genetic polymorphisms and epigenetic modifications of stress genes have been implicated in
alcohol and tobacco use. Illustrated by Blomeyer and colleagues (2008), stressful life events can
moderate the genetic influence of corticotropin releasing hormone receptor 1 (CRHR1)
rs1876831 on heavy alcohol use in adolescents (Blomeyer et al., 2008). Nevertheless, DNA
methylations of stress genes have been shown to associate with substance use. For example,
smoking during pregnancy has been associated with changes in cord blood and placenta
methylomes (Joubert et al., 2012, Suter et al., 2011). Some of these candidate CpG loci are
located in genes involved in the regulation of oxidative stress (Suter et al., 2011). Differential
DNA methylation pattern at POMC promoter was observed in patients with alcohol dependence
compared to healthy individuals (Muschler et al., 2010). Alterations in the peripheral blood
methylome were found among patients with alcohol dependence, in which CpG loci with
differential DNA methylation were found to locate in genes involved in stress, signal
transduction and immune responses (Zhang et al., 2013). Together the evidence has confirmed

the gene-environment interaction of stress-induced substance use in humans.

1.4 Disruption of circadian rhythm as risk factor for substance use

1.4.1 Regulation of the circadian rhythm

Adolescents demonstrate a phase delay for sleep-wake schedule and reduction in sleep duration
(Sadeh et al., 2009). The shift in circadian rhythm during adolescence can lead to alterations in
arousal, mood, daily activities and brain functions (Spear, 2000, Benca et al., 2009). In
mammals, the circadian rhythm is operated by a series of endogenous clocks that oscillate in an
approximate 24-hour period (Dunlap, 1999). The circadian clock system is organised in a
hierarchical manner, whereby the master clock is located at the suprachiasmatic nucleus (SCN),
a highly conserved brain region situated directly above the optic chiasm at the anterior
hypothalamus. Brain regions including the arcuate nucleus, medial preoptic area, dorsomedial

hypothalamus and the PVN receive input from the SCN (Kalsbeek et al., 2007).
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Feedback mechanisms of the circadian cycle

Entrainment of environmental stimuli (e.g. light) activates the SCN and the transcription-
translational feedback machinery of the circadian system (Bernard et al., 2007). Upon the
activation of the SCN, core circadian components Clock and Bmall form heterodimers and bind
to the enhancer-box (E-Box) (Gekakis, 1998, Hogenesch et al., 1998), allowing the
transcriptions of circadian genes Period (Per 1, Per 2 and Per 3) and Cryptochrome (Cry 1 and
Cry 2) (Sun et al., 1997, Shearman et al., 1997, Takumi et al., 1998, Miyamoto and Sancar,
1998, Thresher, 1998) (See Figure 1-4). The Per and Cry genes are expressed at different times
of the day (Zylka et al., 1998). In mammals, the highest level for Perl in the SCN is observed at
around 4 hours after the initiation of the circadian cycle (Takumi et al., 1998, Bae et al., 2001).
The expressions of Per2 and Per3 gradually increased from the beginning of light-dark cycle,
with the peak expression levels observed at Zeitgeber time (ZT) 12-16 and ZT4-12 respectively

(Takumi et al., 1998, Bae et al., 2001).

Accumulation of circadian genes and proteins due to continuous light exposure brings the
circadian cycle to the feedback phase (Figure 1-4). Increased expression of orphan nuclear
receptor Rev-Erba inhibits the transcription of Bmall by acting on the Rev-Erbo and ROR
response elements (Preitner et al., 2002, Ueda et al., 2002). On the other hand, accumulation of
Per and Cry proteins enhances the formation of Per:Cry complex with casein kinases CKle and
CKI8 (Camacho et al., 2001). The resulting Per:Cry:CKle/ CKI18 complex inhibits Per and Cry
transcriptions by preventing the binding of Clock:Bmall complex to E-box, subsequently
reduce the transcription of Rev-Erba (also known as nuclear receptor subfamily 1, group D
member 1, Nrld1). As a result, the reduction of Rev-Erba activity disinhibits the repression of
Bmall transcription and resets the circadian cycle (Preitner et al., 2002). The core circadian
component Clock was found to act as histone acetyltransferase, suggesting that epigenetic
regulations might be essential for adjusting the circadian rhythm (Doi et al., 2006). Genome-

wide gene expression data showed that about 10% of gene transcripts display circadian
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oscillations (Akhtar et al., 2002, Duffield et al., 2002). In particular, genes containing circadian
motifs such as E-boxes and ROR response elements are rhythmically expressed (Preitner et al.,

2002, Ueda et al., 2002).
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Figure 1-4 Transcriptional-translational feedback mechanism of the circadian system. The
circadian cycle is mediated by a series of transcriptional-translational events. The transcriptions
of circadian genes including Period (Per 1, Per 2 and Per 3), Cryptochrome (Cry 1 and Cry 2)
and Rev-Erba are initiated upon the binding of the CLOCK:BMAL1 heterodimer to E-Box.
Accumulation of circadian genes and proteins in nucleus brings the circadian cycle to feedback
phase, where the formation of Per:Cry:CKle/ CKI§ protein complex inhibits transcriptional
activity by preventing CLOCK:BMAL1 from binding to the E-box. Reduced Rev-Erba level
disinhibits the repression of BMALL transcription. Restoring the BMALL transcription resets the
circadian clock by enhancing the formation of CLOCK:BMAL1 complex and subsequent

transcriptions of circadian genes.

1.4.2 Circadian rhythm and substance use
The role of circadian rhythm in alcohol consumption has been supported by behavioural studies
in animals. In a free choice condition where the amount of ethanol intake was not restricted,

both rats and hamsters demonstrated alterations in the circadian cycle (Rosenwasser et al.,
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2005a, Rosenwasser et al., 2005b, Seggio et al., 2009). Forced ethanol intake significantly
shortened the free-running period in mice (Seggio et al., 2009) and these animals were more

likely to develop high ethanol preference (Rosenwasser et al., 2005c, Hofstetter et al., 2003).

The chronotype of adolescents has been linked to tobacco smoking. Individuals who exhibited
late chronotype were associated with greater tobacco use and poor sleeping quality (Wittmann
et al., 2010). Finnish adolescents who exhibited late chronotype were also less likely to quit
smoking in a tobacco use intervention programme (Heikkinen et al., 2009). Administration of
nicotine to rats was found to disrupt the frequency of neuronal firing in the SCN (Trachsel et al.,

1995), which might alter the neural activity in the SCN and circadian rhythm.

The mRNA expressions of circadian genes can be modified by alcohol and tobacco use.
Exposure to ethanol was found to reduce Per2 expression but increase Perl and Bmall
expressions in the SCN of rats (Farnell et al., 2008); whereas downregulations of Rev-Erba lung
MRNA and c-Fos protein in the SCN were observed in rats exposed to cigarettes (Vasu et al.,
2009, Ferguson et al., 1999). Downregulations of CLOCK, BMAL1, PER1, PER2, CRY1 and
CRY2 mRNA expressions in the peripheral blood were also observed among patients with
alcohol dependence compared to the healthy individuals (Huang et al., 2010). Demonstrated by
Spanagel and colleagues (2005), the Per2®™™ mutant mice showed significantly higher ethanol
intake compared to their wild-type counterparts and such observation was accompanied by the
reduced expression of glutamate transporter EAAT1 (Spanagel et al., 2005). Verified by a
human alcohol drinking population, multiple SNPs on PER2 were found to associate with
alcohol intake in patients with alcohol dependence (Spanagel et al., 2005), confirming the

genetic effects of circadian genes on alcohol addictions.
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1.5 Sensitivity to reward in substance use

1.5.1 Brain responses in reward processing

Early research indicates electrical stimulation of the septal area monitor the rewarding value
towards stimuli in rats (Olds and Milner, 1954). Since then, neural activity during reward
processing has been investigated using a variety of neurophysiological techniques. It has been
discovered that reward processing is regulated by the mesocorticolimbic dopaminergic pathway
originating at the ventral tegmental area (VTA) (Koob, 1992). Dopaminergic neurons at the
VTA project to the nucleus accumbens (NAc) and brain regions including the ventral pallidum,

substantia nigra, hippocampus, amygdala and prefrontal cortex (Koob, 1992).

In human, brain activations during reward processing have been widely studied using the
monetary incentive delay (MID) task. The MID task is a non-invasive, functional neuroimaging
tasks that measures brain activations in response to monetary reward (See Chapter 2 Section
2.3.5 for details). Brain activations measured by the MID task can be regarded as the sensitivity
to reward. In young adults, activations of the medial prefrontal cortex (mPFC) and NAc are
proportional to the expected amount of reward during the anticipation phase of the MID task,
implicating these brain regions are sensitive to reward stimuli (Knutson and Peterson, 2005,
Knutson et al., 2005). Since the maturation of frontal cortical networks is slower than that of the
limbic regions during adolescence (Giedd et al.,, 1996a), the imbalance between the
mesocortical and mesolimbic dopaminergic pathways may result in hypo-/ hypersensitivity to
reward stimuli, therefore modifies reward seeking and risk taking behaviour (Spear, 2000,

Forbes and Dahl, 2005).

1.5.2 Reward processing and substance use
Reward processing is one important component that mediates alcohol drinking, smoking and
substance use in adolescents (Spear, 2000). Upon the exposure to rewarding stimuli such as

alcohol or tobacco, the mesocorticolimbic dopaminergic pathway monitors the emotions
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associated with reward stimuli (Spear, 2000). Subsequently the experience of reward can be
reinforced and learned, resulting in repetitive reward seeking behaviour (Spear, 2000, Koob,

1992).

Previous literature suggested the brain activity in the VS, which consists of the NAc and the
ventral part of the caudate nucleus and putamen, can be a valid predictor for reward processing
and substance use. Reduced activations in the VS and larger risk taking bias have been observed
in adolescents who consumed alcohol, tobacco and psychoactive drugs (Schneider et al., 2012).
Similarly, reduced VS activations have been observed among patients with alcohol dependence
and adolescent smokers (Beck et al., 2009, Peters et al., 2011). However, opposite findings have
also been suggested, in which higher VS activations during the reward outcome phase of the
MID task were found among patients with drug dependence (Bjork et al., 2008b). As illustrated
by Wang et al. (2008), smokers who experienced nicotine deprivation demonstrated changes in
blood flow in brain regions including the prefrontal cortex, orbitoprefrontal cortex, VS and
thalamus. Brain activity during reward processing can be driven by genetic polymorphisms, as
the changes in blood flow during nicotine deprivation was shown to associate with the SNPs on
the dopamine D2 receptor (DRD2) and catechol-O-methyl transferase (COMT) (Wang et al.,

2008).

1.6 Interactions between the stress, circadian & reward systems in

substance use

1.6.1 Interactions between the circadian and stress systems

1.6.1.1 Disruptions of the circadian system alter the production of glucocorticoids

The functions of the circadian genes can be influenced by glucocorticoids and vice versa.
Rodents with bilateral lesions of the SCN demonstrated impaired circadian activity and stress
responses (Buijs et al., 1993). They had higher corticosterone levels compared to their intact

counterparts at both baseline and after the exposure to relocation stress (Buijs et al., 1993).
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Since the stress and circadian systems share the PVN as the relay centre for neurotransmission,

it is possible that the PVN is involved in balancing the signals received from both systems.

Administration of AVP to the PVN was found to reduce corticosterone level in rats with
bilateral SCN lesions (Kalsbeek et al., 1992). The actions of AVP during stress responses can be
influenced by vasoactive intestinal polypeptide (VIP), as the injection of VIP in the rat PVN
significantly increased plasma ACTH and corticosterone in a dose-dependent manner
(Alexander and Sander, 1994). Applying VIP antagonist [Lys, Pro*®, Arg**, Tyr®-VIP] to the
PVN was found to inhibit the stimulatory effect of VIP on the secretions of ACTH and
corticosterone (Alexander and Sander, 1994), confirming that the production of glucocorticoids

can be regulated by the neuropeptides in the SCN and the PVN (Figure 1-5).

Disruptions of circadian genes were also found to impact on the rhythmic production of
glucocorticoids. Targeted Per2 knockout and Per2/Cryl double knockouts could lead to
arrhythmic secretion of corticosterone in mice (Yang et al., 2009, Oster et al., 2002). The
suppression of CRY2 protein has been previously shown to decrease cortisol level in primates
(Torres-Farfan et al., 2009), suggesting the expression level of CRY2 can be linked to the

production of glucocorticoids.

1.6.1.2 Glucocorticoids alter the expressions of circadian genes

Using animal models, stressors including forced swimming and immobilisation were found to
increase Perl expression in the CRH-containing neurons in the PVN of mice (Takahashi et al.,
2001). Functional analyses indicated the presence of E-boxes and GRE sites in Perl and Per2
(YYamamoto et al., 2005, Yan et al., 2008, So et al., 2007), suggesting that the transcriptional
activities of Perl and Per2 can be influenced by signals from the circadian and stress systems.

Apart from the GRE motifs, transcription factors including Snaill can regulate the cortisol-
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induced PER1 mRNA expression in human cell lines (Dong et al., 2011). Nevertheless,
adrenalectomy was found to disrupt the rhythmic expression of Per2 protein in the central
extended amygdala (CeA) (Lamont et al., 2005). The rhythmic expression of Per2 mRNA in the
CeA and the oval nucleus of the stria terminalis in adrenalectomised rats could be restored by

corticosterone replacement (Segall et al., 2006).

GR are highly expressed in the SCN neighbouring brain regions including the BNST, amygdala
and hippocampus but absent in the SCN (Amir et al., 2004, Lamont et al., 2005). The projection
pathways from these limbic regions to the SCN can potentially adjust the circadian rhythm and
the production of neuropeptides in the SCN. Proposed by Balsalobre and colleagues (2000),
glucocorticoids can act as a source of entrainment that modifies the circadian cycle (Balsalobre
et al., 2000). The absence of GR in the SCN has further strengthened Balsalobre et al.’s (2000)

proposal of the indirect feedback mechanism.
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Figure 1-5 Schematic diagram of the interactions between the circadian system and the
stress HPA axis. Entrainment signals such as light and stressful stimuli enter the retina. The
signal is transmitted to the ventral part of the SCN via the retinohypothalamic tract (RHT).
Neurons from the ventral SCN are projected to the dorsal SCN, where the dorsal SCN carries
the signals to the paraventricular nucleus (PVN). The PVN contains a cocktail of genes and
hormones that are involved in the regulations of the circadian rhythm and stress reactivity.
Hormones such as the corticotrophin releasing hormone (CRH) are released into the anterior
pituitary via the hypophyseal portal system in the hypothalamus. CRH further stimulates the
release of adrenocorticotropic hormone (ACTH) from the anterior pituitary. ACTH is
transported to the adrenal gland to stimulate the production of glucocorticoids. Glucocorticoids
bind to the glucocorticoid receptors (GR) in target tissues. In mammals, GR is distributed in
wide range of tissues and brain areas except the SCN. Signals from other brain areas such as
amygdala and hippocampus are required to provide feedback into the SCN, the PVN or the

pituitary for modifications of stress responses and circadian rhythm.
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1.6.2 Reward processing and circadian rhythm

Reward processing and the dopaminergic reward system have been shown to interact with the
circadian system in various animal and human studies. Activations in the mPFC and VS during
reward outcome phase were higher among adolescents who delayed their sleeping time in
weekends, in which sleep delay was used as an indicator of late chronotype and diurnal
preference (Hasler et al., 2012). Components of the dopaminergic system, including the tyrosine
hydroxylase (TH, rate-limiting enzyme involved in the synthesis of dopamine (DA)), dopamine
receptors and transporter (DAT) can be regulated by the circadian system. For example,
disruptions in the rhythmic expressions of DAT and TH have been observed in rats with SCN
lesions (Sleipness et al., 2007). Interestingly, monoamine oxidase A (MAOA) that is responsible
for metabolising DA has been shown to contain E-box binding sites at the promoter (Hampp et
al., 2008), indicating the importance of circadian system in monitoring the activity of the

dopaminergic reward system.

1.6.3 Influence of stress system on reward processing

Emerging evidence has suggested the role of stress in regulating the dopaminergic system and
reward processing. Supplement of reward stimuli to rats exposed to physiological and
psychological stress was found to restore locomotor activity and novelty seeking behaviour,
suggesting reward might ameliorate the impairments introduced by stress (Dalm et al., 2012).
After discovering the presence of GRs in the rat dopaminergic neurons (Harfstrand et al., 1986),
it was found that the infusion of corticosterone upregulated the extracellular DA level in the rat
NAc during dark phase (Piazza et al., 1996). Mice with Disrupted In Schizophrenia 1 (Discl)
knock-out also showed reduced extracellular DA and TH levels in the frontal cortex after the
exposure to social isolation stress (Niwa et al., 2013). Such observation was mediated by the
gene-environment interaction, since the mice with Discl knock-out or experienced social
isolation stress alone did not show any significant alterations in the TH and DA levels (Niwa et

al., 2013).
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Interestingly, the DNA methylation status of TH can be modulated by social isolation stress and
glucocorticoids. In Niwa and colleagues (2013) study, the Discl knock-out x social isolation
stress mice demonstrated the highest TH DNA methylation level in the VTA compared to the
mice with either Disc1 knock-out or experienced social isolation stress (Niwa et al., 2013). The
injection of GR antagonist RU38486 in the Discl knock-out x social isolation stress mice not
only reduced the DNA methylation level of TH, but also restored the locomotor activity and
extracellular DA level to baseline, suggesting the role of glucocorticoids in monitoring the

dopaminergic system in the brain (Niwa et al., 2013).

1.6.4 Interactions of the stress, circadian and reward systems on alcohol use and
addictions
Previous work has illustrated the genetic effect of circadian genes on stress responses and
alcohol use and addictions. Dong and colleagues (2011) demonstrated that PER1 rs3027172
was associated with increased alcohol consumption in adolescents who experienced high level
of psychosocial adversity. The risk allele of PER1 rs3027172 was also associated with alcohol
dependence in patients (Dong et al., 2011). Both ethanol injection and increase restraint stress
were associated with the upregulation of Per3 mRNA expression in the hippocampus (Wang et
al., 2012), suggesting the role of Period gene in mediating stress-induced alcohol intake.
Reductions in the Vip and Avp mRNA levels were observed in mice that received long-term
ethanol treatment (Madeira et al., 1997). Combined stimulations of Vip and ethanol increased
Pomc and g-endorphin mRNA expressions more than the application of each substance alone
(Poplawski et al., 2005), suggesting the involvement of Vip in promoting stress responses
during alcohol intake. A risk haplotype (rs3823082 — rs688136) in the VIP gene was also shown

to associate with alcohol use in a Finnish population (Kovanen et al., 2010).

In addition, interaction between the brain stress and reward systems is thought to influence the
substance use behaviour. Suggested by Koob and colleagues, the development of addictions is
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mediated by the negative and positive emotions associated with substance use (Koob and Le
Moal, 2008, Koob, 2013). Such proposal can be supported by the action of dynorphin under the
exposure to ethanol, as the activation of HPA axis enhances the dynorphin-k-opioid receptors
activities and alters the production of DA in the NAc (Wee and Koob, 2010, Shippenberg et al.,
2007, Lindholm et al., 2007, Walker et al., 2012). Nevertheless, the core circadian genes also
exhibit properties in reward processing, as the genetic polymorphisms of PER2 rs2304672 and
CLOCK rs1801260 were found to associate with brain activity during reward outcome and high
reward dependence score in adolescents and adults (Forbes et al., 2012, Tsuchimine et al.,
2013). Together the evidence demonstrates the role of stress, circadian and reward systems in
regulating alcohol use and addictions. The crosstalk among the stress, circadian and reward

systems on tobacco use is yet to be determined.

1.7 Thesis aims and objectives

The aim of this thesis is to identify genetic and epigenetic risk factors of alcohol and tobacco
use in adolescence. Of particular interest, the impact of life stress and circadian genes on reward
processing and substance use will be investigated. All analyses presented in this thesis are
performed on the data collected from the IMAGEN Consortium, a multi-centre study of over
2000 adolescents of which the genetic, neuroimaging and behavioural information is available.

The IMAGEN study and details of the assessment are described in Chapter 2.

This thesis consists of four empirical chapters:

Chapter 3 identifies the risk factors associated with alcohol and tobacco use in adolescents at
age 14 and 16. Based on previous literature and research from the IMAGEN consortium, the
consequences of negative life events and the VS activations during reward processing on

substance use will be investigated.
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Chapter 4 investigates the associations among the DNA methylation of PER1, negative life
events, reward processing and substance use in adolescents at age 14. The presence of CpG sites
at the GRE site and E-Box of PER1 may indicate potential epigenetic modifications on these
transcription regulatory motifs. The putative functions of the selected CpG sites on PER1 will

be explored.

Chapter 5 aims to identify the genetic influence of the stress and circadian systems on reward
processing and substance use in adolescents at age 14 and age 16. Using an unbiased gene
selection approach, the additive genetic effects of stress and circadian genes on the VS
activations during reward anticipation and substance use will be investigated. The genetic
influence of the stress and circadian systems at single SNP and polygenic levels will be

discussed.

Chapter 6 examines the genetic risk of stress genes on drunkenness in adolescents at age 16.
The linkage disequilibrium (LD) structure and functions of the top hit FYN rs1409837 will be
examined. In the second part of this chapter, the role of FYN rs1409837 on negative life events
and the amygdala activations during angry face processing will be studied. The potential

function of FYN rs140837 will be discussed.

In the General Discussion (Chapter 7) | summarised the findings presented in this thesis and
highlighted their significance in substance addictions. Limitations of the studies and

implications for future research will be presented in this chapter.
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Chapter 2

Materials and Methods

This chapter describes the research population, behavioural, neuroimaging and genetic
information available in the IMAGEN Study. All analyses presented in this thesis were carried

out using the data collected by the IMAGEN Study.

2.1 The IMAGEN Study

2.1.1 The IMAGEN Consortium

IMAGEN is the first multi-centre longitudinal study identifying the genetic and neurobiological
basis of reinforcement-related behaviour in adolescents (Schumann et al., 2010). Since
December 2007, the IMAGEN Consortium has recruited over 2000 14-year-old adolescents and
their parents from 8 cities in Ireland, France, Germany and the UK. Neuroimaging (structural
and functional MRI) and behavioural assessments were conducted in the adolescents. Whole
blood sample also were collected for genetic and gene expression analyses. Follow-up
interviews, online behavioural and clinical assessment were carried out in the adolescents at age
16. The IMAGEN Consortium receives research funding from the European Community’s Sixth

Framework Programme (LSHM-CT-2007-037286).
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Figure 2-1 The IMAGEN Consortium. Over 2000 adolescents were recruited and assessed in
eight recruitment centres in London, Nottingham, Dublin, Paris, Berlin, Hamburg, Mannheim

and Dresden.

2.1.2  Ethical approval

Ethical approval was obtained from the local ethics committee at each study site (London:
Institute of Psychiatry; Nottingham: University of Nottingham; Dublin: Trinity College; Paris:
National Institute of Health and medical Research; Berlin: Charité University; Hamburg:
University Medical Center Hamburg-Eppendorf; Mannheim: Central Institute of Mental Health;
Dresden: Technical University Dresden). A central multi-disciplinary ethic group was
established within the IMAGEN Consortium to monitor issues related to consent,
confidentiality, data protection, and to resolve issues related to incidental findings that might

arise from the genetic, neuroimaging and environmental measurements.

2.1.3 Participants and recruitment
One of the aims of the IMAGEN study is to assess the extent to which the genetic and
environmental factors influence behaviours. Therefore, the recruitment procedures were

designed and standardised to minimise the ethnic heterogeneity through preferential recruitment
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of adolescents with European ethnicity. Researchers visited schools to explain the IMAGEN
project and to gain permission to recruit from the schools. After receiving the consent, the
IMAGEN team visited the schools again and gave presentation about the project. Adolescents
were given information packs to take home and show their parents. Adolescents were asked to
send a ‘statement of interest’ slip to the IMAGEN researchers if they were interested in taking
part. Then the IMAGEN team contacted the parent or guardian of the adolescent to discuss the
project and answer any queries. Upon the receipt of the informed consent from the adolescents

and their parents, appointment was arranged for assessment at the local study centre.

The full IMAGEN sample consists of 2248 adolescents (age: 14.55 + 0.45), of which 51.4%
were females and 87.3% were Caucasian. N = 1669 adolescents responded to the follow-up

assessment (age: 16.47 £ 1.03), of which 51.2% were females.

2.1.4 Exclusion criteria for recruitment

Participants were excluded prior to assessments if they met any of the following criteria: a) born
prematurely; b) had contraindications for the magnetic resonance imaging, such as braces or
other metal implants; c) had experienced neurological problems including head trauma or
epilepsy; d) received medical treatment for disorders related to the central nervous system; and

e) were not able to attend a full assessment day at the local study centres.

2.2 Behavioural assessment

2.21 Home assessment

Adolescents completed a 2 hour home assessment through a web-based coordination system
Psytools, a software that was developed for the purpose of multi-site, multi-lingual assessments
(Delosis, London, UK). Participants were provided with instructions for the home assessment,
including a unique identification code and an internet link to download the psychometric battery
in a computerised format. Context checks were administered at the beginning of each task to
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identify whether the data was in a good quality and whether the assessment was undertaken in a
confidential environment. At age 14, adolescents were asked to repeat the Psytools tasks at the
institute assessment if necessary. Follow-up home assessment using Psytools was also

conducted in adolescents at age 16.

2.2.2 Institute assessment

During the institute assessment, participants completed cognitive, neuropsychological,
behavioural and neuroimaging assessment at the study centres. They were asked to give a
sample of their blood. The parents or guardians of the adolescents were asked to complete a
computerised assessment regarding adolescents’ personality and family environment. The
institute assessment took approximately eight hours to complete. All assessments were carried

out by researchers that were trained by psychologists on a regular basis.

2.2.3 Life Events Questionnaire

2.2.3.1 Background

The Life Events Questionnaire (LEQ) is the modified version of Stressful Life Events
Questionnaire developed by (Newcomb et al., 1981) to characterise life events that might
introduce stress to adolescents. It contains 39 life events that are allocated into seven
dimensions of life stress: Family/Parents, Accident/lliness, Sexuality, Autonomy, Deviance,
Relocation and Distress. Individuals were asked to rate their feelings towards each life event on
a 5-point rating scale indicating ‘very happy', 'happy', ‘neutral’, 'unhappy' and 'very unhappy'.
Dichotomous response on whether each event had occurred in lifetime and in the past year was
also recorded. (See Appendix 1: Life Events Questionnaire). The IMAGEN adolescents
completed the LEQ assessment at both age 14 and age 16. In the follow-up assessment at age
16, the LEQ was modified such that adolescents were required to report the age during which

the life events occurred.
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2.2.3.2 Negative life events

Quiality control

To ensure the participants had read and understood the questionnaire, only individuals who gave
at least two types of feeling ratings to the events were included in the dataset. After the quality
control procedure, the LEQ dataset contains N = 2140 adolescents at age 14 and N = 1305

adolescents at age 16.

Defining negative life events

Clustering life events into seven dimensions of stress can be problematic. As stated by the
authors, these seven dimensions of stress only explained about 44% variance of their data
(Newcomb et al., 1981). It is possible that not all 39 life events listed on the LEQ (Newcomb et
al., 1981) are considered as stressful by the adolescents. The ratings were compared among
adolescents who had and had not experienced these life events in lifetime. Of all the 39 life
events, 20 life events were consistently reported as 'unhappy' and 'very unhappy' by the
adolescents. Hence these events were classified as 'negative life events'. Events that were
consistently rated as 'happy' and 'very happy' in both populations were classified as 'positive life
events'. The classification of life events were performed by Dr. Anna Cattrell at the Institute of

Psychiatry. (See Table 2-1 and Table 2-2 for negative life events).

Both the frequency and rating towards negative life events were used to quantify adolescents'
life stress in this thesis. The frequency of negative life events was measured by adding the
number of negative life events that the adolescents had reported experiencing in lifetime. The
rating towards negative life events was measured by adding the rating of individual negative life
events that the adolescents had reported experiencing in lifetime. The feeling towards all

experienced negative life events might indicate the level of stress perceived by the adolescents,
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whilst the frequency of negative life events might provide a relatively unbiased way to quantify

life stress.

Table 2-1 List of negative life events from the LEQ.

Item no. Negative Life Events (20 items)
1 Parents Divorced
2 Family Accident/llIness
4 In trouble with the law
5 Stole something valuable
8 Death in the family
9 Face broke out with pimples
10 Brother or Sister moved out
16 Thought about suicide
17 Changed Schools
19 Got in trouble at school
20 Got or gave an STD
22 Family had money problems
24 Parents argued or fought
25 Ran away from home
27 Got poor grades in school
30 Broke up with a boyfriend/ girlfriend
31 Family moved
36 Gained a lot of weight
37 Serious accident/iliness
39 Parent abused alcohol
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Table 2-2 Descriptive statistics of the negative life events.

Age 14 (N = 2140) Age 16 (N = 1305)
Mean S.D. Mean S.D.
Rating -7.14 4.07 -5.84 3.71
Lifetime frequency 6.65 2.86 5.81 2.64

2.2.4 The European School Survey Project on Alcohol and Other Drugs

2.24.1 Background

The European School Survey Project on Alcohol and Other Drugs questionnaire (ESPAD) was
designed by the ESPAD consortium to assess substance use behaviour in 15-16 years old
teenagers across the Europe (Hibell et al., 1997). The data collection was carried out in every 4
years since 1995. The fifth data collection was carried out across 36 countries in Europe during

2011 (http://www.espad.org/). The ESPAD questionnaire is a self-report questionnaire that

provides information about the age of onset and the frequencies of alcohol, tobacco and
psychoactive drug use. Specific questions on the expectations of alcohol use and bingeing are
asked for those who reported alcohol use. It also contains questions related to substance use-
related problems, for example, school performance and truancy. The IMAGEN adolescents

completed the ESPAD questionnaire at both age 14 and age 16. (See Appendix 2: ESPAD).

The reliability of ESPAD questionnaire has been tested to ensure data collected in different
countries are comparable. Responses related to the recent alcohol use reaches a correlation of
over 0.75 across gender in the data collected in 1995 and 1999, whereas the responses related to
lifetime drinking experience reaches a correlation of over 0.45 (Lintonen et al., 2004). The test-
retest reliability for the data collected in 2004 on drunkenness and the use of cigarettes,
cannabis, cocaine and ecstasy among the Italian teenagers has been regarded as ‘excellent’
(Molinaro et al., 2012). The ESPAD questionnaire was selected to measure the alcohol and
tobacco use in the IMAGEN participants due to its reliability and popularity among the research

institutes across the Europe. Using the ESPAD questionnaire to investigate substance use in
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adolescents will enable comparison and validation of data collected in other European

populations in the future.

2.2.4.2 Data quality control

The data collection and quality control of the ESPAD questionnaire were conducted by
researchers and assistants who worked with the IMAGEN Study during 2007-2011. Before the
individuals started answering the questionnaire, four context questions were asked in order to
determine the reliability and quality of responses (see Appendix 4: Quality control questions for
ESPAD and PDS). Data of individuals was removed if they were in a hurry (i.e. responded 'yes'
to ts_2) and/or indicated 'another person is sitting next to me and watching my responses' in
ts_4. To further ensure the reliability of responses of drug use, individuals were asked whether
they heard of a fake drug called 'relevin' (question 22) and the number of occasions they had
used 'relevin'. Any individuals who had heard of and/ or had taken ‘relevin' were excluded.
Questionnaires that were not checked or mislabelled by the researchers were excluded from any
analyses. After applying the quality control procedure, the ESPAD dataset contains N = 2113

adolescents at age 14 and N = 1491 adolescents at age 16.

2.2.4.3 Alcohol use in adolescents at age 14 and age 16

The number of occasions of alcohol intake in the past 12 months was selected as an indicator of
whether a teenager had started drinking alcohol. This measurement can be more reliable than
defining drinkers using lifetime alcohol intake in question 8a (Lintonen et al., 2004). It is also a
more stable indicator for regular alcohol use compared to the responses from 'drinking in the
past 30 days' (Question 8c) since it reduces chances of defining drinkers based on their recent
drinking behaviour. Individuals were asked to respond on a 7-point scale indicating the number
of alcohol drinking occasions in the past 12 months. An arbitrary cut-off was set such that
individuals who responded '0' (i.e. never had any alcohol before) and '1' (i.e. had 1-2 drinking
occasions) were regarded as 'non-drinkers', since they were likely to have taken a few sip of
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alcohol drink during those occasions; therefore they were classified as 'non-drinkers'.
Individuals who responded '2' or above (i.e. had at least 3 alcohol drinking occasions) were

classified as 'drinkers' (See Table 2-3).

2.2.4.4 Tobacco use in adolescents at age 14 and age 16

The number of occasions of smoking cigarettes in lifetime was selected to indicate whether a
teenager had been smoking tobacco. Individuals were classified as 'smokers' or 'non-smokers'
according to their responses on a 7-point scale indicating the number of cigarette smoking
occasions in lifetime. Similar to the drinker group classification, individuals who responded '0'
(i.e. never smoke cigarette before) and '"1' (i.e. had 1-2 cigarette smoking occasions) were
defined as 'non-smokers' in an arbitrary way. Individuals who responded "2' or above (i.e. had at

least 3 cigarette smoking occasions) were classified as 'smokers' (See Table 2-3).

2.2.4.5 Alcohol misuse in adolescents at age 16

Since increased alcohol consumption was observed in the adolescents over age, the risk of
alcohol misuse in adolescents at age 16 was investigated. Two phenotypes — lifetime
drunkenness and bingeing were selected to represent alcohol misuse and intoxications in the

adolescents (See Table 2-3).

Lifetime drunkenness

Individuals were asked to provide the number of occasions they were drunk from drinking
alcoholic beverages in lifetime (Question 19a on the ESPAD) on a six-point scale ranging from
zero (never) to six (40 times or more). Individuals who responded zero to the question were
allocated to the group ‘never drunk in lifetime’ and individuals who reported at least one

occasion of getting drunk were allocated to the group ‘drunk in lifetime’.
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Lifetime bingeing

Alcohol bingeing was defined as having five or more alcoholic beverages in one drinking

occasion (Wechsler et al., 1994). Adolescents were required to report the number of occasions

they had five or more alcoholic drinks in a row in lifetime (Question 17a on the ESPAD) on a

five-point scale ranging from zero (never) to five (10 times or more). Individuals who

responded zero to the question were allocated to the group ‘never binge in lifetime’ and

individuals who reported at least one occasion of binge drinking were allocated to the group

‘binge in lifetime’.

Table 2-3 Alcohol and tobacco use in adolescents.

Age 14 (N = 2113)

Age 16 (N = 1491)

Alcohol use Non-drinker
Drinker

Tobacco use Non-smoker
Smoker

Lifetime drunkenness Never

Ever

Lifetime bingeing Never

Ever

1362

751

1765

348

280

1067

939

524

452

814

418

848

2.2.5 Puberty Development Scale

The Puberty Development Scale (PDS) was designed to assess the pubertal status of adolescents

at age 14 (Petersen et al., 1988) (See Appendix 3: Puberty Development Scale (PDS)). The PDS

contains eight self-report measurement of physical development. Participants answered



questions regarding their growth in stature and pubic hair, as well as menarche in females and
voice changes in males. Separate PDS forms were given to male and female adolescents. Five
categories of puberty were derived from these measurement 1) pre-pubertal; 2) early pubertal;
3) mid-pubertal; 4) late pubertal; and 5) post-pubertal (see Table 2-4). High correlations
between the adolescent self-rating and physician’s rating on puberty development have been

observed (Males: r=.77 - .84, Females: r=.88 - .91; Dorn et al., 1990).

Table 2-4 Puberty development stage of adolescents at age 14.

Males Females Total
Mean 2.60 2.64 2.62
S.D. 0.53 0.36 0.45
N 1060 1118 2178

2.3 Functional neuroimaging assessment

Neuroimaging assessment was conducted in the IMAGEN adolescents at age 14. This thesis
uses data from two functional magnetic resonance imaging (fMRI) tasks, namely the modified

monetary incentive delay (MID) task and the face task for analyses.

2.3.1 Functional magnetic resonance imaging

Non-invasive approaches such as functional magnetic resonance imaging (fMRI) are frequently
used by neuroscientists to investigate task-dependent activations in human brain. The blood
oxygen level-dependent (BOLD) response, which measures the proportion of oxygen-rich and
oxygen-poor blood at a certain time point, is commonly used to infer brain activations in the
fMRI. When strong magnetic field is applied to the brain, hydrogen atoms from the water spin
and align to the magnetic field. The differential magnetic property in the oxygen-rich and

oxygen-poor blood allows BOLD response to be calculated.
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Blood flow to neurons in specific brain region increases during activation. The oxygen-rich
blood displaces oxygen-poor blood around two seconds following the activation of the brain
region; with a peak in blood flow that appears 4-6 seconds thereafter. Due to the strong
correlation between synaptic activity and BOLD response, the BOLD response can provide a
good estimation of neurobiological functions in the brain (Logothetis et al., 2001). Therefore,

fMRI has been used to measure task-dependent brain activations in the IMAGEN adolescents.

2.3.2  Image acquisition

The structural and functional magnetic resonance (MR) imaging of the fMRI tasks was
performed on 3 Tesla MRI scanners (Siemens, Philips, General Electric & Bruker). High-
resolution T1-weighted anatomical images were acquired using the 3D Magnetisation Prepared
Rapid Acquisition Gradient Echo (MPRAGE) sequence (Repetition time (TR) = 2300 msec;
Echo time (TE) = 2.8 msec; flip angle = 9°; resolution: 1 x 1 x 1 mm®). The functional T2*-
weighted images were acquired using the Gradient-Echo Echo-Planar-Imaging (GE-EPI)
sequences (field of view: 22 cm; voxel size: 3.3 x 3.3 mm?; slice thickness of 2.4 mm; TE = 30

msec and TR = 2200 msec; flip angle: 75°).

2.3.3 Functional MR image preprocessing, quality control and probabilistic mapping

The acquired EPI images were corrected for motion, realigned and resliced to the first volume.
For each participant, the EPI images were coregistered with the T1-weighted anatomical
images, rendered and spatially smoothed using a 5mm full-width half maximum Gaussian
isotropic kernel. By selecting the haemodynamic response function as the basic function,
contrast images of each participant were generated and transformed into a customed template
space. Images with distorted magnetic field and structural abnormalities were excluded from
any analyses. Estimated movement parameters were added to the design matrix in the form of
18 additional columns (3 translations, 3 rotations, 3 quadratic and 3 cubic translations, and each
3 translations with a shift of 1 TR). All images were preprocessed and analysed using the
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Statistical Parametric Mapping (SPM8, Wellcome Trust Centre for Neuroimaging, U.K.) at the

NeuroSpin, France.

2.3.4 Exclusion criteria for the fMRI analyses

In addition to the exclusion criteria presented in Section 2.1.4, neuroimaging data of
participants were excluded after the preprocessing if they met any of the following criteria: a)
Reported that they had problems reading the instructions during the functional MRI task
investigated or reported falling asleep during the functional MRI assessment; b) Moved more
than 3 mm or 3 degrees in any direction during scanning; c) Showed anatomical abnormalities;
and d) Showed outlying activation values across voxels in a particular fMRI contrasts under

investigation

2.3.5 The Modified Monetary Incentive Delay (MID) fMRI task

2.35.1 Task feature

The MID fMRI task measured the blood oxygen level dependent (BOLD) response during
reward processing. The task began with a cue that appeared on either the left or right side of the
screen for 250 milliseconds (msec). The cue indicated the amount of gain (large win, small win
or no win) that the participants could receive on completion of the trial. Participants were
required to hit the target that appeared at the same location as the cue after an anticipation phase
of 4000 msec. Then a feedback message appeared on the screen for 1450ms to inform the
participants whether they had successfully completed the trial and the amount of gain they had
received. Using a tracking algorithm, task difficulty (i.e. target duration varied between 250 and
400 msec) was individually adjusted such that each participant successfully responded on about
66% of trials. The MID task consisted of 144 trials. Both the trials and the position of which the
cues displayed were randomised. In total 300 volumes of scanned images were acquired in each

participant throughout the MID task.
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Figure 2-2 The modified monetary incentive delay (MID) task. Participants were asked to hit
the target on the screen after one of the three cues was shown. The cues indicated the amount of
gain (Triangle (top): no win, Circle with three lines (middle): large win, Circle with one line
(bottom): small win) that the participants could receive on completion of the trial. A feedback
message was then displayed to indicate the total amount of reward and the amount of reward the

participants received after the trial.

2.3.5.2 Ventral striatum BOLD responses during reward anticipation

Reward anticipation ‘Large win — No win’ contrast

The ‘Large win — No win’ contrast was created to represent the net brain activation during the
large win reward anticipation phase. The brain activation of this contrast was calculated by
subtracting the BOLD responses measured in the no win trials from the BOLD responses
measured in the large win trials. Only the trials that the individuals hit the targets were included
to create the contrast. The brain activation data of 1469 individuals was available at the reward

anticipation ‘Large win — No win’ contrast.
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Ventral striatum BOLD responses

The selection of region-of-interest (ROI) was based on Knutson et al's (2005) study on
examining neural activations in a monetary incentive delay task in young adults (Knutson et al.,
2005). The results showed activations in the bilateral NAc during the anticipation phase were
proportional to the amount of gain that the subject could receive after they successfully
completed the task. Due to the small volume of NAc and its proximity to the ventral part of the
striatum, it would be reasonable to extract BOLD responses within the bilateral ventral striatum
(VS) to study reward anticipation. The ROIs for the VS was defined by O’Doherty et al. (2004)
at Montreal Neurological Institute (MNI) coordinates X, y, z = £ 15, 9, -9 with a sphere radius of
9 mm (O'Doherty et al., 2004). The average BOLD responses across all voxels within the VS

were extracted using the Marsbar toolbox (http://marsbar.sourceforge.net). Additional quality

control was performed on the VS BOLD response data to remove outliers (data outside + 3

S.D.) in the SPSS (Version 20, IBM).

2.3.6 Face task

2.3.6.1 Task feature

The face task involved passive viewing of black-and-white video clips showing angry and
emotionally neutral motion faces as well as the non-biological motion control stimuli (Grosbras
and Paus, 2006). The non-biological control stimuli were adapted from Beauchamp et al's
(2003) study, consisting of concentric circles of various contrasts, expanding and contracting at
various speeds that were roughly matched with the size and motion characteristics of the face
stimuli (Beauchamp et al., 2003). All video clips were 2-5 seconds long and they were arranged
into 19 blocks (18 seconds each). Each block consisted of 7-8 video clips. Five blocks of each
biological-motion condition (angry and emotionally neutral faces), and nine blocks of the
control condition (circles) were intermixed and presented to the participants through goggles

(Nordic Neurolabs, Bergen, Norway) inside the scanner. Participants were instructed to watch
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the video clips carefully prior to scanning. In total 444 volumes of scanned images per

participant were acquired throughout the face task.

Neutral Face Angry Face Control

Figure 2-3 Face task motion stimuli. Control stimuli, faces with angry and neutral emotions

were organised into 2-5 seconds video clips in the face task.

2.3.6.2 Amygdala BOLD responses in ‘Angry face — Control’ contrast

Amygdala is one of the most activated limbic regions during emotional processing and response
to stressful situations (Phan et al., 2002, Whalen et al., 1998). Emotional processing has been
frequently measured by the face task, in which the presentation of fearful or angry faces has
been found to increase the amygdala activations (Whalen et al., 1998). To investigate
individual’s brain activation during emotional processing, the contrast map of ‘Angry faces
versus control stimuli’ was selected for analyses in this thesis. The brain activation data of 1635

adolescents was available in the ‘Angry face — Control’ contrast.

The ROIs for the left and right amygdala were defined by the human Automated Anatomical
Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) and extracted according to the ‘angry
faces  versus  control”  contrast  activations using the  Marsbar  toolbox

(http://marsbar.sourceforge.net). The volumes of the resulting amygdala ROl were 1760 mm®
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(left amygdala) and 1984 mm? (right amygdala). The average BOLD responses across all voxels
within the amygdala ROIs were extracted using the Marsbar toolbox. Additional quality control
was performed on the amygdala BOLD responses data to remove outliers (data outside = 3

S.D.) on the SPSS (Version 20, IBM).

2.4 Genetic data

2.4.1 Biological sample

Ten ml of whole blood was collected in the BD Vacutainer ethylenediaminetetraacetic acid
(EDTA) tubes (Becton, Dickinson and Company) from the IMAGEN adolescents at age 14 for
deoxyribonucleic acid (DNA) extraction. The whole blood DNA samples were extracted using
the Gentra Puregene Blood Kit (QIAGEN) and genotyped at the Centre National de
Génotypage, France. For each individual, 200 ng whole blood DNA was hybridised to the

BeadChips for genotyping.

2.4.2 Whole-genome genotyping microarray

2.4.2.1 Background

The SNP coverage of whole-genome genotyping microarrays relies on the linkage
disequilibrium (LD) structure in human genome. SNPs in that are in high LD (i.e. highly
correlated) share similar allele frequencies and they are likely to transmit together through
generations. Hence, the SNPs on the genotyping microarrays are designed to ‘tag” SNPs that are
within the same loci. The tagging nature of SNPs allows researchers to interrogate SNP loci that
are associated with phenotypes of disorders and to compensate the reduction in statistical power
due to multiple testing and sample size. Using the genetic database of the HapMap project as

reference, over 620000 tag SNPs are designed and typed in both Illumina© BeadChips.

Whole-genome genotyping was conducted in three waves. In the first wave, N = 705

individuals were genotyped using the lllumina© Human610Quad BeadChips (lllumina Inc., San
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Diego), of which the genetic information on the X chromosome was available. The second and
the third waves consisted of N = 993 and N = 393 individuals respectively. Individuals from the
second and the third waves were genotyped on the lllumina© Human660w-Quad BeadChips
(lllumina Inc., San Diego), of which the genetic information on copy number variations but not

the X chromosome was available.

2.4.2.2 Mechanisms for detecting genotypes by probes

The whole-genome genotyping on the Illumina© BeadChips is a multiplexed, single-base
primer extension process. The 3’ end of single-stranded extension primers (50bp) are designed
to anneal adjacent to the SNP site, allowing the incorporation of biotin- or dinitrophenyl-
labelled nucleotide at the SNP site. The cytosine and guanine nucleotides are biotin-labelled
(generates green signal) and the adenine and thymine are dinitrophenyl-labelled (generates red
signal). Then signal intensity of the probes is transformed and normalised in the GenomeStudio
software (Illumina Inc., San Diego). Comparing the signal-to-noise intensity of probes will
allow researchers to calculate the SNP statistics (e.g. call rate and accuracy) and determine the

genotypes of SNPs in each individual.

2.4.2.3 Quality control of the genetic data

Quiality control for individuals

The quality control of genetic data was performed by Dr. Anbarasu Lourdusamy and Dr. Tianye
Jia at the Institute of Psychiatry, London. They first removed individuals containing ambiguous
sex information and excessive missing genotypes (defined by failure rate of over 2%). Then the
population stratification were identified using the Structure software (Pritchard et al., 2000).
The genome-wide identity-by-descent similarity were used to estimate the relatedness of
individuals (Purcell et al., 2007). Closely related individuals were defined as having an outlying
heterozygosity larger than 3 standard deviations from the sample mean and with identity-by-

descent >0.1875 were removed.
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Quiality control for SNPs

Next the quality control was performed at the SNP level. SNPs with call rates <95% and minor
allele frequency (MAF) <1% were removed. SNPs deviated from the Hardy-Weinberg
Equilibrium (p-value < 1 x 10°) were removed from subsequent analyses. Four HapMap
populations were used as reference groups to remove individuals with divergent ancestry. The
resulting genome-wide genetic data contained 506932 SNPs with an overall genotyping rate

>0.99 from N = 1982 adolescents.

2.4.3 SNP imputation

Since only a subset of SNPs is been genotyped in the Illumina© BeadChips, SNP imputation
can be performed to maximise SNP coverage and to identify any hidden associations with
disorders and traits. Reference populations that contain genetic information at high resolution
are required for imputation. Based on the assumption that the reference population shares the
same LD structure as the IMAGEN population, the SNP information from the reference

population can be used to impute alleles of the untyped SNPs.

Imputation of the IMAGEN genetic data was performed by the IMAGEN biostatisticians led by
Dr. Vincent Frouin at the NeuroSpin, France. The genetic database of the 1000 Genomes
Project was used as the reference population for SNP imputation. Using the next-generation
sequencing technique, the 1000 Genomes Project provides high resolution genetic information
of over 14 million SNPs with MAF above 1% in 1000 unrelated individuals across seven
populations (Genomes Project et al., 2010). The genotypes of the imputed SNPs are displayed
in major allele dosage ranging from 0 to 2, indicating the predicted number of copies of major

alleles in the SNPs.
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2.5 Whole-genome gene expression data

2.5.1 Biological sample and processing

Ten ml of whole blood was collected in the BD Vacutainer PAXgene tubes (Becton, Dickinson
and Company) from N = 683 IMAGEN adolescents at age 14 for total ribonucleic acid (RNA)
extraction. Total RNA was extracted using the PAXgene Blood RNA Kit (QIAGEN) at the

BIOGEM Laboratory, University of California San Diego (UCSD).

2.5.2 Mechanisms and Procedures
25.2.1 Preparation of complementary ribonucleic acid (cRNA) library and
hybridisation

Whole-genome gene expression of the IMAGEN adolescents was examined using the
lllumina®© HumanHT-12 v4 Expression BeadChips (lllumina Inc., San Diego). In order to
prepare cRNA for hybridisation, about 50 - 100ng total RNA from each individual underwent in
vitro transcription amplification using the Illumina© TotalPrep™ RNA Amplification kit
(Ambion, Austin). In vitro transcription amplification is a multiple-step procedure that
incorporates biotin-labelled nucleotides to the cRNA. The cRNA concentration was quantified
using the Qubit® 2.0 Fluorometer (Invitrogen). To ensure the quality of the labelled cRNA,
fragment size distributions of the labelled-cRNA was determined using the Eukaryotic mMRNA

Assay with smear analysis on the Bioanalyzer system (Agilent Technologies, Santa Clara).

For each individual, about 750 ng cRNA was hybridised on the Illumina© HumanHT-12 v4
Expression BeadChip (Illumina Inc., San Diego). The Illumina© Expression BeadChip contains
47231 probes to interrogate transcripts and known splice variants across the human
transcriptome that are documented in the National Center for Biotechnology Information

Reference Sequence Release 38 (NCBI RefSeq, November 2009) and the UniGene.
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Each probe consists of a 50bp gene-specific sequence and a 29bp 'address' sequence that are
immobilised on the streptavidin-coated beads on the BeadChips for hybridisation. Followed by
washing, blocking and streptavadin-Cy3 staining, the intensity of the fluorescence signal
emitted by Cy3 can be quantified as gene expression level. Both the labelling and hybridisation

were carried out in the BIOGEM Laboratory, UCSD.

2.5.2.2 Quality control

The quality control of the whole-genome gene expression data was performed according to the
mloess method developed by Dr. Roman Sasik from the BIOGEM Laboratory, UCSD (Sasik et
al., 2002). Any batch effects arise from the RNA extraction and cRNA labelling were corrected
during the quality control procedure. Prior to any statistical analyses, the sequences of probes
were blast on the UCSC genome browser to ensure binding specificity (i.e. does not contain any
putative SNPs in the probe sequence and displays 100% binding to the gene of interest). The

gene expression value was log, transformed and outliers beyond £3 S.D. were also removed.
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Chapter 3

Negative life events and reward sensitivity as risk
factors for substance use

3.1 Introduction

Alcohol and tobacco are the most common forms of substance use in European populations
(Kendler et al., 2012). The consumption of these substances in early adolescence can increase
risks of developing addictions and other neuropsychiatric disorders in late adolescence and early
adulthood (Kessler et al., 2005, Chambers et al., 2003). This chapter explores the extent to
which life stress and reward sensitivity are related to alcohol and tobacco use in the IMAGEN

adolescents.

3.1.1 Stress-induced substance use

Adolescence is a developmental period during which individuals experience numerous
behavioural and physiological changes (Spear, 2000). Overcoming unexpected changes can be
stressful, particularly in the case when adolescents fail to cope with these events. The impact of
stressful life events during childhood and adolescence on substance use has been investigated.
Studies have demonstrated that adverse childhood events such as a violent family environment,
parental separation or divorce, are strongly associated with alcohol and tobacco use in
adolescents and adults (Dube et al., 2006, Anda et al., 1999). The number of adverse childhood
events was found to be proportional to the self-rated severity of alcohol dependence (Pilowsky
et al., 2009). The authors found that individuals who had experienced two adverse childhood
events were twice as likely to consider themselves as alcoholics compared to individuals who

reported only one event (Pilowsky et al., 2009). Increased frequencies of alcohol and tobacco
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use were also observed in adolescents who reported more negative life events (Blomeyer et al.,
2008, Booker et al., 2008). Results from the Dunedin Longitudinal Study showed that the
perceived level of stress due to life events was significantly associated with alcohol and drug
use and dependence in 18 - 32 years old adults (Meier et al., 2013). Together these studies
suggest that life stress plays an important role in both the development and maintenance of

substance use behaviours throughout life.

3.1.2 Reward sensitivity and substance use

The tendency to experiment and develop repeated use of substance in adolescents can also be
driven by their sensitivity to reward stimuli (Koob, 1992, Spear, 2000). Individuals' sensitivity
to reward has been explored using functional neuroimaging tasks that model different phases of
reward processing. One of the most widely used paradigms is the Monetary Incentive Delay
(MID) task (Knutson et al., 2005, Knutson and Peterson, 2005). The MID task showed that the
BOLD responses of the ventral striatum (VS) and medial prefrontal cortex (mPFC) were
proportional to the amount of reward that the participants were exposed during the task
(Knutson et al., 2005). In the IMAGEN study, brain activations during reward processing in
adolescents were measured by the MID task (See Chapter 2 Section 2.3.5 for details). The
IMAGEN adolescents displayed widespread activations including the striatum, frontal cortex,
parietal and occipital lobes in the reward anticipation (‘Large win - No win’) contrast, with the
peak of activation located at the VS (Nees et al., 2012, Nees et al., 2013, Stacey et al., 2012,
Peters et al., 2011). Consistent with the previous literature, research from the IMAGEN study

has confirmed the involvement of the VS activations during reward anticipation in adolescents.

Two hypotheses on reward processing during adolescence have been emerged from the
literature and both hypotheses put emphasis on the activations of the VS. The reward deficiency
hypothesis proposes that the reduced VS activation during reward processing will result in the
hypoactivation of the reward system, thereby increasing risk-taking behaviour and promoting
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substance use in adolescents (Blum et al., 1996); whereas the opposite hypothesis suggests that
hyperactivation of the VS and reward system in adolescents will increase risk-taking and
reward-seeking behaviour (Galvan et al., 2006, Galvan, 2010). Both hyper- and hypoactivations
of the VS during reward processing have been observed in adolescents and among the patients

with alcohol dependence (Beck et al., 2009, Peters et al., 2011, Bjork et al., 2008b).

3.1.3  Stress and reward processing

Evidence has demonstrated the influence of stress on sensitivity to reward in animals. Stress
reactivity is regulated by the HPA axis and the extrahypothalamic brain stress system (Wust,
2004, Herman et al., 2003). Animal research has suggested that stress may alter the activations
of the reward system at molecular level, as the infusion of corticosterone was found to
upregulate extracellular DA level in rat NAc during the dark phase (Piazza et al., 1996). Stress
introduced by maternal separation was found to increase fearful responses and reduce
exploration in rhesus monkeys; such observation was accompanied by the elevations of alcohol
consumption and cortisol level (Higley et al., 1991). Similar response had been observed in
rodents, in which maternal separation altered place conditioning preference to opioids in rats,
suggesting that postnatal life stress can affect the rewarding value of psychoactive drugs
(Michaels and Holtzman, 2008). The potential influence of stress on reward sensitivity may also

predispose as risk factor for substance use in humans.

3.14 Aims and hypotheses

This chapter aims to assess the relationship between known risk factors and substance use
behaviour in IMAGEN adolescents at age 14 and age 16. Based on previous literature, it is
hypothesised that self-report life stress measured by negative life events, and the ventral striatal
BOLD responses measured during the anticipation of a reward, will significantly associate with
increased alcohol and tobacco use in adolescents. Whether life stress can alter the VS
activations during reward anticipation will be investigated.
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3.2 Methods

3.2.1 Participants and phenotypes
At age 14, N = 2025 adolescents completed both the European School Survey Project on
Alcohol and Other Drugs questionnaire (ESPAD) (Hibell et al., 1997) and the Life Events

Questionnaire (LEQ) (Newcomb et al., 1981) (See

Table 3-1). N = 2030 adolescents completed the MID task at age 14, after applying the quality
control procedures, data from N = 1403 adolescents was used for analyses in this chapter (N =
668 Males, N = 735 Females, N = 1228 right-handed, N = 175 left-handed or ambidextrous). In
the follow-up assessment of the IMAGEN adolescents at age 16, N = 1169 adolescents

completed both the ESPAD and the LEQ (See

Table 3-2).

Alcohol and tobacco use phenotypes in the ESPAD

Information for substance use was measured using the ESPAD questionnaire in adolescents at
age 14 and age 16 (Hibell et al., 1997) (See Chapter 2 Section 2.2.4 for details). Adolescents
were classified as either ‘drinkers’ or ‘non-drinkers’, based on the self-report alcohol intake in
the past 12 months. Individuals responded on a 7-point scale indicating the number of alcohol
drinking occasions in the past 12 months. Adolescents who reported more than two drinking
occasions were classified as 'drinkers' and adolescents who reported two drinking occasions or
less were classified as 'non-drinkers'. Information on lifetime tobacco use was used to classify
adolescents into ‘smoker’ or ‘non-smoker’. Adolescents who had smoked tobacco more than
two occasions were classified as 'smoker' and those who smoked tobacco twice or less were

classified as 'non-smoker' (See
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Table 3-1 and

Table 3-2).

Table 3-1 Alcohol and tobacco use in adolescents at age 14.

Total: N (%) Males Females
Lifetime tobacco use at age 14
Non-Smokers 1696 (83.8) 848 848
Smokers 329 (16.2) 160 169
Alcohol use in the past 12 months at age 14
Non-Drinkers 1306 (64.5) 626 680
Drinkers 719 (35.5) 330 389

Table 3-2 Alcohol and tobacco use in adolescents at age 16.

Total: N (%) Males Females
Lifetime tobacco use at age 16
Non-Smokers 731 (62.5) 351 380
Smokers 438 (37.5) 191 247

Alcohol use in the past 12 months at age 16

Non-Drinkers 245 (21.0) 107 138
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Drinkers 924 (79.0) 435 489

Negative life events

Life stress was measured using 20 items from the Life Events Questionnaire (LEQ) (Newcomb
et al., 1981) (See Chapter 2 Section 2.2.3 for details). These items capture life events that
might have occurred in the school, family, peers as well as physiological changes and illnesses.
Individuals were asked to report whether the life events had occurred and to rate how these
events made them feel using a five point scale indicating 'very happy', 'happy’, 'neutral’,
‘unhappy' and 'very unhappy'. Lifetime frequency and ratings towards negative life events were

used to characterise life stress experienced by the adolescents at age 14 and age 16.

VS BOLD responses

Functional MRI data were acquired from eight IMAGEN assessment centres, using 3T MRI
scanners of different manufacturers described in Chapter 2 Section 2.3.2. The VS activations
from the reward anticipation (‘Large win — No win’) contrast of the MID task were selected to
indicate reward sensitivity in adolescents (See Chapter 2 Section 2.3.5). The VS ROI was
extracted based on the coordinates that were previously reported by O’Doherty et al., (2004)
using peak coordinates of £ 15, 9 -9 and a sphere radius of 9 mm (O'Doherty et al., 2004). The
VS BOLD responses from the reward anticipation (‘Large win — No win’) contrast were

extracted using the Marsbar toolbox (http://marsbar.sourceforge.net). The data was exported for

statistical analyses in the SPSS (version 20, IBM).
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3.2.2 Statistical analyses
Logistic regressions were performed to investigate whether negative life events and VS BOLD

responses could predict alcohol and tobacco use in adolescents. The regression models were in

the form

Alcohol use (Drinkers versus Non-drinkers)

OR = b+ by* P+ by,*Gender + bs* Sites + ¢,

Tobacco use (Smokers versus Non-smokers)

Where P referred to the predictors a) frequency or b) ratings towards negative life events
measured at age 14 and 16; c) left and d) right VS BOLD responses). All associations
controlled for gender and recruitment sites. For the analyses using VS BOLD responses,

handedness information was also included as a covariate.

Linear regressions were performed to investigate whether negative life events could predict VS

activations in 14-year-old adolescents. The regression models were in the form
VS BOLD responses = by + by* P+ b,*Gender + bs* Sites + b4*Handedness + ¢,

(Left or Right)

Where P referred to the frequency or the ratings towards negative life events measured at age
14. The associations were controlled for gender, handedness and recruitment sites. All analyses

were performed using the SPSS (version 20, IBM).
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3.3 Results

3.3.1 Negative life events promotes substance use

Logistic regression models were applied to investigate whether the frequency and ratings of
negative life events could predict substance use in the IMAGEN adolescents. At age 14, both
adolescent drinkers and smokers experienced more negative life events compared to the non-
drinkers and the non-smokers (Alcohol use: Nagelkerke R? = .044; Tobacco use: Nagelkerke R?

=.093, see Figure 3-1la and b,

Table 3-3). Adolescent drinkers and smokers also gave lower ratings to negative life events (i.e.
perceived greater unhappiness) compared to the non-drinkers and non-smokers (Alcohol use:

Nagelkerke R? = .017; Tobacco use: Nagelkerke R? = .022, see Figure 3-1cand d,

Table 3-3).

Similarly, adolescent drinkers and smokers reported significantly more negative life events
compared to the non-drinkers and non-smokers at age 16 (Alcohol use: Nagelkerke R? = .052;
Tobacco use: Nagelkerke R? = .114, see Figure 3-2 a and b; Table 3-4). Adolescent drinkers
and smokers also gave lower ratings to negative life events compared to non-drinkers and non-
smokers at age 16 (Alcohol use: Nagelkerke R® = .027; Tobacco use: Nagelkerke R* = .047, see
Figure 3-2 ¢ and d; Table 3-4). In addition, there was a significant gender main effect on
alcohol use, as female drinkers rated greater unhappiness in the negative life events compared to
the male drinkers (Female drinkers: Nagelkerke R? = .028, Male drinkers: Nagelkerke R? = .026,

see Table 3-4).
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Figure 3-1 Negative life events and substance use in 14-year-old adolescents. Both 14-year-old adolescent drinkers and smokers experienced more negative

events and gave lower ratings to the events (i.e. perceived greater unhappiness in the events, Mean = S.D., * refers to p < .05, # refers to p <.0001).
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Figure 3-2 Negative life events and substance use in adolescents at age 16. Both 16-year-old adolescent drinkers and smokers experienced more negative events

and gave lower ratings to the events (i.e. perceived greater unhappiness in the events, Mean + S.D., # refers to p < .0001).
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Table 3-3 Negative life events and substance use in adolescents at age 14

Negative life events

Ratings (Feeling) Frequency
B 95% C.I. p Nagelkerke R? p 95% C.I. p Nagelkerke R?
Lifetime tobacco use -.058 [.088--028]  1.66x10” 022 232 [185-.279] 1.42x107% .093
Past 12 months alcohol use -.055 [-.079 - -.032] 4.79x10° 017 144 [109-.179] 1.44x10" .044
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Table 3-4 Negative life events and substance use in adolescents at age 16

Negative life events

Ratings (Feeling) Frequency
B 95% C.I. p Nagelkerke R? p 95% C.1. p Nagelkerke R?
Lifetime tobacco use -.089 [-.122 - -.056] 1.21 x 107 047 228 [.180-.277] 5.42x 107 114
Past 12 months alcohol use
All -.092 [-.135 - -.048] 3.80x10° 027 188 [126-.249] 2.04x10° 052
Male -.098 [-.175 - -.022] 012 026
Female -.086 [-.140 - -.032] .002 028
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3.3.2 VS activations and substance use

Logistic regressions were applied to investigate whether reward sensitivity, indicated by the VS
BOLD responses during reward anticipation, could be a predictor for alcohol and tobacco use in
14-year-old adolescents. The analysis showed that adolescent drinkers displayed significantly
greater BOLD response in the bilateral VS during reward anticipation compared to the non-
drinkers (Left VS: g = .286, C.I. = [.013 - .559], p = .040, Nagelkerke R? = .052; Right VS: =

284, C.1. = [.015 - .554], p = .039, Nagelkerke R? = .053, see Figure 3-3).

Similarly, adolescent smokers displayed significantly greater BOLD responses in the right VS
compared to the non-smokers (4 = .430, C.I. = [.070 - .790], p = .019, Nagelkerke R? = .066).
However, no significant difference in the left VS BOLD responses was found between the

smokers and the non-smokers (5 =.274, C.I. =[-.089 - .638], p = .139, see Figure 3-4).
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Figure 3-3 VS activations during reward anticipation between the 14-year-old adolescent

drinkers and non-drinkers. (Mean £ S.D., * refers to p < .05).
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Figure 3-4 VS activations during reward anticipation between the 14-year-old smokers

and non-smokers. (Mean + S.D., * refers to p < .05).

3.3.3  Negative life events did not alter the VS activations

Linear regressions were applied to investigate whether the VS activation during reward
anticipation could be influenced by life stress or negative life events in the 14-year-old
adolescents. Neither the number nor the perceived unhappiness of negative life events the
adolescent reported experiencing were associated with the VS activations during reward

anticipation (See Table 3-5).
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Table 3-5 Negative life events and VS activation during reward anticipation

Negative Life events in 14-year old adolescents

Ratings (Feeling) Frequency
B 95% C.I. p B 95% C.1. p
Left VS BOLD responses .002 [-.004 -.007] 528  -.005 [-.012-.003] 216
Right VS BOLD responses .001 [-.004 -.007] .617  -004 [-.012-.003] 270

3.4  Discussion

The use of alcohol and tobacco in adolescents is associated with various risk factors including
(and not limited to) stressful environment and reward sensitivity (Blomeyer et al., 2008, Booker
et al., 2008, Beck et al., 2009, Peters et al., 2011). This study demonstrated that the number of
negative life events an adolescent experienced was strongly associated with alcohol and tobacco
use at both age 14 and age 16. At age 16, but not at age 14, female drinkers gave lower ratings
to negative life events (i.e. perceived greater unhappiness in the events) compared to the male
drinkers. Adolescents who drank or smoked at age 14 also showed greater VS BOLD responses
during the anticipation of a large reward compared to their abstinent peers. The VS responses

were not associated with the number or ratings of negative life events.

3.4.1 Negative life events predict substance use

Both the frequency and the ratings towards negative life events were selected as indicators for
life stress experienced by the IMAGEN adolescents. Whilst the frequency of negative life
events might provide a relatively unbiased way to quantify stress, the ratings towards negative
life events might indicate the level of life stress perceived by the adolescents. Previous research
has demonstrated the positive correlation between the frequency of stressful life events and
substance use (Pilowsky et al., 2009, Blomeyer et al., 2008, Booker et al., 2008). Consistent
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with previous literature, adolescents from the IMAGEN study who experienced more negative

life events or gave lower ratings to the events were more likely to consume alcohol and tobacco.

The impact of negative life events on substance use was found in both male and female
adolescents. However, significant gender main effect was only observed in the 16-year-old
adolescent drinkers. Female drinkers gave lower ratings to the negative life events compared to
the male drinkers, indicating that the negative life events could exert a larger influence on
alcohol use among the female adolescents. Gender differences in negative life events and stress-
related alcohol use and craving were previously observed in adolescents and adults (Newcomb
et al., 1981, Chaplin et al., 2008). Due to the self-report nature of the life events data, there has
been increasing focus on studying the impact of perceived life stress. A recent longitudinal
study showed that the perceived life stress significantly predicted alcohol and cigarette use
among the university students (Tavolacci et al., 2013). The perceived life stress continues to
influence substance use behaviour in the adulthood (Meier et al., 2013); as higher level of
perceived life stress was significantly associated with substance dependence and recovery in
adults (Meier et al., 2013). Results from the current study strengthened the role of perceived life

stress in substance use during adolescence.

Given that the variance explained of negative life events on substance use increased with age,
the data suggested life stress could become increasingly important in regulating substance use
throughout adolescence. Reactivity to life stress and stress-induced substance use can be
regulated by the brain stress system and the HPA axis in different ways. At the neuroendocrine
level, disruptions in diurnal cortisol level were found to associate with elevation of life stress in
adolescents and smokers (Essex et al., 2011, Steptoe and Ussher, 2006). Disruptions of the
stress system can also be found in children of individuals with alcohol and substance addictions,
as they showed blunted cortisol level upon the presentation of psychosocial threat (Evans et al.,
2013). Nevertheless, reduced CRF and c-fos mRNA expressions in the PVN were found in rats
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exposed to ethanol or nicotine (Richardson et al., 2008, Schmitt et al., 2008), suggesting
alteration of the stress system activity among substance users. Genetic polymorphisms in stress
genes, such as CRHR1 rs1876831 and PER1 rs3027172 were found to associate with stress-
induced alcohol intake in adolescents (Blomeyer et al., 2008, Dong et al., 2011). The
vulnerability of substance addictions can be due to the increased interactions between stressful
environment with genes and neurotransmitters throughout life. Such interactions may account
for the increased variance explained of negative life events on substance use in the IMAGEN

adolescents.

3.4.2 Reward sensitivity predicts substance use

In this analysis the increased VS BOLD responses during reward anticipation were found to
associate with alcohol and tobacco use in the adolescents at age 14. Consistent with previous
studies, the analysis confirmed that the VS activations were responsible for the increased
substance use in adolescents (Beck et al., 2009, Peters et al., 2011, Galvan et al., 2006). The
findings supported the hyperactivity hypothesis, indicating that the increased activations in the
VS might lead to hyperactivation of the reward system, subsequently encourage adolescents to
adopt reward-seeking behaviour in the form of substance use (Galvan et al., 2006, Galvan,

2010, Van Leijenhorst et al., 2010).

The right VS showed larger variances explained for alcohol and tobacco use in the IMAGEN
adolescents. Such observation could be partly due to the asymmetric activations in the VS, in
which greater BOLD responses were observed in the right VS in the adolescents. Findings from
the previous studies might also explain the lack of association between the left VS activations
and tobacco use in the IMAGEN adolescents. For example, Beck and colleagues showed
significant differences were only observed in the right VS activations between patients with
alcohol dependence and healthy individuals (Beck et al., 2009). Asymmetric activations were
identified in various brain regions including the bilateral VS, orbitofrontal cortex, insula, frontal
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gyrus and cerebellum among individuals with nicotine dependence and healthy controls during

the presentation of smoking-related cues and craving (Yalachkov et al., 2009, Rose et al., 2007).

3.4.3 Life stress did not alter VS activations

Although negative life events and the VS activation during reward anticipation were associated
with increased substance use in the IMAGEN adolescents, there was no significant association
between these two risk factors. The role of striatum in emotional regulation was previously
demonstrated (Delgado et al., 2008). Despite life stress were shown to alter reward processing
in previous studies (e.g. (Michaels and Holtzman, 2008, Higley et al., 1991, Dalm et al., 2012),
the types of stress and preference to reward stimuli were manipulated in experimental settings;
as opposed to the current analysis of which various forms of negative life events in human
adolescents were captured. In addition, the impact of life stress on reward processing can be
mediated by neurotransmitters and hormones from the reward and stress systems. For example,
psychological stress and glucocorticoids were found to alter the extracellular DA and TH level
(Piazza et al., 1996, Niwa et al., 2013). Nevertheless, the DNA methylation level of TH in
DISC1 knock-out mice could be influenced by social isolation stress (Niwa et al., 2013),
demonstrating the possibility of stress-induced epigenetic modifications in the dopaminergic
system. As negative life events could become increasingly important in predicting substance use
during adolescence, the interactions between the stress and reward systems at the gene and

behavioural levels could become more influential throughout development.

3.4.4 Limitations

lllustrated by a meta-analysis performed on 142 reward-related functional neuroimaging
studies, a number of frontal and limbic brain regions including the anterior cingulate cortex,
medial orbitofrontal cortex, insula and the thalamus were activated during reward anticipation
(Liu et al., 2011). Activations patterns of these additional brain regions may contribute to the
vulnerability for substance use in adolescents. In this study, only the VS activations were
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selected for analyses since they represented the peak activations during the reward anticipation

phase of the MID task.

3.4.5 Conclusions

As demonstrated in this chapter, both negative life events and reward sensitivity were risk
factors leading to the increased alcohol and tobacco use among the IMAGEN adolescents.
Increase gene-environment interaction might explain the increased variance explained for
negative life events on substance use throughout adolescence. Although life stress did not alter
reward sensitivity in the adolescents, interactions between the stress and reward systems were
observed in the literature at both genetic and epigenetic levels. Together with the findings from
previous studies, the analyses presented in this chapter have granted further investigations of the

genetics and epigenetics of substance use in the IMAGEN adolescents.
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Chapter 4

The role of life stress on PER1 DNA methylation,

reward sensitivity and substance use

4.1 Introduction®

4.1.1 Period genes and circadian rhythm

Disruption of the circadian rhythm is a risk factor for substance use and addictions (See Chapter
1 General Introduction). One major component of the circadian system, namely Period genes, is
evolutionarily conserved across species. Perl, Per2 and Per3 are expressed at different times of
the day to sustain the circadian cycle. The mammalian homologue of the Drosophila period
gene was first reported by Sun et al. (1997) and Tei et al. (1997). It was once named as Rigui
and then renamed as Perl when the other two Per homologues, Per2 and Per3 were identified
by Shearman et al. (1997) and Takumi et al. (1998). Comparison of the Per sequences across
species indicated that human and mouse Perl share 92% homology (Tei et al., 1997). The
sequences of Perl, Per2 and Per3 were also found to share 44 - 56% similarity with each other

(Shearman et al., 1997, Takumi et al., 1998).

4.1.2 The role of PER1 in substance use
In human, PER1 is located on chromosome 17 at locus 17p13.1. The promoter region of PER1
spans about £1400bp from the transcriptional start site (TSS) (Motzkus et al., 2000). The role of

PER1 in substance use has been demonstrated in both animal and human studies. The genetic

2 The data of this chapter was presented at The XX™ World Congress of Psychiatric Genetics.
Abstract title: CP Wong et al. (2012). Profiling DNA Methylation in Period 1, Negative Life
Events and Alcohol Intake in Adolescents.
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polymorphism on PER1 rs3027172 (C/T) was found to associate with increased alcohol
consumption in adolescents who experienced high level of psychosocial adversity and among
patients with alcohol dependence (Dong et al., 2011). Increased ethanol consumption was also
observed in Perl mutant mice after the exposure to physiological and psychosocial stressors
(Dong et al., 2011). When investigating the molecular mechanism of rs3027172, it was
discovered that the risk allele of rs3027172 prevent the induction of PER1 mRNA expression
upon the stimulation with cortisol in human cell lines (Dong et al., 2011). Results from the
chromatin immunoprecipitation assay showed that the binding of glucocorticoid receptors to the
proximal and distal GRE sites on Perl promoter could induce Perl mRNA expressions in mice
exposed to restraint stress (Yamamoto et al., 2005). The transcriptional activity of PER1 can
also be regulated by the E-Boxes and Snaill (Yamamoto et al., 2005, Yan et al., 2008, Dong et
al., 2011), suggesting that the gene regulatory elements on PER1 can be crucial in regulating

PER1 mRNA expression and the circadian rhythm during stressful situations.

In addition, PER1 were also found to associate with reward sensitivity and substance use. In
response to an acute cocaine injection, mice with mutant Perl showed reduced behavioural
sensitisation compared to the non-mutant controls (Abarca et al., 2002). Suggested by Abarca
and colleagues, behavioural sensitisation indicated the tendency of cocaine craving and relapse
(Abarca et al., 2002, Robinson and Berridge, 1993). Similarly, disruption of Perl mRNA
expression was found to inhibit the conditional place preference of morphine in mice (Li et al.,

2008), indicating the role of Perl in mediating reward sensitivity and substance use behaviour.

4.1.3 The epigenetics of substance use and circadian rhythm

Both genes and exposure to environmental risk factors can contribute to the development of
substance use and addictions (e.g. (Kendler et al., 1999, Waterland and Jirtle, 2003). One
potential mechanism that mediates the gene-environment interactions is via epigenetic
modifications. The 5'-cytosine methylation (DNA methylation) is one of the most studied forms

of epigenetic modifications, of which the conversion of cytosine to methylated 5’-cytosine is
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catalysed by various DNMTs (Denis et al., 2011, Robertson and Wolffe, 2000). Evidence for
differential DNA methylation in substance use and addictions has been demonstrated in the
literature. For example, variations in DNA methylation of POMC and MAOA were found
among individuals with alcohol and nicotine dependence (Muschler et al., 2010),(Philibert et
al., 2010). Apart from the traditional transcriptional-translational machinery, epigenetic
modifications can be crucial for adjusting the circadian rhythm in response to environmental
input. The major component CLOCK of the circadian system itself is a histone acetyltransferase
(Doi et al., 2006), supporting the importance of epigenetic modifications in executing the

circadian rhythm.

In addition to the impact of DNA methylation on behaviour and diseases, recent evidence has
demonstrated the link between neural activity and DNA methylation in brain. The first
epigenome-wide analysis conducted by Guo and colleagues (2011) revealed changes in the
DNA methylation landscape of adult mouse brain after electroconvulsive stimulation. The in
vivo stimulation of dentate granule neurons in hippocampus introduced demethylation and/ or
de novo methylation in about 1.4% of the assayed CpG sites, of which 31% (N = 945) CpG sites
maintained stable DNA methylation status after 24 hours (Guo et al., 2011). In particular,
demethylation at CpG sites located in Crebbp (CREB binding protein), Gripl (glutamate
receptor interacting protein 1) and Per2 in mice were observed (Guo et al., 2011), suggesting
that the input of external stimuli might have an impact on neurotransmission and the regulation

of circadian rhythm.

414 DNA methylation in PER1

Early investigation of PER1 DNA methylation was conducted in cancer research, with a
particular interest in studying the DNA methylation at the E-boxes due to the presence of CG
dinucleotide at the sequence (5-CACGTG-3"). Evidence suggested that DNA methylation at E-
boxes could elevate PER1 mRNA expression in cervical cancer cell lines (Hsu et al., 2007).

Contrary to Hsu et al.’s (2007) study, hypermethylation of PER1 decreased PER1 mRNA
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expression in the peripheral blood among patients with chronic myeloid leukaemia (Gery et al.,
2007). The mixed findings in the literature can be due to small sample size in studies and the
fact that the DNA methylation pattern can be specific to both tissue and disease (Eckhardt et al.,
2006). Nonetheless, these finding has suggested that methylation in the E-boxes of PER1 can be

crucial for predicting disease status.

4.1.5 Aims and hypotheses

This chapter focuses on identifying the role of epigenetic modifications in PER1 in response to
life stress, and its consequences in reward sensitivity, alcohol and tobacco use in adolescents. It
is hypothesised that DNA methylation in PER1 varies with the level of life stress, which may
predict reward sensitivity, alcohol and tobacco use in the adolescents. The DNA methylation at
rs3027172 and the regulatory elements in PERL, including the GRE site, the first exon and the

E-Box, is also expected to vary across individuals due to life stress.

4.2 Methods

4.2.1 Participants and phenotypes

Participants

Whole blood DNA samples from N = 716 adolescents were used for bisulfite conversion and

DNA methylation analyses in this chapter.

Alcohol and tobacco use phenotypes

In these 716 individuals, N = 636 completed the European School Survey Project on Alcohol
and Other Drugs questionnaire (ESPAD) (Hibell et al., 1997) (See Chapter 2 Section 2.2.4 for
details). Adolescents who had more than two drinking occasions in the past 12 months were
regarded as 'drinkers' and those who had drunk alcohol in less than two occasions were regarded

as ‘non-drinkers’. Adolescents who had smoked tobacco in more than two occasions in lifetime
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were classified as 'smokers' and those who smoked in less than two occasions were classified as

‘non-smokers’ (see Table 4-1).

Table 4-1 Substance use information for DNA methylation analyses in 14-year-old

adolescents.

Total: N (%) Males Females
Past 12 months alcohol use at age 14
Non-Drinkers 390 (61.3) 204 186
Drinkers 246 (38.7) 104 142
Lifetime tobacco use at age 14
Non-Smokers 528(83.0) 251 277
Smokers 108(17.0) 57 51

Negative life events as an indicator of life stress

N = 652 completed the Life Events Questionnaire (LEQ) to assess the level of life stress in
adolescents at age 14. The level of life stress was measured by 20 negative life event items
derived from the Life Events Questionnaire (Newcomb et al., 1981) (See Chapter 2 Section
2.2.3 for details). Individuals were asked to report whether each life events had occurred and
rate the events on a five point scale indicating ‘very happy', ‘happy’, 'neutral’, 'unhappy' and 'very
unhappy'. Both lifetime frequency and ratings towards negative life events were used to

characterise life stress experienced by the adolescents.
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Reward sensitivity measured by the VS BOLD responses

The VS BOLD responses during reward anticipation (‘Large win — No win’) contrast in the
MID task were used to indicate reward sensitivity of the adolescents. The ROIs for the VS were
defined as + 15, 9 -9, with a sphere radius of 9 mm (O'Doherty et al., 2004). The BOLD
responses of the VS ROIs were extracted using the Marsbar toolbox

(http://marsbar.sourceforge.net). The MID task were assessed in the adolescents at age 14, of

which the VS activation data from N = 438 individuals were used for analyses (N = 195 Males,
N = 243 Females, N = 384 right-handed, N = 54 left-handed or ambidextrous, see Chapter 2

Section 2.3.5 for details).

4.2.2 Detection of DNA 5-cytocine methylation in PER1 through sodium bisulfite
treatment and Sequenom MALDI-TOF spectrometry

4.2.2.1 Background of sodium bisulfite treatment

Various methods have been developed to investigate DNA methylation in recent years. Many of
them rely on the conversion of genomic DNA into single-stranded DNA using sodium bisulfite
(See Figure 4-1). During the conversion, sodium bisulfite deaminates cytosine (C) into uracil
(V), whereas 5-methylcytosine (5-MeC) remains non-reactive. The change in base-pair after the
conversion allows quantification of 5-MeC using different techniques, including PCR
amplification, DNA sequencing and microarrays (Laird, 2003). Sodium bisulfite treatment is
efficient and its versatile application makes it become the most commonly used approach for

studying DNA methylation.

NH; MHz OoH o]
Fragmented NF MaHSOs, pH 5.0 NF +HO -NH, N = OH HM
Genomic DINA —= | - . . |
Samples + NaHSO,

N 8] N o) M N
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Cytosine Uracil
Figure 4-1 Mechanism for sodium bisulfite conversion. Cytosine is susceptible to sodium

bisulfite conversion into uracil whereas 5’-methylcytosine remains non-reactive.
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(Picture courtesy of The New England Biolabs http://www.neb.com/nebecomm

[tech_reference/ epigenetics/Bisulfite_Conversion.asp#.UE4n3q7LnEU)

4.2.2.2 Procedure for sodium bisulfite conversion of genomic DNA

250ng whole blood genomic DNA from 716 14-year-old adolescents were undergone bisulfite
conversion using EZ-96 DNA Methylation™ Kit (Zymo Research, Cat. No. D5003). 250ng 0%,
50% and 100% methylated genomic DNA and double distilled water were included as controls
to ensure the quality of bisulfite conversion and subsequent reactions. The 0% and 100%
methylated genomic DNA were purchased from Qiagen (EpiTect unmethylated human control
DNA, 50 ng/pl, cat. no. 59568) and BioLabs (CpG Methylated HeLLa Genomic DNA, 100pg/ml,
cat no.N4007S). The 50% methylated DNA was prepared by mixing equal amount of 0% and
100% methylated DNA. All samples and controls were randomly pipetted in the 96-well

conversion plates provided in the kit.

The samples were incubated with 5ul M-Dilution Buffer (contains NaOH) and double-distilled
water (in a total volume of 50ul) at 37°C for 15 minutes. After the incubation, 100ul CT
Conversion Reagent was added to the denatured DNA and further incubated for 16 hours at
50°C and then for 10 minutes at 4°C. The CT Conversion Reagent contains sodium bisulfite and
it is light sensitive, therefore the plates should be prepared with minimal exposure to light. The
CT Conversion Reagent was supplied in powder form in the kit and it was prepared by adding
7.5ml double distilled water and 2.1ml M-Dilution Buffer, followed by frequent vortexing for
10 minutes at room temperature. The CT conversion reagent was prepared in the dark to reduce
the exposure to light. It was used immediately following the preparation to enhance the

efficiency of conversion.
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The samples were transferred to the 96-well Silicon-A™ Binding Plate and mixed with 400pl
M-Binding Buffer to allow binding of DNA to the spin columns on the plate. The plates were
then centrifuged at 2000 rpm for 5 minutes. After adding 500ul M-Wash Buffer, the plates were

centrifuged at 2000 rpm for 5 minutes.

The samples were desulfonated on the column by incubating with 200ul M-Desulphonation
Buffer for 18 minutes at room temperature. The samples were centrifuged at 2000 rpm for 5
minutes. Then the samples were washed twice in 500ul M-Wash Buffer and centrifuged at
2000rpm for 5 and 10 minutes respectively. The M-Wash Buffer removes any residue buffers
and impurities that may affect sample quality. The samples were then incubated with 25ul M-
Elution Buffer for 5 minutes followed by centrifugation at 2000rpm for 3 minutes to elute the

DNA. This procedure was repeated again to obtain 50ul DNA.

The bisulfite DNA is fragile and therefore it should be handled with great care. The samples
were aliquoted into 5 plates (10pul DNA in each well) to minimise DNA degradation caused by

multiple freeze-thaw cycles. All samples were kept at -80°C as recommended by the protocol.

4.2.3 Amplified regions in PER1

Proximal GRE site amplicon

There are two CpG islands located at the promoter region of PER1 and one of them overlaps
with the first exon of PER1. One amplicon was designed to cover the GRE site locates near the
first exon of PERL. Although this GRE site contains a CG dinucleotide which makes it
susceptible to DNA methylation, no evidence on epigenetic modifications at GRE sites has been

reported in the literature.
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First exon amplicon

SNP rs3027172 located at the first exon of PER1 was shown to influence alcohol intake in
adolescents when exposed to stressful environment (Dong et al., 2011). Since the presence of
minor allele (C) of rs3027172 will form an additional CpG site with the neighbouring guanine,
it is possible that DNA methylation at this CpG will have additional impact on stress-induced
alcohol drinking behaviour in adolescents. This amplicon was designed to investigate the DNA
methylation pattern in PERL1 first exon and the possible interaction between DNA methylation

and rs3027172 on alcohol intake.

Upstream amplicon

The ‘upstream’ amplicon was designed to cover the region that was previously studied by Hsu
et al. (2007) and Gery et al. (2007), in which the mix findings for DNA methylation status and
mMRNA expression in PER1 were reported. This amplicon covers one of the E-Box on the PER1

promoter.

Primer Design

The genomic DNA sequences of the target regions, with 300bp added to both ends of the

sequences were extracted from the UCSC genome browser http://genome.ucsc.edu/ (Human

genome version 19, University of California, Santa Cruz). SNPs appeared in the extracted
sequences were identified using doSNP132 in the UCSC genome browser. The PCR primers

were designed using online software EpiDesigner (http://www.epidesigner.com/start.html,

Sequenom). The ‘Mass Window’ was set to ‘1500 to 9000’ and the ‘Product Size’ was set to

200-500’bp. Only CpGs in T Reaction were analysed in both strand.
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The selection of primer pairs was based on the following criteria:

1. Coverage and number of analysable CpG sites — primers that covered the highest number of
analysable CpG sites were selected.

2. Length and melting temperature (Tm) of primer pairs — The length of primers should be
between 24 - 26nt to ensure specificity. The forward and reverse primers should be of equal
or similar length. The melting temperature for forward and reverse primers should be the
same or differed by less than 1°C.

3. CpG sites and SNPs — Primers should not contain any CpG sites and any known SNPs to
avoid biased amplification and PCR failure.

4. Amplicon size — The amplicon should not exceed 500bp as recommended by Sequenom.
However such criteria should be adjusted according to the quality of the genomic and

bisulfite DNA.

The reverse primers were tagged with a T7-promoter recognised by RNase A. An 8 base pair
insert was attached next to the T7-promoter tag to prevent abortive cycling during the
transcription. A 10mer tag was attached to forward primers in order to balance the primer
length. To further assist assay design, in silico fragmentation analysis of amplicons were
generated using ‘RSeqMeth’ package in R (Version 2.9) (Coolen et al., 2007). The RSegMeth
package predicts the sequence of fragments resulted from T and C cleavage reactions and
whether these fragments are analysable in Sequenom (see Table 4-2 and Figure 4-2 for

information of PER1 amplicons).
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Table 4-2 Details of PER1 amplified regions and primer sequences. All reverse primers were tagged with T7-promoter whereas the forward primers were

10mer-tagged. The sequences for T7-promoter and 10mer tags were labelled in italics. All primers were purchased from Sigma.

PER1 amplicons Location Amplicon size Tm Annealing PCR
Temp °C cycles
Proximal GRE site
-557bp downstream 287bp 60.8 54.0 45
TSS

Forward primer:
aggaagagagGGGAAGGTTGTGGTTAATAGTAGGA
(chrl7: 8055196 -
8055483)

Reverse primer:

cagtaatacgactcactatagggagaaggctAAAATCTACACTCCTAACCCACTCA 59.5
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First exon and rs302717215

-297bp downstream 419bp 60.2 54.0 45
) TSS
Forward primer:
aggaagagagGATGAGTGGGTTAGGAGTGTAGATTT
(chrl17:8055456 -
) 8055875)
Reverse primer:
cagtaatacgactcactatagggagaaggctACAACCCTAACCTTAATAAAAACCA 58.5
Upstream
+1276bp upstream 328bp 60.0 56.0 45
TSS

Forward primer:

aggaagagag TTTAGGGAGAGGAGATTGAGAATTT
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(chrl17:8057029 -

_ 8057357)
Reverse primer:
cagtaatacgactcactatagggagaaggctTCATTATAAAAACACTCCCCTCACT 59.4
Stale 5 knl | hatd
tri? | &, 045, b 5,056, a0 5,855, bad|
Uzer Sugplied Track
Frox inia1_GRE_site ||
First_enin [ ]
Upstrean [ ]
Fefiey Genes
FER1 i1 - H-H-H- - HHHH e

Figure 4-2 Locations of the PER1 target regions on the UCSC genome browser (Hg19). Sequenom matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry (MALDI-TOF MS)
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Sequenom MALDI-TOF MS enables efficient and reproducible quantification of DNA
methylation. This technique relies on successful bisulfite conversion of genomic DNA into
single-stranded DNA. After the bisulfite treatment non-methylated cytosine residues (C) are
converted into uracil, whilst 5-methyl cytosines (5-MeC) remain unchanged. The converted
DNA is selectively-amplified, where the uracils are replaced by thymine (T), or adenine (A) on
the complementary strand. The C/T variations at cytosine residues will appear as G/A variation
after reverse transcription and base-specific cleavage. The G/A variation at CpG sites results in

a mass difference of 16Da which can be detected by the MALDI-TOF MS (See Figure 4-3)

methylated and methylated DNA

—L——————CG—=CG T CG—
—G —G—GG G 30— Bisulfite treatment of genomic DNA
Non-Methylated DNA Aﬂethylated DMNA
—UG—UG—UG—UG—G —CG CG—LCG—CG—CG—
———————————— T o e
—_— — FCR and SAF trearment
=G ] G e[ G e[ G el G GG Gl
—AC —AC—AC—AC —GC—GC—GC—G0
i i In vitro franscription
—AC—AC—AC—AC—— —GC—6GC—GC—=6C
U—AC—AC— #1 U—sCc—6C—
U=AC— 45 U=GC— Uracil-specific cleavage
U—AC—— #3 U—GC——
=
2 MALDITOF M5 analysis produces
;g +16 +32 +16 signal pattern pairs indicating non-

#2 #1 #3 m/z
Figure 4-3 Detection of 5-MeC in the Sequenom MALDI-TOF platform. (Courtesy of the

Sequenom User Manual).

Bisulfite PCR and clean-up

The PCR was initialised by activating the polymerase at 95°C for 5 min. The reaction
temperature was then reduced to allow the annealing of primers to the single-stranded bisulfite

DNA template. The annealing temperature for different primer pairs can be found in Table 4-2.
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The reaction temperature was increased to 72°C in order to optimise the ability of polymerase to
synthesise complementary DNA strand. The annealing and extension steps were repeated 45
times before the final elongation step, such that any remaining single-stranded DNA were
complemented and extended to its full length. The plate was stored at 4°C in the thermocycler

before transferring to the -20°C freezer for storage.

The PCR amplification of bisulfite DNA and controls was performed on 384-well plates
(ABGene Thermo-Fast 384 Plates, Fisher, Cat. no.TF-0384). The PCR cocktail was prepared
according to Table 4-3, with an overhang of 38% to account for possible pipetting loss. The
PCR preparation was performed on ice to reduce DNA degradation and enzyme activity prior
the amplifications. The PCR amplifications of samples were performed in duplicates to reduce
errors. The duplicates were pooled after the PCR (See Table 4-4 for PCR thermocycler

conditions).

Table 4-3 PCR cocktail for bisulfite DNA amplification. All PCR reagents were purchased

from the Sequenom (Cat No. 10132).

Reagent Volume fora  Final concentration  Volume for a 384-well

single reaction  for single reaction  plate (ul , including 38%

(ul) overhang: 530x)
ddH,0 1.42 752.60
10x Sequenom PCR Buffer 0.50 1X 265.00
(containing 20mM MgCl,)
dNTP mix (25mM each) 0.04 200 uM 21.20
Polymerase (5U/ul) 0.04 0.2 unit/ reaction 21.20
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Forward primer (1uM) 1.00 0.2 uM 530.00

Reverse primer (1uM) 1.00 0.2 uM 530.00
Total Volume 4.00 2120.00
Bisulfite DNA 1.00

Table 4-4 Thermocycler condition for the bisulfite PCR.

Temperature Time
95°C 5 min
95°C 20 sec
56°C 30 sec 45 cycles
72°C 1 min
72°C 3 min
4°C 00

The PCR products were incubated with a cocktail containing shrimp alkaline phosphotase
(SAP) to dephosphorylate any unincorporated dNTPs and remove excess primers and salts.
Towards the end of the reaction, the samples were heated at 85°C to inactivate the SAP (See

Table 4-5 and Table 4-6 for the SAP clean-up conditions).
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Table 4-5 Cocktail mix for the SAP clean-up. All reagents were purchased from the

Sequenom (Cat. No. 10129).

Reagent Volume for a Final Volume for a 384-
single reaction concentration for well plate (ul ,
(ul) single reaction including 38%

overhang: 530x)

RNAase free water 3.40 1802.00
Shrimp alkaline 0.6 1 unit/ reaction 318.00
phosphotase (SAP)

(1.7 unit/pl)

Total Volume 4.00 2120.00

Table 4-6 Thermocycler condition for the SAP clean-up.

Temperature Time
37°C 40 min
85°C 5 min
4°C 0

Agarose gel electrophoresis

About 70 samples were selected from each plate to run on 1.5% agarose gel to confirm the
quality of the PCR amplification. Gel electrophoresis separates DNA fragments according to

their molecular weights, therefore allows the detection of non-specific binding and
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contamination arise from the PCR. The addition of ethidium bromide gives fluorescence to the

gel to allow visualisation of the DNA fragments.

The 1.5% agarose gel was prepared by dissolving 1.5g agarose to 100ml 1X Tris/Borate/EDTA
(TBE) buffer. The mix was heated in a microwave oven for about 1.5 minute to fully dissolve
the agarose, 2l ethidium bromide was added to the mix after it was cooled. The gel was then
poured slowly into a gel tank containing combs and was left to set for about 30 minutes. 1ul of
PCR product was run in each lane along with 1ul 5X loading buffer and 3ul double distilled
water. The HyperLadder V (Bioline, Cat. no. BIO-33031) was used to estimate the size of the
PCR products. The ladder produces 12 bands ranging from 25bp to 500bp. The gels were run at

120V for 50 minutes (See Figure 4-4).

a)

S0bp =
Bbp->

Figure 4-4 Agarose gel electrophoresis for PER1 amplicons. Agarose gel electrophoresis was
performed on a) proximal GRE site b) first exon and c¢) upstream amplicons in PER1.
HyperLadder V was used to estimate the size of all amplicons. A single, clear band of PCR
product has been observed in all amplifications; indicated that the T-cleavage reaction and the
subsequent detection of the DNA methylation were unlikely to be affected by non-specific PCR

amplifications.

RNA reverse transcription and base-specific cleavage reaction (T-cleavage reaction)

The PCR product were reverse transcribed into RNA, in which the C/T variation introduced at
the bisulfite treatment appeared as G/A variation on the RNA transcript. After the transcription,

the RNA was cleaved by the enzyme RNase A. RNase A cleaves the RNA transcript at every C
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and U. Using either dCTPs (substitute of rCTPs) or dTTPs (substitute of rTTPs) during the
transcription prevents RNase A from producing fragments that are too small to be analysed.
Incorporating dCTP makes uracils available for cleavage (T/U-Cleavage) and adding dTTP can
prevent the enzyme from cleaving the Ts (i.e. C-Cleavage). T-Cleavage reaction is more

informative when analysing regions that have high CG content (See

Table 4-7 and Table 4-8 for conditions for the T-cleavage reaction).

Table 4-7 Cocktail for T-cleavage reaction. All reagents were purchased from the Sequenom

(Cat No. 10132).

T-Cleavage Volume for a Final concentration Volume for a 384-
Transcription/ single reaction (ul)  for single reaction well plate (ul,
including 38%
RNase A cocktail
overhang: 530x)
RNase free water 3.15 1669.5
5X T7 Polymerase 0.89 0.64x 471.7
Buffer
T Cleavage Mix 0.24 NA 127.2
DTT (100mM) 0.22 3.14mM 116.6
T7 RNA & DNA 0.44 22 units/ reaction 233.2
polymerase
RNase A 0.06 0.09mg/ml 31.8
PCR/SAP mix 2.00
Total Volume 7.00
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Table 4-8 Thermocycler condition for T-cleavage reaction. To ensure the quality of samples,
the reaction plates were removed from thermocycler upon completion and stored at -20°C

overnight

Temperature Time

37°C 3 hours

4°C 0

Resin clean-up and chip spotting

Purified water (20 pl) was added to each sample. Afterwards, the samples were conditioned
with 6mg clean resin (Sequenom, Cat. No. 10117) to remove excess salt that might interfere
with matrix-assisted desorption ionization-time of flight (MALDI-TOF) mass spectrometry.

The plate was rotated for 20 minutes and centrifuged at 3800 rpm for 10 minutes.

The plate was transferred to the Sequenom Nanodispenser for spotting. Before spotting the chip,
the pins on the Nanodispenser were conditioned with 100% 100 proof ethanol for 30 minutes
and washed 10 complete cycles using 50% ethanol prior spotting. The pins were kept in 50%

ethanol to prevent the accumulation of analyte when the Nanodispenser was not in use.

The Sequenom SpectroChip (384 SpectroCHIP; Sequenom Cat No. 10117) was placed on the
Nanodispenser. SpectroChips contain 3-hydroxypicolinic acid (3-HPA) on the surface, which
allows the analyte to crystalise. About 70ul 4-point calibrant (Sequenom, Cat No. 10117) was
added to the calibrant reservoir in the Nanodispenser. The 4-point calibrant contains 4 quality-
controlled oligos with known spectra mass signals (1479.0, 3004.0, 5044.4 and 8486.6Da).

About 12 + 7nl of samples and calibrant were spotted onto the Sequenom SpectroChip.
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Sequenom MALDI-TOF mass spectrometry and the detection of DNA methylation

The Sequenom MALDI-TOF mass spectrometry measures the time-of-flight of the ionised
fragments in vacuum (Sequenom, SpectroTyper RT software). The fragmented RNA transcript
is ionised by laser and become positively charged. The charge gradient built up inside the
vacuum chamber enables ionised fragments to accelerate from the top to the bottom of the
chamber where the detector is located. The time-of-flight of an ionised fragment depends on its
size and mass, therefore small and less methylated fragments travel quicker. Each methylated
CpG site results a shift of 16Da on the mass spectrum. The quality of spectra can be viewed in
the MassARRAY® and under ‘Analyzer’ in EpiTyper® (Sequenom). The DNA methylation
status of a CpG site/unit can be calculated from the mass spectrum by comparing the signal
intensity of methylated and non-methylated templates within each sample. DNA methylation is

reported as a ratio ranging from 0 to 1, corresponding to 0% - 100% methylation.

4.2.4  Quality control for DNA methylation data

Missingness of data

Missing data can be affected by the quality of assays. For example, degradation of the bisulfite
DNA can affect the quality of PCR and T-cleavage products. The DNA methylation data was
initially examined to find out the percentage of missingness. Individuals with missing DNA
methylation information were excluded to achieve > 96% call rates in all PER1 amplicons

(Table 4-9).

101



Table 4-9 Quality control information of PER1 amplicons. Individuals with missing DNA
methylation information for > 2 CpG units (> 3 CpG units for the upstream amplicon) were
excluded. A call rate of over 96% was achieved after removing individuals with missing data

(i.e. more than 2 CpG sites for the promoter amplicons and more than 3 CpG sites the upstream

amplicon).
Number of CpG Exclusion
Amplicon N analysed Call rate criteria
Proximal GRE site 367 13 97% > 2 CpG units
First exon 349 23 98% > 2 CpG units
Upstream 714 6 96% >3 CpG units

Detection of outliers

The outlier selection criteria was determined by the sample size (N = ~360) in each batch. By
setting an arbitrary overall false positive rate at 5% (i.e. less than 5% chance of having at least
one false positive observation), under the assumption of normal distribution of data, the
corresponding significance level for each individual was calculated using the following

equation:

1-PN=0.05.

The probability (P) for having a true observation within the 5% false discovery rate in about

360 individuals would be

1-P*=0.05

P =0.999938.
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The Z-score for P = 0.999938 is 3.49. This indicates that given the number of observations in
each batch, there is less than 5% chance to observe at least one outlier within the range of +/-

3.49SD. Therefore, data points outside +/-3.5SD were removed.

4.25 Statistical analyses

Regressions were conducted to study the associations between the DNA methylation of PERL,
negative life events, VS BOLD responses during reward anticipation and substance use in the
14-year-old adolescents. Gender, experiment batch and recruitment sites were included as

covariates. All statistical analyses were conducted in the SPSS (Version 20, IBM).

The regression model for negative life events is displayed below

Y, CpG = by + by*(Frequency / Rating towards negative life events) + b,*Gender + bs*Batch +

b,*Sites + ¢,

Where CpG represents the DNA methylation at individual CpG unit.

The regression models for alcohol and tobacco use are shown below.

Y, (Alcohol drinking - Drinkers versus
Non-Drinkers)
OR = by + by*CpG + by*Gender + bs*Batch + b,*Sites + €.
Y3 (Tobacco use - Smokers versus

Non-Smokers)
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Individuals' information on handedness was also included as covariate in analyses using VS

BOLD responses. The regression models for the VS BOLD responses are shown below.

Y, (left VS BOLD responses)
OR = by + b;*CpG + b,*Gender + bz*Handedness

Y5 (right VS BOLD responses) +b,* Batch + bs*Sites + €.

4.3 Results

4.3.1 PER1 DNA methylation

After filtering the individuals who did not pass the quality control procedure, the DNA
methylation data was used for subsequent analyses. DNA methylation is reported as a ratio
ranging from 0 to 1, corresponding to 0% - 100% methylation. Figure 4-5 and Figure 4-6
displayed the DNA methylation of the amplified PER1 promoter regions. The CpG units on the
promoter CpG island, which was covered by the proximal GRE and the first exon amplicons,
displayed 0 - 15% methylation. On the other hand, 18 - 95% methylation was observed in the
CpG units in the PER1 upstream amplicon, suggesting the PER1 promoter displayed variations

in DNA methylation.
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Figure 4-5 DNA methylation in PER1 promoter CpG island (Mean + SD). The DNA methylation of 36 CpG units in PER1 promoter CpG island were analysed

by the Sequenom© MALDI-TOF mass spectrometry. CpG units 1 - 15 were covered by the proximal GRE site amplicon (N = 160 in male, N = 197 in female) and

CpG units 16-36 were covered by the first exon amplicon (N = 172 in male, N = 167 in female). CpG units 24 -31 are located within the first exon and rs3027172 is

located at 30bp downstream of TSS (between CpG units 27 and 28). The DNA methylation at CpG units 9, 18 and 33 were not detectable.
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Figure 4-6 DNA methylation in PER1 upstream (Mean + SD). The DNA methylation of 8
CpG units located 1276-1604bp upstream of PER1 TSS was analysed by the Sequenom®©
MALDI-TOF mass spectrometry (N = 330 in male, N = 355 in female). DNA methylation at

CpG units 7 and 8 were not detectable.

DNA methylation at PER1 rs3027172

The presence of the minor allele at PER1 rs3027172 creates an additional CG dinucleotide. In
order to investigate the DNA methylation at PER1 rs3027172, data obtained from the first exon
amplicon was re-analysed by replacing the amplicon sequence with the minor allele of PER1
rs3027172 (i.e. replacing the major allele T to minor allele C). Results from the EpiTyper
showed that the additional CpG dinucleotide created by PER1 rs3027172 was incorporated into
CpG unit 29. The DNA methylation data of CpG unit 29 from 150 individuals were generated.
Since CpG unit 29 was composed of 4 CpG dinucleotides including PER1 rs3027172, the
EpiTyper was unable to identify the DNA methylation status of PER1 rs3027172 alone.

Therefore, the additional DNA methylation data of CpG unit 29 is not presented in this chapter.
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Of the 42 CpG units assayed in the PER1 amplicons, only the six CpG units located at the
upstream amplicon displayed moderate level of DNA methylation. Inter-individual differences
in DNA methylation has also been observed at these CpG units, which might contribute to the
variations in reward sensitivity and substance use behaviour in the adolescents. Therefore, all
subsequent analyses were carried out on these six upstream CpG units. Since the CpG units in
the proximal GRE site and the first exon amplicons were hypomethylated and displayed low
inter-individual variations, the associations among these CpG units with the behavioural

phenotypes were not analysed.

4.3.2 Putative transcription factor binding sites in the PER1 upstream amplicon

In order to examine the functions of the six CpG units in PER1 upstream amplicon, in silico
analysis for putative transcription factor (TF) binding sites was performed. The putative TF
analysis was performed using online software Matlnspector
http://www.genomatix.de/online_help/help_matinspector/matinspector_help.html. The putative
TF binding sites was identified based on the matrix similarity. A matrix similarity of 1 means
the input sequence matches with the most conserved nucleotide at each position of the
consensus matrix (i.e. the sequence of the TF binding site). According to Cartharius et al.

(2005), a good match to the matrix has a matrix similarity of at least 0.80.

Results from the Matlnspector predicted that 96 putative TF binding sites were located within
the PER1 upstream amplicon. However, only the putative binding sites for RNA polymerase 11
transcription factor 11B (consensus sequence 5'-CCGCGCC-3") and E-Box (consensus sequence
5-CACGTG-3") displayed a matrix similarity of 1.00. The putative binding site for the RNA
polymerase Il transcription factor 11B was located 1431-1437bp upstream of the TSS and it
overlapped with CpG unit 5 at the upstream amplicon. The putative binding site for the E-Box

was located 1567 — 1579bp upstream of the TSS and it overlapped with CpG unit 8. In order to
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examine the impact of DNA methylation at the PER1 upstream amplicon, statistical analyses

were carried out in each CpG unit.

4.3.3 DNA methylation in PER1 and negative life events

Regression models were applied to study whether the DNA methylation of PER1 could be
influenced by life stress. Both lifetime occurrence and the ratings towards negative life events
were used as the indicators of life stress in adolescents. The results showed that neither the
frequency nor the ratings towards negative life events were associated with the DNA

methylation in the PER1 upstream CpG units (Table 4-10).

4.3.4 DNA methylation in PER1 and reward sensitivity
Linear regressions were performed to study the relationship between PER1 DNA methylation
and the bilateral VS activations during reward anticipation. The results showed the DNA

methylation in PER1 upstream CpG units did not predict reward sensitivity in the adolescents

Table 4-11).
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Table 4-10 DNA methylation at PER1 upstream CpG units and negative life events. Regression models were applied to study the influence of life stress on the

DNA methylation of PER1 upstream CpG units. The main effects of DNA methylation at CpG units were corrected for gender, experiment batches and recruitment

sites.
Rating towards negative life events Frequency
Beta (95% Confidence Interval)  Wald Chi-Square p Beta (95% Confidence Interval) Wald Chi-Square p

CpG1 -.001 (-.002 - .001) 943 331 .001 (-.001 - .002) 494 482
CpG 2 -.0002 (.0002 - -.001) 929 335 .0001 (-.001 - .001) 239 625
CpG3 -.0002 (-.001 - .001) 135 713 .001 (-.0003 - .002) 2.13 145
CpG 4 -.001 (-.001 - .0003) 1.66 198 .004 (-.001 - .002) 319 572
CpG5 -.001 (-.002 - .001) .882 348 .0002 (-.001 - .001) .078 .780
CpG 6 .0008 (-.0004 - .001) .092 162 -.0002 (-.001 - .001) .306 .580
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Table 4-11 DNA methylation in PER1 upstream CpG units and reward sensitivity. Linear regression models were performed to study the relationship between
DNA methylation in PER1 upstream CpG units and the VS activations during reward anticipation in the MID fMRI task. The main effects of DNA methylation at

CpG units on the VS activations were corrected for gender, handedness, experiment batches and recruitment sites.

Left VS (MNI: -15 9 -9, 9mm) Right VS (MNI: 15 9 -9, 9mm)
Beta (95% Confidence Interval) Wald Chi-Square p Beta (95% Confidence Interval) Wald Chi-Square p
CpG1 .297 (-.393 —.988) 712 399 .331 (-.394 - 1.06) .800 371
CpG 2 717 (-.821 - 2.25) .834 361 1.00 (-.614 — 2.62) 1.48 225
CpG3 440 (-.461 - 1.34) 915 339 128 (-.821 - 1.08) .069 792
CpG 4 .052 (-.797 —.901) .015 .904 .075 (-.817 — .968) .027 .868
CpG5 .207 (-.507 —.920) 322 570 223 (-.527 - .972) .340 .560
CpG 6 1.33 (-.111-2.77) 3.27 .070 1.39 (-.127 — 2.90) 3.22 .073
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4.3.5 DNA methylation in PER1 and substance use

4.3.5.1 Alcohol use

Logistic regressions were performed to study the association between PER1 DNA methylation
and alcohol use in adolescents. Individuals were classified as 'drinkers' or 'non-drinkers' based
on the number of alcohol drinking occasions in the past 12 months. The results showed that the
DNA methylation status at the upstream CpG units was not associated with alcohol use in the

adolescents (Table 4-12).

4.3.5.2 Tobacco use

Logistic regressions were performed to study the association between PER1 DNA methylation
and tobacco use in the adolescents. The individuals were classified as ‘tobacco users' or 'non-
tobacco users' based on their lifetime cigarette smoking occasions. The results showed the DNA
methylation at CpG unit 1 was significantly associated with lifetime tobacco use (p = .032) at
nominal level. Such association was not driven by the effects of gender, experimental batches or
recruitment sites. However, the significance of this association did not survive the correction for
multiple testing. The DNA methylation at CpG units 2, 3, 4, 5 and 6 was not associated with

tobacco use in these individuals (Table 4-12).
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Table 4-12 DNA methylation at PER1 upstream CpG units and substance use. Logistic regression models were performed to study the associations between
DNA methylation in PER1 upstream CpG units and substance use. The main effects of DNA methylation at CpG units on alcohol and tobacco use were corrected for

gender, experiment batches and recruitment sites.

Alcohol Use (Drinkers versus Non-Drinkers) Tobacco use (Smokers versus Non-Smokers)
Beta (95% Confidence Interval)  Wald Chi-Square p Beta (95% Confidence Interval)  Wald Chi-Square p
CpG1 -1.21 (-4.05 - 1.62) 702 402 -3.92 (-7.50 - -.342) 4.61 .032
CpG 2 3.77 (-3.08 — 10.6) 1.16 281 7.81 (-.840 - 16.5) 3.13 077
CpG3 .819 (-3.25 - 4.88) 156 .693 .347 (-4.93 - 5.62) .017 .897
CpG 4 -.245 (-4.01 - 3.52) 016 .898 047 (-4.82 — 4.92) 3.61x 10 985
CpG5 -2.02 (-5.12 -1.01) 1.62 203 -2.57 (-6.57 — 1.44) 1.58 .209
CpG 6 2.78 (-3.43 -9.00) 770 .380 1.91 (-6.13 - 9.95) 216 .642
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4.4 Discussion

Alcohol and tobacco use during adolescence is influenced by alterations of the circadian system
(e.g. (Spanagel, 2009, Heikkinen et al., 2009, Dong et al., 2011). In this chapter, the DNA
methylation landscape of PER1 promoter region (~1kb) was analysed on the Sequenom™
MALDI-TOF mass spectrometry platform. Whilst the CpG units located upstream of the TSS
displayed variations in DNA methylation across individuals, region around the first exon that
overlapped with the CpG island was largely hypomethylated. Statistical analyses indicated no
significant associations between the DNA methylation at PER1 upstream with negative life

events, reward sensitivity and substance use in adolescents.

44.1 DNA methylation at PER1 promoter

4.4.1.1 Hypomethylation at the first exon and the promoter CpG island

As illustrated in this study, the PER1 promoter displayed wide range of DNA methylation. It
might be possible that the hypomethylation observed at the first exon and the promoter CpG
island of PERL1 did not happen by chance but instead, could be of evolutionarily significance. In
mammals, over 60% genes contain at least one CpG islands overlapping with the promoter
region and transcription start site (Antequera, 2003). Despite the abundance of CpGs in the
promoter CpG islands, most of them are hypomethylated (Weber et al., 2007, Suzuki and Bird,
2008). Computational analyses revealed that the DNA methylation status at CpG islands could
be dependent on their locations in the genome (Cocozza et al., 2011). Cocozza et al (2011)
studied the DNA methylation data of over 28,000 CpG islands obtained by the Encyclopedia of
DNA Elements (ENCODE) Consortium and found CpG islands at the promoters displayed the
lowest DNA methylation compared to those located in the 3'-untranslated and intragenic
regions. Hypomethylation at the PER1 promoter CpG islands might be important for regulating
gene functions (Antequera, 2003, Cocozza et al., 2011), possibly by protecting transcriptional

activities from disruptions caused by DNA methylation.
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4.4.1.2 DNA methylation at PER1 upstream amplicon

Of all the CpG units examined, only the six CpG units located at PER1 upstream amplicon
demonstrated inter-individual differences in DNA methylation. The selection of target region
was based on the previous studies, in which inter-individual differences in DNA methylation at
the same region was found to associate with the disease status of cancers as well as the mRNA
expression of PER1 (Hsu et al., 2007, Gery et al., 2007). Differential DNA methylation was
frequently observed in CpG shores in the brain, liver and spleen tissues, in which the CpG
shores were defined as the genomic regions stretch up to 2kb from both sides of the CpG islands
(Irizarry et al., 2009). Consistent with Irizarry et al's (2009) findings, the PER1 upstream
amplicon (about 1kb upstream of the PER1 promoter CpG island) displayed medium to high
DNA methylation, compared to the low DNA methylation observed in the first exon/ promoter

CpG island in the IMAGEN adolescents.

4.4.2 DNA methylation in PERL, life stress, reward sensitivity and substance use

4.4.2.1 Hypomethylation at the PER1 proximal GRE site

The proximal GRE site located outside the first exon was not methylated among the
adolescents. Such observation could be due to various reasons. Firstly, since the GRE site was
found to be highly conserved across species (So et al., 2007, Yamamoto et al., 2005), the
absence of DNA methylation at the PER1 proximal GRE site could be of evolutionarily and
functional significance. Based on the speculative view of which the DNA methylation alters the
binding affinity of transcriptional factor binding sites (Watt and Molloy, 1988), the
unmethylated PER1 proximal GRE site potentially may allow the binding of GR to initiate

stress responses during stressful situations.

Secondly, as pointed out by Yamamoto et al (2005), the proximal GRE site on the mPER1
promoter might not be functional, based on the observation that the mutated proximal GRE site
did not completely abolish the induction of Perl mRNA expression upon dexamethasone
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treatment in mice. Therefore DNA methylation at the proximal GRE site in PER1 might not be
susceptible to stress. The abundance of putative TF binding sites at the PER1 promoter further
suggested the complex interactions among the gene regulatory elements and DNA methylation
along the promoter. Such interaction might explain the mixed findings in Hsu et al (2007) and
Gery et al's (2007) studies, where DNA methylation was found to associate with both

upregulation and downregulation of PER1 mRNA expression.

4.4.2.2 PER1 DNA methylation was not influenced by life stress and did not predict
reward sensitivity and substance use
Neither the frequency nor the ratings towards negative life events was found to influence DNA
methylation in the six PER1 upstream CpG units. The results suggested that the DNA
methylation at these CpG units were not altered by life stress. Nevertheless, the DNA
methylation at these CpG units had no effect on reward sensitivity or substance use in the
adolescents. Such findings could be constrained by the selection of target region as well as the
potential tissue-specific variations in DNA methylation. As demonstrated by previous studies,
the expression of Perl was shown to influence reward sensitivity (Abarca et al., 2002, Li et al.,
2008). Recent evidence also suggested alterations in DNA methylation at the VTA in response
to reward stimuli, indicating the role of DNA methylation in the activations of dopaminergic

neurons and reward-related learning behaviour (Day et al., 2013).

Due to the increase influence in life stress on substance use in the IMAGEN adolescents (see
Chapter 3), the possibility that stress-induced DNA methylation at PER1 can predict reward
sensitivity and substance use at later stage of adolescence or adulthood cannot be excluded. It is
also possible that the DNA methylation in PER1 may have a larger impact on reward
sensitivity, alcohol drinking and smoking in clinical populations compared to adolescents who
had just developed alcohol drinking and smoking behaviour. Since the associations of life
stress, reward sensitivity and substance use was demonstrated in the IMAGEN population (see
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Chapter 3), interactions among these factors may be observable at genetic and

neurotransmission levels as well as in alternative forms of epigenetic modifications.

4.4.3 Additional factors influencing the DNA methylation in PER1

4.4.3.1 Tissue- and gender-specific DNA methylation

Emerging evidence has indicated differential DNA methylation pattern in the brain between
patients and healthy individuals in human brain. When comparing the epigenetic and whole
transcriptome gene expression profiles of basolateral amygdala, central nucleus of amygdala
and superior frontal cortex from 17 individuals suffered from chronic alcohol abuse and 15
matched control cases, Ponomarev and colleagues (2012) discovered that alterations of gene
transcripts could be dependent on the GC-content of gene modules. Alcohol abuse might result
in the up-regulations of genes from GC-rich modules and long-terminal repeat retrotransposons,
but downregulation of genes from the GC-poor modules (Ponomarev et al., 2012), confirming
that gene expressions in human brain could be regulated in response to environmental input
such as heavy alcohol use or abuse. Analyses also revealed differential gene expression profiles
across cell types, with downregulation of transcripts from neuronal modules and upregulation of
transcripts in microglia modules observed among the alcoholics (Ponomarev et al., 2012). In
contrast, Manzardo and colleagues (2012) investigated the global DNA methylation in the
frontal cortex of 10 alcoholics and 10 age and gender-matched controls. Their results showed no
significance difference in global DNA methylation; with over 80% genes displayed similar peak

score values between two groups (Manzardo et al., 2012).

It is unclear to what extent the observed DNA methylation in peripheral blood reflects the DNA
methylation pattern in brain tissues. This might explain the lack of association between PER1
DNA methylation and the VS activation during reward anticipation in this study. As illustrated
by the bisulfite DNA sequencing data from Eckhardt and colleagues (Eckhardt et al., 2006),
differences in DNA methylation of 12 human tissue types ranged from 5% to 20%. Although
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the comparison between the DNA methylation in brain and whole blood in the IMAGEN
participants could not be made, the use of publicly available database such as the
BrainCloudMethyl (Numata et al., 2012) might enhance researchers’ understanding to the DNA
methylation in human brain. Demonstrated by lwamoto et al.'s (2011) study on prefrontal cortex
in human, neuronal cells exhibited larger inter-individual differences and lower global DNA
methylation compared to non-neuronal cells. Despite the DNA methylation pattern in neurons
and non-neurons achieved a correlation of over 0.86, the methylated regions in neurons and
non-neurons were associated with different functions and contained different sets of
transcriptional factor binding sites (lwamoto et al., 2011). Based on the current literature, it is
expected that differential DNA methylation can occur across cell types in both blood and brain
tissues. As a result, one major limitation of the current study is the absence of correction of cell
heterogeneity in whole blood DNA samples. Such limitation also applies to the majority of
published studies, as the DNA methylation status across cell types were not corrected prior to

analyses.

In addition, larger differences in DNA methylation were found across tissue types compared to
gender and age (Eckhardt et al., 2006). Confirmed by this study, the PER1 DNA methylation
data of IMAGEN participants displayed very little gender differences, with the maximum

difference of 2.23% observed at CpG unit 1 in the PER1 upstream amplicon.

4.4.3.2 Histone modifications

The consequences of DNA methylation on PER1 can be more complex than previously thought.
Interestingly, DNA methylation at promoter CpG islands appears to be modified by the
structure of chromatin. In human, the core component of chromatin is the nucleosome, which
comprises of 147bp DNA wrapped around histones (H3, H4, H2A and H2B). Dimethylated
H3K4 (H3K4me2) was found in hypomethylated promoter regions and CpG islands (Weber et

al., 2007). The reduction of H3K4me2 was accompanied by the methylation of CpG islands and
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promoters (Weber et al., 2007). Similarly, the level of trimethylated H3K4 was negatively
correlated with the level of DNA methylation at the intragenic CpG islands (Maunakea et al.,
2010). It can be envisaged that the DNA methylation in PER1 covaries with the extent to which
the histones are modified. As previously mentioned, CLOCK protein is a histone
acetyltransferase (Doi et al., 2006). This has raised the question of whether histone
modifications of CLOCK and other circadian components can influence the downstream targets
such as PERL. Future investigation on the interactions between histone modifications and DNA

methylation will enable better understanding of epigenetic modifications in PER1.

4.4.4 Statistical and technical concerns

Similar to other univariate analyses such as genome-wide association of common variants,
having a large sample size is crucial for reducing chances of false discovery arise from multiple
testing. Due to various constraints, most epigenetic studies were conducted with sample sizes of
about 50-100 individuals. The large sample adopted in this study can be advantageous for
studying DNA methylation since it increases the sensitivity and power for analyses. To ensure
the quality of the DNA methylation data in PER1, a careful quality procedure was applied in
this study. The selection of outliers was determined by the observed data range and sample size.
The advantage of selecting outliers in a data-driven manner is that it ensures only the data
outside the 5% arbitrary false discovery rate are removed, hence minimising chances of
excluding any true observations. Nonetheless, this study is one of the large-scale projects

investigating the DNA methylation in humans.

The Sequenom MALDI-TOF MS is one of the best available methods to detect DNA
methylation of PER1. The Sequenom platform enables high-throughput detection of DNA
methylation in an accurate and economical way (Coolen et al., 2007). Due to the limitation of
the technology, each assayed region has to be restricted to ~500bp. Therefore the Sequenom
platform is suitable for candidate gene studies with specific target regions. However, restricting
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the size of target regions can introduce biases and limit researchers’ understanding to the
functional significance of DNA methylation. The importance for the DNA methylation in
promoters, CpG islands, CpG shores, gene bodies and intragenic regions in regulating
transcriptional activities and behaviour has been suggested (Irizarry et al., 2009, Maunakea et
al., 2010). Platforms for studying epigenome-wide DNA methylation have become increasingly
available in recent years and they will provide researchers a better understanding to the

functional significance of CpG loci.

The resolution of the Sequenom platform can be an issue, as illustrated in the PER1 data
presented in this chapter. The detection of DNA methylation in the Sequenom platform heavily
relies on the size of fragments produced during the T-cleavage reaction. Fragments that are out
of the detection range or having the same mass cannot be identified in the mass spectra. This
could explain the missing data at the E-Box (CpG unit 8) and CpG unit 7 at the PER1 upstream
amplicon since these fragments shared the same mass. It is also unlikely to detect the DNA
methylation at a single CpG dinucleotide when a cleaved fragment contains multiple CpG
dinucleotides that are adjacent to each other. Due to the high CG content at the PER1 promoter
CpG island, it is difficult to identify DNA methylation at individual CpG dinucleotide. Since
rs3027172 is located in close proximity to three CpG dinucleotides, only the overall DNA
methylation across CpG dinucleotides was reported by the Sequenom. Therefore, the Sequenom
platform may not be ideal to investigate the DNA methylation at rs3027172. Alternative
approach was adopted to further analyse the DNA methylation at the E-Box and rs3027172.
Using the single nucleotide extension technology available at the Applied Biosystems SNaPshot
platform, the methylated cytosine in bisulfite converted DNA produces a mixed signal of C and
T. Hence the DNA methylation at the cytosine can be calculated from the C/T ratio. However,
due to the difficulties in optimising the SnaPshot primers, | failed to complete the DNA

methylation analysis at the E-box and rs3027172.
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Other types of DNA methylation such as 5-hydroxymethylcytosine (5hmeC) cannot be
distinguished from the signals of 5meC in the Sequenom platform. This problem is not limited
to the Sequenom but also found in other DNA methylation platforms that require amplifications
or sequencing of bisulfite DNA. Interestingly, 5meC can be converted into 5hmeC by enzymes
from the ten-eleven translocation family (Tahiliani et al., 2009). The conversion of 5meC to
5hmeC further promotes the demethylation of cytosine (Liutkeviciute et al., 2009), suggesting
that the possibility that 5meC and 5hmeC may not share the same role in gene regulations.
Despite all the limitations, the current technology has enabled researchers to discover the
epigenome. Techniques with improved resolution will enhance researchers’ understanding to

human epigenome in the future.

445 Conclusions

In this chapter the DNA methylation profile of PER1 was shown to vary within the promoter
and across 714 individuals. Due to the limitation of the Sequenom platform, the selection of
target regions on PER1 might introduce biases in studying the impact of DNA methylation at
the CpG units on substance use. Therefore, the lack of associations between PER1 DNA
methylation in the selected region with life stress, reward processing and substance use may not
necessarily reflect the functional significance of the DNA methylation at PERL. In searching the
functional significance of DNA methylation in PERL1 in substance use, this study has put
forward more questions in identifying functional epigenetic loci in substance use for future
investigations. Increasing knowledge in the interactions between DNA methylation markers and
other epigenetic modifications such as 5-hydroxymethylation and histone modifications has
aided the discovery of functional epigenetic markers. This study is one of the pioneer studies
investigating the influence of DNA methylation on substance use using a large sample. The
research of epigenetic modifications in circadian rhythm is still at its early stage, adopting large
scale or genome-wide approaches will be beneficial in answering our research question in a

comprehensive way.

120



Chapter 5

Genetics of the stress and circadian systems on
reward sensitivity, alcohol and tobacco use in
adolescents

5.1 The genetics of alcohol and tobacco addictions

Recent advances in technology have aided the investigation of genetic epidemiology and
molecular genetics of complex diseases. Several genome-wide association studies (GWASs) have
successfully identified risk loci for alcohol and nicotine addictions (Schumann et al., 2011,
Bierut et al., 2010, Tobacco and Genetics, 2010, Thorgeirsson et al., 2010). Although the
heritability estimates of alcohol and nicotine addictions range from 30 - 70% across various
populations (Broms et al., 2007, Kendler et al., 1999, Hansell et al., 2008, Goldman, 1993), the
genetic risk variants have remained sparse in the published literature and they did not fully

account for the heritability of the addictions.

One possible cause of missing heritability is the genotyping platform used for studying the
genetics of addictions. According to the common-disease common-variant (CDCV) hypothesis,
most common diseases are caused by common risk variants that individually has small effect on
the diseases. Early whole-genome genotyping platforms were designed to detect associations
between common SNP markers and complex traits in unrelated individuals. The minor allele
frequency (MAF) of the common SNPs is defined as > 1% and the SNPs are tagged through
linkage disequilibrium (LD) (Reich et al., 2001, Sullivan et al., 2012). Hence other forms of
genetic variations such as SNPs with low MAFs, copy number variations and gene-gene

interactions cannot be captured in the GWAs.
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Another reason that can explain the missing heritability is the lack of statistical power for
detecting genetic risk variants. The detection of risk variants in GWAs depends on both the
effect sizes (i.e. penetrance) and the MAFs of SNPs. Illustrated by Wang et al (2005), a larger
sample size will be required to detect risk variants with lower MAFs and smaller effect sizes.
For example, at least 20000 individuals are required to detect a risk variant with MAF below 0.1
and an odd ratio of 1.3. However, only 5000 individuals are required to detect a risk variant
with an odd ratio of 2 and MAF below 0.1 (Wang et al., 2005). The extremely large sample size

required for GWAs prevents the identification of risk variants in complex disorders.

An alternative way to circumvent the low phenotypic variance explained by individual SNPs is
by investigating the aggregate genetic effect of risk variants. The genetic contribution of
complex traits, including alcohol and tobacco use, is thought to be additive and polygenic
(Sullivan et al., 2012, Balding, 2006). Additive genetic effect states that the contribution of a
SNP to a complex trait increases with number of copies of the risk allele in a linear manner.
Therefore, increasing the number of risk alleles will proportionally increase the risk of
developing complex disorders and traits (Plomin et al., 2009). On this basis, the polygenic
model developed by the International Schizophrenia Consortium (2009) successfully improved
the predictive heritability of schizophrenia. By applying an arbitrary threshold to identify the
genetic risks associated with schizophrenia, the risk alleles en masse explained about 3%
variance in the target populations (International Schizophrenia et al., 2009). The same approach
was adopted by Kos et al (2013), in which the common SNPs could explain 0.73% and 2.14%

variance in the African American and European American alcohol dependent populations.

There has been increasing interest to understand the functions of genes in networks. It can be
envisaged that genes sharing similar functions converge to common pathways and lead to the
development of complex disorders (Hardy and Singleton, 2009). In contrast to the GWAS where
no a priori hypothesis is required, targeting SNPs on genes with known biological functions can
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reduce the number of independent tests and therefore increase chances to identify risk variants
that are associated with the complex disorders and traits. The selection of genes, however, can
be challenging and prone to biases. This applies to the research in psychiatric genetics in which
many risk variants are located in genes involved in neurotransmissions. Several association
studies were designed to reduce gene selection bias whilst integrating the existing knowledge of
psychiatric disorders at the same time. Sun et al (2009) prioritised 4062 candidate genes
associated with schizophrenia using data from various source including literature search,
GWAs, linkage analyses, gene expression microarray analyses. Using a weighting approach, 33
genes were identified as core genes associated with schizophrenia and 502 genes were
prioritised for follow-up analyses (Sun et al., 2009). By assigning genes according to the pre-
defined biological functions listed in the Kyoto Encyclopedia of Genes and Genomes (KEGG),
gene-set analysis revealed several pathways such as 'synthesis and degradation of ketone bodies
(KEGG ID:72)’ and 'neuroactive ligand-receptor interaction (KEGG ID: 4080)' were associated
with alcohol dependence (Biernacka et al., 2013). Although the gene-set analysis approach did
not enable testing of individual SNPs located in the pathways, single SNP associations were
then conducted to identify top SNPs associated with alcohol dependence (Biernacka et al.,

2013).

As discussed in Chapter 1, the regulations of stress and circadian rhythm rely on the input from
multiple genes. Several genetic polymorphisms in the circadian and stress genes, such as PER1,
PER2, VIP, and CRHR1 have been identified to associate with risks of substance dependence
and addictions (Dong et al., 2011, Spanagel et al., 2005, Kovanen et al., 2010, Blomeyer et al.,
2008). Nevertheless, the genetic polymorphisms on PER2 and CLOCK were found to associate
with the sensitivity to reward stimuli (Forbes et al., 2012, Tsuchimine et al., 2013). Since the
initiation of substance use can be predicted by sensitivity to reward in adolescents (see Chapter
3), the genetic polymorphisms within stress and circadian systems can be the risk factors for

substance use and addictions.
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5.1.1 Aims and hypotheses

This chapter aims to identify the additive genetic effects of stress and circadian genes on
substance use in adolescents using the single SNP association and polygenic score analyses. By
adopting the mass candidate gene approach, it is hypothesised that common SNPs of genes from
a) the stress system; b) the circadian system and c) both the stress and circadian systems are
associated with alcohol and tobacco use in adolescents at age 14 and age 16. The genetic
influence of the stress and circadian systems on reward sensitivity as risk factor of substance
use will be studied. The second part of this chapter aims to estimate the phenotypic variances
for reward sensitivity and substance use that are attributable to the polygenic effects of the
stress and circadian systems. Due to the additive effect of SNPs, the polygenic influences from
the stress and circadian systems are expected to account for a larger proportion of phenotypic

variances than an individual SNP.

5.2 Methods

5.2.1 Participants and phenotypes

The genome-wide genetic data from N = 1982 individuals were used for genetic association
analyses (see Chapter 2 Section 2.4 for details). Of these 1982 individuals, N = 1857
individuals responded to the past 12 month alcohol use question in the European School Survey
Project on Alcohol and Other Drugs questionnaire (ESPAD, See Chapter 2 Section 2.2.4)
(Hibell et al., 1997) at age 14; N = 1250 individuals responded to the past 12 month alcohol use
question and N = 1350 individuals responded to lifetime tobacco use question in the ESPAD at
age 16 (see Table 5-1). After applying the quality control procedures, the Monetary Incentive
Delay (MID, See Chapter 2 Section 2.3.5) fMRI data from N = 1282 adolescents was used for
analyses in this chapter (N = 613 Males, N = 669 Females, N = 1117 right-handed, N = 165 left-

handed or ambidextrous).
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Table 5-1 ESPAD information used for genetic association analyses.

Total: N (%) Males Females

Past 12 months alcohol use at age 14

Non-Drinkers 1183 (63.7) 595 588
Drinkers 674 (36.3) 314 360

Past 12 months alcohol use at age 16

Non-Drinkers 254 (20.3) 120 134
Drinkers 996 (79.7) 471 525
Lifetime tobacco use at age 16

Non-Smokers 868 (64.3) 430 438
Smokers 482 (35.7) 211 271

5.2.2 ldentification of candidate genes
A systematic search of candidate genes related to regulations of stress and circadian rhythm was
performed on the National Centre for Biotechnology Information (NCBI) Gene database in

April 2012 (http://www.ncbi.nlm.nih.gov/gene).

Stress gene list (N = 2348)

The NCBI Gene database was screened on search terms ‘stress’, ‘psychosocial stress’, ‘stress
HPA axis’, ‘HPA axis’ and ‘life events stress’ to create a list of candidate genes involved in the
regulation of stress and psychosocial stress. Based on all published literature and sequence
information available until April 2012, 55493 genes in ‘stress’, 25 genes in ‘psychological

stress’, 53 genes in ‘stress HPA axis’, 66 genes in ‘HPA axis’ and 165 genes in ‘life events
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stress’ were identified. N = 2348 human stress genes were obtained by filtering all non-

mammalian vertebrate genes and duplicates (See Appendix 5: Stress genes).

Circadian gene list (N = 335)

To identify candidate genes involved in the regulation of circadian rhythm, keywords including
‘circadian rhythm, 'clock’, ‘circadian clock' and 'circadian cycle' were chosen to screen the NCBI
Gene database. The NCBI database found 1763 genes in ‘circadian rhythm', 1533 genes in
‘clock’, 1331 genes in ‘circadian clock’, 396 genes in ‘circadian cycle. A total of 335 human
circadian genes were obtained by filtering all non-mammalian vertebrate genes and duplicates

(See Appendix 6: Circadian genes).

Common/ ‘Overlap’ genes in the stress and circadian gene lists (N =186)

To identify genes that might involve in both the regulations of stress and circadian rhythm,
genes appeared in both the stress and circadian gene lists were extracted. The resulting gene list
contained 186 genes that were appeared in both lists (See Appendix 7: Overlap stress x

circadian genes).

Neurotransmitter genes in the ‘overlap’ stress and circadian gene list (N =18)

To further distinguish genes coding for neurotransmitters in the gene lists, a gene list consisted
of all neurotransmitters in human was created by entering keyword ‘neurotransmitters’ in the
NCBI Gene database. The resulting human neurotransmitter gene list contained 1236 genes, of
which 18 neurotransmitter genes were appeared in the overlapping stress and circadian gene list
(See Figure 5-1 for the summary of gene lists and Appendix 8: Neurotransmitter stress x

circadian genes).
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Genes encoded for
Neurotransmission (N = 1236)

Circadian genes |

(N = 335) " Stress genes (N = 2348)

Figure 5-1 Summary for the stress and circadian gene lists. The NCBI Gene database was
screened in April 2012 to identify autosomal candidate genes involved in the regulations of
stress and circadian rhythm. After filtering the non-mammalian vertebrate genes and duplicates,
the resulting stress and circadian gene lists contained 2348 and 335 genes respectively. N = 186
genes were appeared in both the stress and circadian gene lists, of which N = 18 were genes

coding for neurotransmissions.

5.2.3 Functional annotation of stress and circadian genes
In order to characterise the biological functions of the identified candidate genes, both the stress
and circadian gene lists were uploaded to the WebGestalt (WEB-based Gene SeT AnalLysis

Toolkit, http://genereg.ornl.gov/webgestalt/). WebGestalt is a web-based data mining system

that allows exploration and enrichment of gene sets according to the functional features shared
by the genes (Zhang et al., 2005). The Gene Ontology (GO) terms were selected to define the

functional feature of genes. The GO is a collection of controlled vocabulary of terms describing
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the biological functions of gene products. The GO terms are organised into three independent
domains, namely the biological process, cellular component and molecular function (Ashburner

et al., 2000).

5.2.4 Single SNP association analyses and quality control

In order to maximise the coverage of gene regulatory region, SNPs located within +/- 10kb of
the autosomal genes were selected for association analyses. For genes that exist in multiple
versions, the longest versions of genes were used for SNP extraction. The genetic information
of SNPs in the four gene lists (stress, circadian, genes common or ‘overlap’ in the stress and
circadian lists, and neurotransmitters in the overlap gene list) were extracted from the genome-
wide genetic data using PLINK v1.07 (Purcell et al., 2007). The command ‘--missing’ was used
to assess the quality of the genetic information in each gene list. The overall genotyping rates

were > 99% in all gene lists.

Linear regressions were applied to study the additive genetic effects of SNPs in the VS
activations during reward anticipation, past 12 months alcohol use (age 14 and 16) and lifetime
tobacco use at age 16 in the adolescents. Performing genetic association analyses using linear
models would allow greater tolerance of the residual terms and account for the additive genetic
effect of SNPs at the same time. The same strategy was adopted by Dudbridge (2013) and Wray
et al (2010) to analyse the binary phenotypes. All associations were controlled for gender and
sites of recruitment. Handedness was included as an additional covariate in the association
analyses using the VS activations. The linear regression models of substance use phenotypes

were in the form

Y, = by + b *G +b,*Gender + bs* Sites + €,
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of which Y, refers to the substance use phenotypes and G refers to ‘0’, ‘1’ or ‘2’copies of the
minor allele of each SNP. Similarly, the linear regression models of the VS activations during

reward anticipation were in the form
VS activations = by + b;*G + b,*Gender + bs* Handedness + b,* Sites + €.

For each genetic association analysis, the Benjamini-Hochberg false discovery rate (FDR-BH)
control was applied to correct for multiple testing. After performing the analyses, quantile-
quantile (Q-Q) p-value plots were produced in R to examine the quality of the association
statistics. The Q-Q p-value plots display the distribution of the observed —1og10 p-values against
the distribution of the expected (null) —logl0 p-values. Any systematic deviation of the
observed —logl0 p-values from the null distribution implicates population stratification and
hidden individual relatedness in the genetic data (Balding, 2006). The genomic inflation factor A
was calculated in PLINK and it quantified the systematic deviation of associations due to

population structure.

5.2.5 Polygenic score analysis

The polygenic score analysis aimed to identify the additive genetic effect of common SNPs en
masse of the complex disease traits. The analysis involved selecting the genetic risk variants in
the discovery sample, followed by calculating the weighted score of the associated variants in
each subject in an independent target sample. Association between the weighted scores and a
trait implies significant genetic basis for the disease trait. To facilitate the polygenic score
analyses and subsequent validations, individuals’ genetic information was organised into two

lists (N = 712 individuals in List 1 and N = 1446 individuals in List 2).

SNP pruning

The SNPs from the four gene lists described in Section 5.2.2 were pruned based on a pairwise

r* threshold of 0.5 and within a 5-SNP sliding window in a window size of 50 SNPs. Pruning
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removes SNPs that are in strong linkage disequilibrium (LD, r? > 0.5) and retains relatively
independent SNPs for calculating the polygenic scores of individuals See Table 5-2 for

information of the resulting SNP set in the gene lists.

Table 5-2 Coverage of SNPs in the gene lists. The SNPs in each gene list were pairwise-

pruned to obtain an independent SNP set.

Gene Lists Unpruned SNPs  Pruned SNPs Pruned/
(N) (N) Unpruned SNP ratio
Stress (N = 2348) 41307 21708 0.53
Circadian (N = 335) 5318 2856 0.54
Overlap in stress X circadian 2953 1660 0.56

genes (N = 186)
Neurotransmitters in stress x 439 225 0.51

circadian genes (N = 18)

Calculating polygenic scores in the discovery sample

Linear regressions were conducted in the discovery samples, using gender and recruitment sites
as covariates. Information on handedness was also included as a covariate when analysing the
VS activations. Using the results of the association, SNPs were selected based on the liberal p-
value threshold p < 0.5 to calculate the polygenic scores. The polygenic score of each individual
in the target sample was obtained by averaging the weighted score of the selected risk alleles, in
which the weighted score of each SNP was calculated by multiplying copies of the minor allele
to the corresponding £ value. The scoring was performed using the ‘--score’ command in

PLINK.

130



Estimation of the phenotypic variance explained by polygenic scores in the target sample

Semi-partial correlation was applied to estimate the phenotypic variance explained by the
polygenic scores of the target sample. The phenotype of individuals from the target sample was
controlled for gender and recruitment sites; subsequently it was used to correlate with the
polygenic scores. One-tailed correlation was used since positive correlation between the
adjusted phenotype and the polygenic scores was expected. The squared correlation coefficient
(R was used to indicate the proportion of phenotypic variance explained by the polygenic

Sscores.

Validation of the results

The calculation of polygenic score was repeated twice by using both individual lists as target
samples. Individuals in List 1 were treated as the discovery sample to calculate the polygenic

scores of individuals in List 2 and vice versa.

5.3 Results

5.3.1 Functional annotations of candidate genes

Using all identified human genes as the reference gene list, the stress and circadian gene lists
were enriched with Gene Ontology (GO) terms using hypergeometric statistical test in the
WebGestalt. The results showed 'GO: 0006950 response to stress' was the most enriched GO
term in the stress gene list, with a ratio of enrichment = 2.90 (Adjusted p = 1.17 x 10 N =
761 genes, see Figure 5-2). In the circadian gene list, the GO term 'G0O:0007623 circadian
rhythm' was the most enriched with a ratio of enrichment = 43.54 (Adjusted p = 6.71 x 10" N

= 103 genes, see Figure 5-3).
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Figure 5-2 Functional annotation of the stress genes using WebGestalt. The directed acyclic

graph (DAG) displayed the predicted GO functions under biological process and molecular

function of the stress gene list.
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Figure 5-2 (continued) Functional annotation of the stress genes using WebGestalt. The
directed acyclic graph displayed the predicted GO functions under ‘cellular component’ of the

stress gene list.
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Figure 5-3 (continued) Functional annotation of the circadian genes using WebGestalt.
The directed acyclic graph (DAG) displayed the predicted GO functions under cellular
component of the circadian gene list.
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5.3.2 Q-Q plots of the single SNP associations

The Q-Q plots for the single SNP association analyses are displayed below (see Figure 5-4,
Figure 5-5, Figure 5-6, Figure 5-7 and Figure 5-8). The distribution of the observed —log p-
value followed the null distribution, suggesting the results of the associations were unlikely to
be affected by any hidden population structure. The genomic inflation factors (1) ranged from 1
to 1.3 across all the analyses, with higher A observed in the associations using the
neurotransmitter stress x circadian gene list. The increased genomic inflation factors in the
neurotransmitter stress x circadian gene list could be due to the strong relatedness of SNPs as

they were located on small number of genes.
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Figure 5-4 Q-Q plots of genetic associations of the left VS activation during reward
anticipation with a) stress genes; b) circadian genes; c) overlap stress x circadian genes;

and d) neurotransmitter stress x circadian genes. The genomic inflation factors (1) were 1.00
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in all gene lists except the neurotransmitter stress x circadian gene list (A = 1.15). All red lines

indicate x = y.
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Figure 5-5 Q-Q p-value plots of genetic associations of the right VS activation during
reward anticipation with a) stress genes; b) circadian genes; ¢) overlap stress x circadian
genes; and d) neurotransmitter stress x circadian genes. The genomic inflation factors ()
were 1.00 in all gene lists except the neurotransmitter stress x circadian gene list (A = 1.05). All

red lines indicate X = y.
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Figure 5-6 Q-Q p-value plots of genetic associations of past 12 month alcohol use in 14-
year- old adolescents with a) stress genes; b) circadian genes; c) overlap stress x circadian
genes; and d) neurotransmitter stress x circadian genes. The genomic inflation factors ()
were 1.00 in the neurotransmitter and overlap stress x circadian gene lists. A = 1.02 in the stress

gene list and A = 1.05 in the circadian gene list. All red lines indicate x = y.
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Figure 5-7 Q-Q p-value plots of genetic associations of past 12 month alcohol use in 16-
year- old adolescents with a) stress genes; b) circadian genes; c) overlap stress x circadian
genes; and d) neurotransmitter stress x circadian genes. A = 1.05 in the stress gene list; A =
1.16 in the circadian gene list; A = 1.15 in the overlap stress x circadian gene list; A = 1.3 in the

neurotransmitter stress x circadian gene list. All red lines indicate x = .
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Figure 5-8 Q-Q p-value plots of genetic associations of lifetime tobacco use in 16-year-old
adolescents with a) stress genes; b) circadian genes; c) overlap stress x circadian genes;
and d) neurotransmitter stress x circadian genes. A = 1.01 in the stress gene list; A =1 in the
circadian gene list; A = 1 in the overlap stress x circadian gene list; A = 1.12 in the

neurotransmitter stress x circadian gene list. All red lines indicate x = .

5.3.3  Associations with VS activation during reward anticipation

Genetic association analyses were performed to examine the associations between the VS
activations during reward anticipation with the a) stress genes; b) circadian genes; c) overlap
stress x circadian genes; and d) neurotransmitter stress x circadian genes. No significant

associations were found after the corrections of multiple testing using the FDR-BH procedure (
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Table 5-3 for associations with the left VS activations and Table 5-4 for associations with the

right VS activations).
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Table 5-3 Associations with the left VS activation during reward anticipation. The analyses showed SNPs from the stress and circadian genes were not

associated with the left VS activation during reward anticipation. For each analysis five SNPs with the lowest p-values are reported below.

Chromosome Gene Symbol Gene SNP Location Beta p PEDR-BH
Stress genes
19 PPP5C Protein phosphatase 5 rs741231 51586003 0.095 3.68E-05 0.642
6 AGER Advanced glycosylation end product-specific receptor rs2070600 32259421 -0.161 4.09E-05 0.642
1 RYR2 Ryanodine receptor 2 rs11583646 235873442 0.101 8.27E-05 0.642
8 FBX032 F-box protein 32 rs4436105 124617617 0.065 9.34E-05 0.642
21 ABCG1 ATP-binding cassette, sub-family G, member 1 rs225406 42572299 -0.107 0.000101 0.642
Circadian genes
19 PPP5C Protein phosphatase 5, catalytic subunit rs741231 51586003 0.095 3.68E-05 0.196
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19 PPP5C Protein phosphatase 5, catalytic subunit
17 RAI1 Retinoic acid induced 1
20 GHRH Growth hormone releasing hormone
3 ADIPOQ Adiponectin, C1Q and collagen domain containing

Overlap stress x circadian genes

19 PPP5C Protein phosphatase 5, catalytic subunit
19 PPP5C Protein phosphatase 5, catalytic subunit
3 ADIPOQ Adiponectin, C1Q and collagen domain containing
19 PPP5C Protein phosphatase 5, catalytic subunit
19 PPP5C Protein phosphatase 5, catalytic subunit

Neurotransmitter, stress x circadian genes

143

rs917948

rs11649804

rs6032470

rs3774262

rs741231

rs917948

rs3774262

rs759290

rs11083822

51548855

17637480

35320941

188054508

51586003

51548855

188054508

51583951

51570135

0.099

-0.063

-0.085

-0.086

0.095

0.099

-0.086

0.059

0.067

0.000156

0.000328

0.000346

0.000880

3.68E-05

0.000156

0.000880

0.000933

0.00131

0.414

0.460

0.460

0.827

0.109

0.230

0.689

0.689

0.745



11

11

10

19

CCKBR

DDC

CCKBR

ADRB1

CACNA1A

Cholecystokinin B receptor

Dopa decarboxylase (aromatic L-amino acid decarboxylase)

Cholecystokinin B receptor

Adrenergic, beta-1, receptor

Calcium channel, voltage-dependent, P/Q type, alpha 1A

subunit

rs2947029

rs3735275

rs906895

rs17875474

rs10411276

6244858

50484765

6236824

115791055

13296829

0.049

0.057

0.043

0.099

0.057

0.00214

0.00702

0.00733

0.00748

0.0106

0.734

0.734

0.734

0.734

0.734

144



Table 5-4 Associations with the right VS activation during reward anticipation. The analyses showed SNPs from the stress and circadian genes were not

associated with the right VS activation during reward anticipation. For each analysis five SNPs with the lowest p-values are reported below.

Chromosome

Gene Symbol Gene SNP Location Beta p PFDR-BH
Stress genes
8 FGF17 Fibroblast growth factor 17 rs3176292 21959262 -0.088  9.09E-06 0.315
8 FGF17 Fibroblast growth factor 17 rs1078363 21960158 -0.078  2.43E-05 0.315
21 ABCG1 ATP-binding cassette, sub-family G, member 1 rs225406 42572299 -0.118 2.63E-05 0.315
1 CHI3L1 Chitinase 3-like 1 rs12123883 201431465 -0.129  3.05E-05 0.315
1 RYR2 Ryanodine receptor 2 rs11583646 235873442 0.104  7.25E-05 0.524
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Circadian genes

19 PPP5C

3 ADIPOQ

19 PPP5C

20 GHRH

15 RORA

Overlap stress x circadian genes

19 PPP5C

3 ADIPOQ

19 PPP5C

15 RORA

Protein phosphatase 5, catalytic subunit

Adiponectin, C1Q and collagen domain containing

Protein phosphatase 5, catalytic subunit

Growth hormone releasing hormone

RAR-related orphan receptor A

Protein phosphatase 5, catalytic subunit

Adiponectin, C1Q and collagen domain containing

Protein phosphatase 5, catalytic subunit

RAR-related orphan receptor A

146

rs741231

rs3774262

rs917948

rs6032470

rs1437547

rs741231

rs3774262

rs917948

rs1437547

51586003

188054508

51548855

35320941

59221873

51586003

188054508

51548855

59221873

0.090

-0.092

0.092

-0.084

0.095

0.090

-0.092

0.092

0.095

0.000119

0.000466

0.000566

0.000573

0.000777

0.000119

0.000466

0.000566

0.000777

0.633

0.698

0.698

0.698

0.698

0.351

0.443

0.443

0.443



16 CDH1 Cadherin 1, type 1, E-cadherin (epithelial)

Neurotransmitter, stress X circadian genes

7 DDC Dopa decarboxylase (aromatic L-amino acid decarboxylase)

7 DDC Dopa decarboxylase (aromatic L-amino acid decarboxylase)

7 DDC Dopa decarboxylase (aromatic L-amino acid decarboxylase)

7 DDC Dopa decarboxylase (aromatic L-amino acid decarboxylase)
11 CCKBR Cholecystokinin B receptor

rs2276329

rs4947510

rs2329340

rs3735275

rs1966839

rs2947029

67420815

50492914

50587723

50484765

50594595

6244858

0.106

0.050

0.045

0.056

0.043

0.041

0.000908

0.00699

0.00805

0.00844

0.0111

0.0121

0.443

0.698

0.698

0.698

0.698

0.698

5.3.4 Associations with alcohol use in adolescents at age 14 and 16

Genetic association analyses were performed to examine the associations of a) stress genes; b) circadian genes; c¢) overlap stress x circadian genes; and d)

neurotransmitter stress x circadian genes and the past 12 months alcohol use in adolescents at age 14 and age 16. No significant associations were found after the

corrections of multiple testing using the FDR-BH procedure (Table 5-5
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and

Table 5-6).

Table 5-5 Associations with alcohol use in adolescents at age 14. The analyses showed SNPs from the stress and circadian genes were not associated with the

alcohol use in the adolescents at age 14. For each analysis five SNPs with the lowest p-values are reported below.

Chromosome  Gene Symbol Gene SNP Location Beta p PEDR-BH
Stress genes
14 AHSA1l Activator of heat shock 90kDa ATPase homolog 1 rs3742729 77012331 0.222 8.11E-05 0.977
6 AKAP12 A kinase (PRKA) anchor protein 12 rs2626356 151695962 -0.224 0.000106 0.977
14 FOXAl Forkhead box Al rs3742595 37126014 -0.375 0.000167 0.977
9 IKBKAP Inhibitor of kappa light polypeptide gene enhancer in B-cells rs13299328 110743382 0.197 0.000188 0.977
14 AHSA1l Activator of heat shock 90kDa ATPase homolog 1 rs17751319 77000631 0.241 0.000207 0.977

Circadian genes
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2 NCKAP5

2 NCKAP5

2 NCKAP5

2 NCKAP5

15 RORA

Overlap stress x circadian genes

15 RORA

2 IL1B

4 HNRNPD

10 CDK1

NCK-associated protein 5

NCK-associated protein 5

NCK-associated protein 5

NCK-associated protein 5

RAR-related orphan receptor A

RAR-related orphan receptor A

Interleukin 1, beta

Heterogeneous nuclear ribonucleoprotein D (AU-rich element

RNA binding protein 1, 37kDa)

Cyclin-dependent kinase 1

149

rs6735119

rs6715483

rs10803536

rs6749758

rs893286

rs893286

rs1143634

rs3944

rs744383

133645739

133641172

133645695

133645716

59168370

59168370

113306861

83493823

62206784

0.231

0.176

0.173

0.169

-0.153

-0.153

0.124

0.126

0.121

0.000142

0.000185

0.000254

0.000338

0.000398

0.000398

0.000741

0.000885

0.000938

0.423

0.423

0.423

0.423

0.423

0.667

0.667

0.667

0.667



10

CDK1

Cyclin-dependent kinase 1

Neurotransmitter, stress X circadian genes

2

11

12

17

17

IL1B

TPH1

NOS1

SLC6A4

SLC6A4

Interleukin 1, beta

Tryptophan hydroxylase 1

Nitric oxide synthase 1 (neuronal)

Solute carrier family 6 (neurotransmitter transporter, serotonin),

member 4

Solute carrier family 6 (neurotransmitter transporter, serotonin),

member 4

rs2448358

rs1143634

rs591556

rs2293048

rs1906451

rs12449783

62227266

113306861

18017976

116149208

25539605

25551779

0.117

0.124

-0.112

-0.120

0.078

0.077

0.00113

0.000741

0.00737

0.0102

0.0116

0.0125

0.667

0.325

0.766

0.766

0.766

0.766
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Table 5-6 Associations with alcohol use in adolescents at age 16. The analyses showed SNPs from the stress and circadian genes were not associated with the

alcohol use in adolescents at age 16. For each analysis five SNPs with the lowest p-values are reported below.

Chromosome  Gene Symbol Gene SNP Location Beta p PEDR-BH

Stress genes

19 WTIP Wilms tumour 1 interacting protein rs2965282 39676632 0.145  7.24E-06 0.299
7 STEAP1 Six transmembrane epithelial antigen of the prostate 1 rs259135 89634060 -0.160  4.18E-05 0.605
15 INO80 Chromatin-remodelling ATPase INO90 homolog rs2928147 39171941 -0.513  4.58E-05 0.605
19 WTIP Wilms tumour 1 interacting protein rs11671685 39677306 0.124  0.000123 0.605
9 CTsL1 Cathepsin L1 rs3128511 89537270 0.122  0.000129 0.605

Circadian genes

3 ADIPOQ Adiponectin, C1Q and collagen domain containing rs6444175 188062438 -0.133  0.000258 0.746
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1 ADORAl Adenosine Al receptor rs17511192 201386114 0.107  0.000539 0.746
E74-like factor 3 (ets domain transcription factor, epithelial-
1 ELF3 specific) rs2819360 200243877 0.103  0.000926 0.746
2 NCKAPS5 NCK-associated protein 5 rs7595365 133228231 -0.103 0.00119 0.746
1 ADORAl Adenosine Al receptor rs17465037 201397294 0.101 0.00144 0.746
Overlap stress x circadian genes
3 ADIPOQ Adiponectin, C1Q and collagen domain containing rs6444175 188062438 -0.133  0.000258 0.626
1 ADORAl Adenosine Al receptor rs17511192 201386114 0.107  0.000539 0.626
1 ADORAl Adenosine Al receptor rs17465037 201397294 0.101 0.00144 0.626
Solute carrier family 6 (neurotransmitter transporter, serotonin),
17 SLC6A4 member 4 rs2020936 25574940 -0.124 0.00187 0.626
1 ADORAl Adenosine Al receptor rs34639219 201389739 0.098 0.00195 0.626

152



Neurotransmitter, stress X circadian genes

Solute carrier family 6 (neurotransmitter transporter, serotonin),

17 SLC6A4 member 4
12 TPH2 Tryptophan hydroxylase 2
6 VIP Vasoactive intestinal peptide

Solute carrier family 6 (neurotransmitter transporter, serotonin),

17 SLC6A4 member 4

Solute carrier family 6 (neurotransmitter transporter, serotonin),

17 SLC6A4 member 4

rs2020936 25574940

rs11179022 70657013

rs633596 153107180

rs8071667 25576899

rs6354 25574024

-0.124

-0.252

-0.121

-0.115

-0.110

0.00187

0.00425

0.00458

0.00496

0.00612

0.437

0.437

0.437

0.437

0.437
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5.3.5 Associations with lifetime tobacco use in adolescents at age 16
Genetic association analyses were performed to examine the associations of a) stress genes; b) circadian genes; c) overlap stress x circadian genes; and d)
neurotransmitter stress x circadian genes and the lifetime tobacco use in adolescents at age 16. No significant associations were found after the corrections of

multiple testing using the FDR-BH procedure (Table 5-7).

Table 5-7 Associations with tobacco use in adolescents at age 16. The analyses showed SNPs from the stress and circadian genes were not associated with the

tobacco use in adolescents at age 16. For each analysis five SNPs with the lowest p-values are reported below.

Chromosome  Gene Symbol Gene SNP Location Beta p PFDR-BH

Stress genes

20 PLCB1 Phospholipase C, beta 1 rs727684 8183815 -0.186  1.32E-06 0.055

Potassium voltage gated channel, Shab-related subfamily,

20 KCNB1 member 1 rs6095526 47502279 0.572  1.90E-05 0.392

20 PLCB1 Phospholipase C, beta 1 rs6133566 8202666 -0.151  9.57E-05 0.900
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1

5

CACNALE

GRIAL

Circadian genes

6

11

15

15

10

Overlap stress x circadian genes

EYS

CRY2

UBE3A

RORA

KCNMAL1

Calcium channel, voltage-dependent, R type, alpha 1E

subunit

Glutamate receptor, ionotropic, AMPA 1

Eyes shut homolog (Drosophila)

Cryptochrome 2 (photolyase-like)

Ubiquitin protein ligase E3A

RAR-related orphan receptor A

Potassium large conductance calcium-activated channel,

subfamily M, alpha member 1

155

rs16858051

rs4958671

rs9363329

rs1554338

rs2719881

rs8032023

rs2719995

179980807

153024649

65822684

45863406

23157820

59199434

78992108

0.204

-0.146

-0.226

0.258

0.332

-0.114

0.112

0.000107

0.000152

0.000585

0.000958

0.00140

0.00177

0.00219

0.900

0.900

0.999

0.999

0.999

0.999

0.999



15

10

15

10

RORA

KCNMAL

TNF

RORA

CXCL12

RAR-related orphan receptor A

Potassium large conductance calcium-activated channel,

subfamily M, alpha member 1

Tumor necrosis factor

RAR-related orphan receptor A

Chemokine (C-X-C motif) ligand 12

Neurotransmitter, stress x circadian genes

19 CACNAlA

12

19 CACNAlA

PMCH

Calcium channel, voltage-dependent, P/Q type, alpha 1A

subunit

Pro-melanin-concentrating hormone

Calcium channel, voltage-dependent, P/Q type, alpha 1A

subunit

156

rs8032023

rs2719995

rs2256965

rs782931

rs2839692

rs16042

rs10860845

rs7250783

59199434

78992108

31663109

59195995

44194873

13202037

101121832

13237536

-0.114

0.112

0.109

-0.113

0.131

-0.137

0.090

0.101

0.00177

0.00219

0.00285

0.00288

0.00330

0.0124

0.0137

0.0143

0.991

0.991

0.991

0.991

0.991

0.905

0.905

0.905



Calcium channel, voltage-dependent, P/Q type, alpha 1A

19 CACNAlA subunit rs2112460 13451412 0.085 0.0189 0.905

6 GRIK2 Glutamate receptor, ionotropic, kainate 2 rs1417182 102440034 -0.084 0.0213 0.905
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5.3.6  Polygenic score analyses for the VS activations during reward anticipation
Polygenic score analyses were performed to identify the proportion of variance in the VS activations during reward anticipation explained by the stress and circadian
genes en masse. Each analysis was repeated using two discovery samples. As illustrated in Table 5-8, the stress and circadian genes en masse did not account for the

VS activations during reward anticipation.

Table 5-8 Polygenic score analyses for the VS BOLD responses during reward anticipation.

Left VS Right VS
Gene List Discovery sample r p (one-tailed) r p (one-tailed)
Stress genes List1 0.009 0.394 -0.049 0.078
List 2 0.019 0.349 -0.048 0.158
Circadian genes List 1 -0.011 0.373 0.002 0.474
List 2 -0.003 0.476 0.013 0.391
Overlap stress x circadian genes List1 -0.074 0.016 -0.033 0.167
List 2 -0.092 0.029 -0.020 0.336

158



Neurotransmitter, stress x circadian genes List 1 -0.028 0.207 0.030 0.191

List 2 -0.049 0.153 0.037 0.219

5.3.7 Polygenic score analyses for alcohol use

Polygenic score analyses were performed to study the past 12 months alcohol use in adolescents at age 14 and age 16. The results showed that the additive genetic
effects of stress and circadian genes en masse did not explain alcohol use in the adolescents at age 14. The polygenic influence of stress genes on alcohol use in
adolescents at age 16 had reached nominal significance but they did not survive the correction of multiple testing. Inconsistent findings were found in adolescents’

alcohol use at age 16, in which significant polygenic effects of the circadian and the overlap stress x circadian genes were observed when using List 2 as discovery

sample (Table 5-9).
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Table 5-9 Polygenic score analyses for alcohol use in adolescents measured at age 14 and 16

Age 14 Age 16
Gene List Discovery sample r p (one-tailed) r p (one-tailed)
Stress genes List1 -0.008 0.389 0.065 0.033
List 2 0.002 0.477 0.111 0.013
Circadian genes List1 0.014 0.316 0.039 0.133
List 2 0.048 0.118 0.090 0.036
Overlap stress x circadian genes List 1 -0.012 0.343 0.044 0.105
List 2 0.017 0.337 0.089 0.038
Neurotransmitter, stress x circadian genes List 1 0.01 0.368 0.035 0.160
List 2 0.004 0.466 0.052 0.151
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5.3.8  Polygenic score analysis for lifetime tobacco use
Polygenic score analyses were performed to study the genetic effects of the stress and circadian genes on tobacco use in 16-year-old adolescents. The results showed

that the tobacco use in adolescents was not explained by the additive genetic effects of stress and circadian genes en masse (Table 5-10).

Table 5-10 Polygenic score analyses for lifetime tobacco use in 16-year-old adolescents

Gene List Discovery sample r p (one-tailed)
Stress genes List1 -0.026 0.219
List2 -0.031 0.261
Circadian genes List1 -0.052 0.065
List2 -0.041 0.193
Overlap stress x circadian genes List 1 -0.033 0.167
List 2 -0.012 0.398
Neurotransmitter, stress x circadian genes List1 0.026 0.225
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List 2 0.033 0.243
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5.4 Discussion

Evidence for the genetic influence on substance use has been mentioned in the literature. In
order to investigate the additive genetic effects of the stress and circadian systems on substance
use during adolescence, large-scale candidate gene association analyses were performed on
stress and circadian genes that were systematically selected from the NCBI Gene database.
After performing the FDR-BH control, no common SNPs from the identified stress and
circadian genes were associated with the VS activations during reward anticipation, alcohol and
tobacco use in adolescents. The polygenic effect of the stress and circadian systems did not
explain the VS activations and tobacco use in the adolescents either. Inconsistent results were
found in alcohol use among the adolescents at age 16, of which the significant polygenic effect
of the stress genes en masse did not survive the correction of multiple testing. The polygenic
influence from the circadian system and stress x circadian genes were inconsistent across the

validation analyses.

5.4.1 Confirming the stress and circadian properties of the gene lists

Selecting stress and circadian genes for association analysis enabled their genetic influences on
substance use in adolescents to be investigated. To minimise the selection biases, the stress and
circadian genes were identified based on the information available in the NCBI gene and
literature database. The WebGestalt functional annotation analyses confirmed the biological
functions represented by the stress and circadian gene lists, in which the lists were enriched with
the GO terms related to the regulations of stress and circadian systems. Large number of genes
was classified under functions related to cellular signaling and these functions could be

important for regulating the stress and circadian signals.

5.4.2  Stress and circadian systems on substance use in adolescents
Previous studies suggested the associations between the disruptions of the stress system and

circadian rhythm with increased substance use (Chandra et al., 2011, Seggio et al., 2009,
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Rosenwasser et al., 2005a, Steptoe and Ussher, 2006, Richardson et al., 2008, Schmitt et al.,
2008, Sarkar et al., 2007). The genetic effects of the stress and circadian systems in alcohol use
were also suggested (Dong et al., 2011, Blomeyer et al., 2008, Wang et al., 2012, Kovanen et
al., 2010). However the results presented in this chapter failed to replicate previous findings due

to various reasons.

Firstly, the genetic architecture of substance use and addictions varies across populations. Due
to the discrepancies in allele frequencies and LD structure in different populations, the genetic
effect of any previously identified stress or circadian-related risk variants in substance use
might not be detectable in the IMAGEN participants. The results were consistent with the
CDCV hypothesis, indicating that individual SNPs only displayed small genetic effect on
complex traits (Sullivan et al., 2012). Corrections of multiple testing in the single SNP

association analyses might also hinder the detection of risk variants on substance use.

Secondly, the significant polygenic risks for the stress and circadian systems on alcohol use in
adolescents at age 16 might support the increased gene-environment interactions on alcohol use
throughout development. Gene-environment interactions might be less detectable in adolescents
at age 14; thus the polygenic effects of the stress and circadian systems on alcohol use were not
observed. During adolescence, individuals are exposed to numerous life events and
physiological changes such as alterations in circadian rhythm and stress reactivity (reviewed by
Spear (2000)). These developmental changes could become more prominent and impose a
larger impact on alcohol use in the 16-year-old adolescents. Although the polygenic risk of
stress genes on alcohol use did not survive multiple testing corrections, the results might
suggest the genetic basis of stress-related alcohol use during adolescence. The inconsistent
findings from the circadian and the overlap stress x circadian genes might implicate the
contribution of the circadian genes and the potential interaction between the stress and circadian

systems on the increased alcohol use in adolescents at age 16.
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Nevertheless, detecting risk variants and polygenic effects is dependent on the prevalence of
risk phenotypes. The proportion of adolescents who had consumed alcohol increased from
~36% at age 14 to ~80% at age 16. The increased alcohol consumption in the adolescents at age
16 could increase the power for genetic associations and this might account for the nominally
significant polygenic effects of the stress and circadian systems. On the other hand, only ~36%
adolescents had smoked tobacco at age 16. Larger sample size might be required to detect the

polygenic influence of the stress and circadian systems on tobacco use.

The sensitivity of phenotypes is also important for detecting the risk variants. In the current
study, the substance use phenotypes were selected based on the regular alcohol and tobacco use
in adolescents. The dichotomous nature of the substance use phenotypes did not distinguish
adolescents with heavy alcohol or tobacco consumption from the rest of the population. It could
be possible that the genetic influence of the stress and circadian systems might impose a larger
impact on heavy substance use or abuse populations and account for the non-significant

findings in the single SNP and polygenic score analyses.

5.4.3 Impact of stress and circadian systems on reward sensitivity

As suggested by the previous literature and the results presented in Chapter 3, the tendency of
substance use in adolescents could be predicted by reward sensitivity, indicated by the VS
activations during reward processing (Bjork et al., 2008a, Schneider et al., 2012). Despite the
VS was one of the most strongly activated brain region during reward anticipation in the
IMAGEN adolescents, the VS activations were not explained by the additive genetic influence

of the stress and circadian genes.

As reported in Chapter 3, life stress did not alter the VS activations during reward anticipation.

Such observation might account for the lack of genetic effect from the stress genes and the VS
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activations. Previous studies demonstrated the associations between reward processing and the
genetic polymorphisms of PER2 and CLOCK (Forbes et al., 2012, Tsuchimine et al., 2013), and
this has supported the motivation for studying the genetic influences of circadian rhythm on
reward processing in this chapter. Since there were no circadian phenotypes available in the
IMAGEN Study, the relationship between circadian rhythm and reward sensitivity in

adolescents had remained speculative.

It is also possible that the genetic polymorphisms of stress and circadian genes alter brain
activations in multiple regions during reward processing. Indicated by the meta-analysis
performed by Liu and colleagues (2011), a number of frontal and limbic brain regions including
the anterior cingulate cortex, medial orbitofrontal cortex, insula and the thalamus were activated
during reward anticipation. The VS activations during reward anticipation did not fully account
for the reward sensitivity in the adolescents. It has been proposed that brain regions connecting
to the NAc, such as the extended amygdala that consists of the central nucleus of the amygdala
(CeA) and the bed nucleus of the stria terminalis (BNST) in rats, can be responsible for
integrating signals from the stress and reward systems. Evidence suggested that the CRF-
containing neurons in the extended amygdala could mediate the negative consequences of stress
and cocaine withdrawal (Koob and Kreek, 2007). Upon the exposure of morphine, the
adrenalectomised rats showed alterations of FosB protein expression in the NAc, BNST, CeA
and PVN (Garcia-Perez et al., 2012), supporting the interactions between the stress and reward
systems in multiple brain regions. As discussed in the General Introduction, the PVN is
responsible for integrating stress and circadian signals (Wong and Schumann, 2012), hence
suggesting the input of the circadian system in stress-related reward processing. Another point
to consider is that the stress and circadian systems might impact on different aspects of reward
processing such as reward-related outcomes. Brain activations during reward outcome could not
be captured by the reward anticipation contrast in the MID task. Additional fMRI contrasts will

be required to model brain activations in response to reward stimuli.
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5.4.4 Methodological issues

5.4.4.1 Single SNP association analyses

Focusing on genes in the stress and circadian systems for genetic association analyses could be
beneficial due to the amount of the genetic data available (N = 1982 individuals) in the
IMAGEN Study. Gene prioritisation could reduce the number of SNPs tested, compensate the
statistical power and reduce false positives. Selecting genes with similar functions might
increase chances of producing spurious Q-Q plots due to the increased relatedness of SNPs;
therefore producing large genomic inflations in the analyses using the neurotransmitter stress x
circadian gene list. Despite the single SNP associations failed to generate any significant
findings, it was observed that several top associated SNPs were located on the same genes. Such
observation could be explained by the additive genetic influence of the candidate genes
(Sullivan et al., 2012). Alternative approach will be required to resolve the statistical power and

multiple testing issues in the single SNP association analyses.

5.4.4.2 Polygenic score analyses

The polygenic score analysis has been applied to study various complex disease traits
(International Schizophrenia et al., 2009, Kos et al., 2013). As demonstrated by the literature
and the results presented in this chapter, the phenotypic variance explained by polygenic risk

scores could be influenced by several factors.

The selection of risk variants was based on the liberal thresholds of LD and p-values of SNPs in
the discovery samples. Pruning SNPs based on the LD structure could enhance the
independence of SNPs and reduce chances of overestimating the phenotype in target samples;
whereas including SNPs below the arbitrary p-value threshold (p < 0.5) could remove SNPs that
were less relevant to the phenotypes. Since the SNP scoring procedure involved averaging the
SNP x effect size weightings over the number of SNPs tested, filtering the less associated SNPs

prior scoring could reduce the dilution of genetic effects on the predicted phenotypic outcomes.
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One possible explanation for the negative correlations observed in the VS BOLD responses,
alcohol use in adolescents at age 14 and lifetime tobacco use in adolescents at age 16 was
including SNPs that were less associated with the VS activations and substance use phenotypes.
This could be due to the arbitrary selection of SNPs at p-value below 0.5. As illustrated by the
polygenic score analyses on schizophrenia conducted by The International Schizophrenia
Consortium (2009), the maximum phenotypic variance explained was observed at the most
stringent p-value thresholds (p < 0.01). It might be possible that only a small set of SNPs in the
stress and circadian genes were responsible for reward sensitivity and increased substance use
in the adolescents. Including more SNPs that were less associated with the phenotypes when

calculating the polygenic scores might contribute to the observed negative correlations.

The inconsistent findings in the circadian system and stress x circadian genes on alcohol use in
16-year-old adolescents have put the reliability of polygenic score analyses into question. As
demonstrated by The International Schizophrenia Consortium (2009), the estimated polygenic
influence of schizophrenia was found to increase with the discovery sample size. The polygenic
risk score was found to account for ~ 20% phenotypic variance in schizophrenia when using
20000 case-control pairs in the discovery sample, compared to about 3% variance explained
when 6900 case-control pairs were used (International Schizophrenia et al., 2009). This might
also explain the significant findings in the circadian and stress x circadian genes when using
List 2 (N = 1446) as the discovery sample. The small sample size in List 1 (N = 712) might
reduce the power for predicting the polygenic influence of alcohol use. The findings from this
chapter have confirmed that the estimated phenotypic variances could be influenced by the

discovery sample size, thus highlighting the importance of results validation.

In addition, the estimated phenotypic variances can be limited by other factors such as the
properties of SNPs. Yang et al. (2011) demonstrated that about 45% genetic variation of human

height could be explained by all common SNPs. It was later regarded as the ‘chip heritability' or
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the maximum amount of additive genetic information captured by the genotyping platforms.
Nevertheless, the estimated phenotypic variances by polygenic risk score could be affected by
the genetic architecture of complex traits and the allele frequencies of SNPs. Given the same
number of SNPs, SNPs with lower MAF (MAF = 0.05) provided larger variance explained for
schizophrenia than SNPs with MAF = 0.5 (International Schizophrenia et al., 2009). Despite the
limitations and statistical pitfalls, the polygenic score analysis has provided an alternative

approach to predict genetic risks of complex traits.

5.4.4.3 Genome-wide genetic data

The main advantage of using genome-wide genetic data for large-scale candidate gene
association analyses is to obtain high quality of genetic data. Many quality control procedures
can only be performed in genome-wide scale. For example, identifying population relatedness
and stratification requires a large amount of genetic information. Genetic markers with low call-
rate, significant deviation from the Hardy-Weinberg equilibrium and in high LD with other

markers can also be assessed accurately and in a cost-effective way.

5.4.4.4 Limitations

One major concern in statistical genetics research is the lack of replication of findings. Ideally
the validation analyses should be carried out in the independent populations. Due to the amount
of genetic information available, only internal replication could be performed in the polygenic
score analyses. Future analyses include repeating the polygenic score analyses on alcohol use in

other adolescent population can be considered.

In contrast to traditional approaches, this thesis has made a novel attempt to incorporate gene
functions in conducting genetic association analyses. By employing WebGestalt and NCBI

Gene database, the functions of stress and circadian genes were further classified according to
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the GO terms. Similar to previous studies, the gene prioritisation approach adopted in this thesis

did not free from selection biases.

As mentioned in the General Introduction, about 10% genes transcripts are found to be
rhythmically expressed (Akhtar et al., 2002; Duffield et al., 2002). Ideally more circadian genes
should be identified through the NCBI gene database. In contrast, large number of stress genes
was classified under the cellular component GO terms, such as ‘cell fraction', 'cytoplasm' and
‘plasma membrane’. These genes might not be directly related to the regulation of stress in
addictions or any neuropsychiatric disorders. Therefore the stress gene list might include genes
that were less relevant to stress regulations in neuropsychiatric disorders and false positives.
Since there were only limited number of genes associated with addictions and neuropsychiatric
disorders in the current literature, it would be reasonable to develop a more stringent system to
filter stress genes according to their associated GO terms. For future analysis, genes that were
solely classified under the cellular component GO terms ‘cell fraction' and ‘cytoplasm' might be

excluded.

5.4.5 Conclusions

This chapter adopted both single SNP association and polygenic score analyses in attempt to
investigate the additive genetic influence from the stress and circadian systems on reward
sensitivity and substance use in adolescents. The lack of significant findings could be due to the
selection of phenotypes as well as a number of statistical issues. Identifying genetic variants for
disorders has remained an important challenge in psychiatric genetics research. Future research
should focus on developing statistical models to account for the gene-gene/ environment

interactions and reducing false positives by applying rigorous validation procedures.
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Chapter 6

The role of stress system and FYN rs1409837 on
alcohol misuse

6.1 Introduction®

6.1.1  Alcohol misuse, drunkenness and bingeing in adolescents

Alcohol misuse or excessive alcohol consumption during adolescence has been considered as
the gateway for developing alcohol addiction (Windle and Zucker, 2010, Koob and Le Moal,
1997). Alcohol-related outcomes such as drunkenness can be important for mediating alcohol
use during adolescence. Drunkenness refers to the perceived level of inebriation and it indicates
the level of alcohol intoxication in the individuals (Ahlstrém and Osterberg, 2005, Windle et al.,
2005). Report from the Monitoring the Future National Survey of the National Institutes of
Health indicated that 19 - 42% adolescents had reported drunkenness, and 10 - 22% adolescents
had experienced binge drinking, of which binge drinking was defined as the consumption of
five or more alcoholic beverages on a single occasion (Johnston et al., 2006, Wechsler et al.,
1994). The prevalence of drunkenness and binge drinking in adolescents may increase the risk

of alcohol addiction in adulthood (Windle et al., 2005, Windle and Zucker, 2010).

Adolescents are less sensitive to the sedative effect of alcohol compared to adults (Doremus et
al., 2003, Varlinskaya and Spear, 2010). When given the same dose of ethanol, adult mice
showed reduced social interaction to greater extent compared to adolescent mice (Doremus et
al., 2003, Varlinskaya and Spear, 2010). Adolescent rats also showed significantly higher level

of locomotor activity and less anxious behaviour compared to adult rats upon acute and chronic

¥ Results from this chapter are reported in the manuscript 'Protective effect of FYN rs1409837
on drunkenness and amygdala BOLD responses in adolescents' (Wong et al., in preparation).
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alcohol withdrawal (Doremus et al., 2003), suggesting that the adolescents might be less
sensitive to alcohol. Such proposal was confirmed by the results from animal models, showing
that the adolescent rats had higher voluntary ethanol intake than adults (Vetter et al., 2007,
Doremus et al., 2005). The reduced sensitivity to alcohol in adolescents can impact on their

alcohol consumption behaviour and level of drunkenness.

6.1.2 Life stress, amygdala activations and alcohol misuse

Subject to a series of developmental and life events, adolescents who experience high level of
life stress are more vulnerable to alcohol addictions as they are more likely to engage in
repeated alcohol use (Spear, 2000, Windle et al., 2005). Similarly, increased alcohol
consumption has been reported in adolescent and young adult populations who experienced
high level of life stress (Dube et al., 2006, Meier et al., 2013). Confirmed by the analyses
presented in Chapter 3, IMAGEN adolescents who experienced higher level of life stress were
more likely to consume alcohol. Increased contribution of life stress to alcohol use has been
observed among the adolescents, with the variance explained increased from 1.7 — 4.4% at age

14 to 2.7 — 5.2% at age 16 (see Chapter 3).

The amygdala is one of the most activated brain regions during emotional processing and the
exposure to stressful situations (Phan et al., 2002, Whalen et al., 1998). Emotional processing
has been frequently measured by the faces task, in which the presentation of angry faces has
been found to increase the activations of the amygdala, indicating that the amygdala is sensitive
to emotional or stressful stimuli (Whalen et al., 1998). Alteration in the amygdala activations
might predict the level of alcohol consumption, as heavy alcohol drinkers showed attenuation of
the amygdala activations upon the presentation of angry faces (Gorka et al., 2013). However,
opposite pattern has also been observed in heavy drinkers as they demonstrated increased

amygdala activations when alcohol-related cues were presented (Dager et al., 2013).
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Alterations in the amygdala activations and alcohol misuse have been found to associate with
the genetic polymorphisms of the stress genes. For example, genetic polymorphisms of the
serotonin transporter gene was found to associate with the amygdala activations during angry
face processing in adults, as well as alcohol intoxication and increased alcohol consumption in
primates that were exposed to life stress (Hariri et al., 2002, Barr et al., 2003). Genetic
polymorphisms from stress receptor-coding genes NR3C1 and CRHR1 were found to associate
with drunkenness among the adolescents and alcohol dependence populations (Desrivieres et
al., 2011, Treutlein et al., 2006), suggesting that the amygdala activations during emotional
processing might mediate the gene-environment interactions of alcohol misuse under stressful

environment.

6.1.3 Aims and hypotheses

This chapter aims to dissect the genetic influence of the stress system on alcohol misuse and
intoxication in the 16-year-old IMAGEN adolescents. Alcohol misuse and intoxication were
characterised by drunkenness and binge drinking reported by the adolescents. It is hypothesised
that the activations of the amygdala can mediate the genetic influence of stress genes and

alcohol misuse in adolescents.

6.2 Methods

6.2.1 Materials

Genetic information and stress gene list

The genome-wide genetic data from N = 1982 individuals were used for the genetic association
analyses (see Chapter 2 Section 2.4.2 for details). To generate the stress gene list, systematic
search of stress-related genes was performed in the NCBI Gene database. The procedure for
gene selection was described in Chapter 5 Section 5.2.2). N = 41307 SNPs located +10kb of

2348 stress genes were extracted from the genome-wide genetic data for association analyses.
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Drunkenness and binge drinking phenotypes

Adolescents’ information on lifetime drunkenness (Question 19a) and binge drinking (Question
17a) was measured in the ESPAD at age 16 (Hibell et al., 1997) (See Chapter 2 Section 2.2.4).
At this age majority of adolescents had already consumed alcohol. Measuring drunkenness
allows researchers to study the effect of alcohol intoxication in the adolescents, whereas the
bingeing allows researchers to study the relevance of drunkenness on excessive alcohol
consumption. For the lifetime drunkenness phenotype, individuals were asked to report the
number of occasions they were drunk from drinking alcoholic beverages in lifetime on a six-
point scale ranging from zero (never) to six (40 times or more). Individuals’ responses were
dichotomised into ‘never been drunk in lifetime’ (N = 452)/ ‘had been drunk in lifetime’ (N =
814). For the lifetime binge drinking phenotype, adolescents were asked to report the number of
occasions in lifetime they had five or more alcoholic drinks in a row on a five-point scale
ranging from zero (never) to five (10 times or more). Alcohol bingeing was defined as having
five or more alcoholic beverages in one drinking occasion (Wechsler et al., 1994). Individuals’
responses were dichotomised into those who had never binged in their lifetime (N = 418) versus

those that had binged in lifetime (N = 848).

Amygdala BOLD responses

Individuals’ amygdala BOLD responses were extracted from the faces task ‘angry faces versus
control’ contrast (See Chapter 2 Section 2.3.6 for face task). The ROIs of the left and right
amygdala were defined by the human Automated Anatomical Labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002) and extracted to match the ‘angry faces versus control’ contrast using the

Marsbar toolbox (http://marsbar.sourceforge.net). The average amygdala BOLD responses from

1484 adolescents were used.
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Negative life events

Negative life events were measured using the LEQ in N = 852 16-year-old adolescents
(Newcomb et al., 1981) (see Chapter 2 Section 2.2.3 for details). Individuals were asked to
report whether the life events had occurred and rate how the event made them feel using a five
point scale indicating 'very happy', ‘happy’, 'neutral’, ‘'unhappy' and 'very unhappy'. Both lifetime
frequency and ratings towards negative life events were used to characterise life stress

experienced by the adolescents.

6.2.2  Association analyses

Genotyped and imputed SNPs association analyses

Linear regressions were applied to study the additive genetic effect of stress genes on
drunkenness in PLINK v1.07 (Purcell et al., 2007). The regression models of drunkenness were

in the form

Drunkenness = by + b,*G +b,*Gender + b;* Sites + ¢,

where G referred to the copies of minor allele of each SNP. All associations were controlled for
gender and sites of recruitment. Benjamini-Hochberg false discovery rate (FDR-BH) control

was applied to correct for the number of SNPs tested.

The same model was applied to analyse the imputed SNP data, of which individuals’
drunkenness information was regressed against the major allele dosage of the imputed SNPs.
Both gender and sites were included as the covariate. The analyses of imputed SNPs were

performed on the SPSS (IBM, version 20).
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Regional association analysis

Regional association analysis was conducted on all genotyped SNPs £500 kbp of the strongest
associated (i.e. target) SNPs. The additive genetic effect of SNPs on drunkenness was analysed
using PLINK v1.07 (Purcell et al., 2007). All associations were controlled for gender and
recruitment sites. The results of the regional association analysis were displayed on the SNAP

(SNP Annotation and Proxy Search, http://www.broad.mit.edu/mpg/snap).

MRNA expression analysis

The mRNA expression of target gene was measured by probes on the Illumina© gene
expression microarray and normalised on the log, scale (See Chapter 2 Section 2.5 for details).
The sequences of the probes were blasted on the UCSC genome browser prior any analyses.
Probes that contained SNPs or displayed non-specific binding to the target gene were excluded
from the analyses. Outlier detection was performed such that gene expression data outside +3
S.D. were removed prior analyses. The log, MRNA expressions were regressed against the
copies of minor allele of the target SNP. Gender, recruitment sites and puberty development
scores measured by the Puberty Development Scale (PDS, See Chapter 2 Section 2.2.5)
(Petersen et al., 1988) were included as covariates. The associations were controlled for puberty
development scores in order to account for differences in mRNA expression due to differences
in physical development across individuals (Ojeda et al., 2010). The mRNA expression data

from N = 628 adolescents were used in this chapter.

Neuroimaging analyses

The additive genetic effect of the target SNP on bilateral amygdala BOLD responses was

studied in the following linear regression model
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Amygdala BOLD responses = by+ b*G +b,*Gender + b;* Handedness + b,* Sites + ¢,
(Left or Right)
where G referred to the copies of minor allele of each SNP. The bilateral amygdala BOLD

responses were used to predict life stress in the linear regression model displayed below

Lifetime negative life events = by + b,* Amygdala BOLD response (Left or Right) +

(rating or frequency) b,*Gender + bs* Sites + €.

6.2.3 Bioinformatic analyses

Identify SNPs in 1000 Genomes database

Due to the tagging nature of SNPs, SNPs in high linkage disequilibrium (LD) with the target
SNPs were identified through the 1000 Genomes SNP data set (Utah residents with ancestry
from northern and western Europe, CEU population) using the Proxy Search function on SNAP
(http://www.broad.mit.edu/mpg/snap). The 1000 Genomes SNP data set was used because it
provided better coverage of the SNP information across human genome. The distance limit was

set to 500kb of the target SNP.

The genetic information of SNPs in high LD with the target SNP was extracted from the
IMAGEN imputed database, of which the SNPs were imputed using the 1000 Genomes genetic
data as reference (See Chapter 2 Section 2.4.3). The genotypes of the imputed SNPs were
displayed in the major allele dosage ranging from 0 to 2, indicating the predicted copies of the

major allele.
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Identify putative transcription factor binding sites at SNPs

Alterations of putative transcription factor (TF) binding sites by SNPs were studied using the
Genomatix©

(http://www.genomatix.de/online_help/help_matinspector/matinspector_help.html). The DNA
sequence £50bp of SNPs were extracted and entered into the Genomatix©. The putative TF
binding sites was identified based on matrix similarity. A matrix similarity of 1 means the input
sequence matches with the most conserved nucleotide at each position of the consensus matrix
(i.e. the sequence of the TF binding site). Any putative TF binding sites with a matrix similarity

over 0.75 were reported.

6.3 Results

6.3.1 Genetic association analyses with drunkenness in adolescents
To identify the influence of stress-related genes on drunkenness, linear regression analyses were

performed on 41307 tag SNPs from 2348 stress genes.

Table 6-1 displayed the five most associated SNPs from the genetic association analyses. The
most significantly associated SNP, rs1409837, was located at 956 bp upstream of the FYN
oncogene related to SRC (FYN) gene on chromosome 6 (8 = -.354, Puncorrected = 1.31 X 10”7, Pror
= .005 see Figure 6-1 for Q-Q plot). The minor allele of rs1409837 (C/T, MAF C = 0.088) was
associated with reduced drunkenness in the IMAGEN adolescents at age 16. As illustrated by
the Q-Q plot, the distribution of the observed —log p-value followed the null distribution
(Genomic inflation factor A = 1.03), suggesting the association were unlikely to be affected by
any hidden population structure. To investigate the significance of the association between
rs1409837 and drunkenness on alcohol consumption, genetic association analysis was
performed. The results showed that the C allele of rs1409837 was associated with reduced binge

drinking in the adolescents at age 16 (8 = -.159, p = .016).
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Table 6-1 Association of stress genes and lifetime drunkenness. Genetic association of stress genes and adolescents' information on lifetime drunkenness were
performed in PLINK. After the correction of multiple testing, rs1409837 located 956bp upstream of FYN remained significantly associated with drunkenness in

adolescents. Results of the five most associated SNPs are displayed below.

Chromosome Gene Symbol Gene SNP Location Beta p FDR BH
6 FYN FYN oncogene related to SRC rs1409837 112302304 -0.354  1.31E-07 0.005
6 FYN FYN oncogene related to SRC rs9372316 112309728 -0.193 1.52E-05 0.314
6 CSNK2B Casein Kinase Il Beta Subunit rs3130617 31735502 0.173 6.50E-05 0.604
6 POUSF1 POU class 5 homeobox 1 rs3094187 31234923 0.154 7.12E-05 0.604
8 NAT1 N-acetyltransferase 1 rs2188023 18083511 0.173  7.31E-05 0.604
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Observed (-logP)

Expected (-logP)

Figure 6-1 Q-Q plot for single SNP association of stress genes and lifetime drunkenness.
The genomic inflation factor (A) of the associations among 2348 stress genes and drunkenness
was 1.03, indicating that the association was unlikely to be influenced by any hidden population

structure.

6.3.2 Regional association analysis of rs1409837

In order to study the functional significance of rs1409837 in respect to its location on the
genome, regional association analysis was conducted in 223 genotyped SNPs +500 kbp of
rs1409837. SNP rs1409837 showed the most significant association with drunkenness among
all the surrounding SNPs (Table 6-2). The regional association analysis plot was created based
on the associations (—logyg p-values) of SNPs with drunkenness (Figure 6-2). SNPs localised at
the 5° region of FYN showed stronger association (i.e. larger —log;, p-values) with drunkenness
compared to SNPs that were further away from the 5’upstream region of FYN. The results

supported the genetic influence of FYN on the association between rs1409837 and drunkenness.
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Table 6-2 Regional association analysis of 223 genotyped SNPs £500 kbp of rs1409837 and

drunkenness. Regional association analysis was conducted in 223 SNPs +500 kbp of

rs1409837 to examine the functional significance of rs1409837 in respect to its location on the

genome. Results indicated that rs1409837 remained the most significant SNP associated with

drunkenness. Results of the five most associated SNPs are displayed below.

Chromosome SNP Location Beta p
6 rs1409837 112302304 -0.354 1.31E-07
6 rs1998933 112324860 -0.1969 9.47E-06
6 rs9372316 112309728 -0.1925 1.52E-05
6 rs9320379 112291314 -0.1512 0.002421
6 rs2024832 112296405 -0.1465 0.003274
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Figure 6-2 Regional association plot for rs1409837 +500 kbp. Regional association analysis

was conducted on 223 genotyped SNPs 500 kbp from rs1409837 and drunkenness. The SNP
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rs1409837 was located at the 5' upstream region of FYN. Using the HapMap CEU population as
reference panel, the —log;, p-values of SNPs were plotted against the chromosomal position (kb)

on SNAP (http://www.broad.mit.edu/mpg/snap). Pairwise LD (r?) of rs1409837 and SNPs were

indicated by the colour shading. The recombination rate was indicated by the light-blue lines.
There are three versions FYN gene and only the shortest version of FYN is displayed in this
figure (see Figure 6-3 for other versions of FYN genes). Results from the regional association
analysis supported the genetic influence from FYN on the association between rs1409837 and

drunkenness.

6.3.3 LD structure and in-silico functional characterisation of FYN rs1409837

6.3.3.1 Identify SNPs in LD with FYN rs1409837

The significant association between FYN rs1409837 and drunkenness could be due to various
reasons. FYN rs1409837 could be the causal variant that reduced the likelihood of drunkenness
in adolescents. Alternatively, the protective effect of FYN rs1409837 on drunkenness might
represent an indirect association of a SNP that is in high LD with FYN rs1409837, or the
significant results of FYN rs1409837 could be a false-positive that was caused by chance or any
hidden population structure. As illustrated in Section 6.3.1 and the Q-Q plot (Figure 6-1), the
observed association of FYN rs1409837 was unlikely to be influenced by any hidden population

structure.

Due to the tagging nature of the genotyped SNPs, SNPs that were in high LD with FYN
rs1409837 might also contribute to the significant association between FYN rs1409837 and
drunkenness. To dissect the nature of the association between FYN rs1409837 and drunkenness,
in-silico analysis was carried out to identify the LD structure of FYN rs1409837. As revealed by
the regional association plot (Figure 6-2), the genotyped SNPs 500 kbp from FYN rs1409837

showed weak to modest LD (r’< 0.5) with FYN rs1409837.
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Additional genetic information from the 1000 Genomes database was used to achieve a better
SNP coverage. Using the 1000 Genomes (CEU population) genetic information available on
SNAP (http://www.broad.mit.edu/mpg/shap), six SNPs (rs72944247, rs72944248, rs17073026,
rs72944257, rs72944258 and rs72944244) that were in strong LD (r* > 0.8) with rs1409837

were identified (Table 6-3).

6.3.3.2 Associations of drunkenness and imputed SNPs

The genetic associations of drunkenness and SNPs in strong LD with FYN rs1409837 were
investigated. The drunkenness information of adolescents was regressed against the imputed
major allele dosage of the six SNPs in strong LD with FYN rs1409837. Among all the imputed
SNPs, rs72944247 displayed the strongest association with drunkenness, indicating that the
reduced major allele dosage of rs72944247 was associated with the reduced drunkenness in the
adolescents (Table 6-3). These results was consistent with the association between FYN
rs1409837 and drunkenness reported in Section 6.3.1, as the minor allele of FYN rs1409837
was associated with reduced drunkenness in adolescents. The results from the imputed SNPs
further strengthened the association between FYN rs1409837 and drunkenness was unlikely to

be due to false positives.
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Table 6-3 Associations of imputed SNPs and drunkenness. SNPs in LD (r? > 0.8) with FYN
rs1409837 were identified and imputed using the 1000 Genomes database. Adolescents'
information on drunkenness was regressed against the major allele dosage of the imputed SNPs.

Gender and recruitment sites were included as covariates.

Distance away from

Imputed SNPs  rs1409837 (bp) r’ Allele MAF Beta p
rs72944244 -2764 0.85 C/IT C=0.066 .304 5.86E-06
rs72944247 +2741 1.00 A/G A=0.066 .310 3.35E-06
rs72944248 +4059 1.00 A/G  A=0.067 .310 3.50E-06
rs17073026 +9036 1.00 A/G  A=0.071 .307 4.20E-06
rs72944257 +12931 1.00 A/G  G=0.051 .304 8.32E-06
rs72944258 +13023 1.00 GIT  G=0051 .304 8.32E-06

6.3.3.3 Putative transcription factor (TF) binding sites in rs1409837 and imputed SNPs

Since rs1409837 is located at the 5' upstream region of FYN, gene regulatory elements e.g. TF
binding sites located at rs1409837 and the SNPs in strong LD with rs1409837 might underlie
mechanisms contributing to the association with drunkenness. In silico analysis was carried out
to identify the putative TF sites at FYN rs1409837 and the six imputed SNPs. Using the
Genomatix© software, alterations of putative TF binding sites due to the presence of the minor
alleles at FYN rs1409837, as well as the imputed SNPs rs72944247, rs72944248, rs17073026,

rs72944257, rs72944258 and rs72944244 were investigated.
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Table 6-4 listed the predicted alterations in TF binding sites at FYN rs1409837 and the six
SNPs in strong LD with FYN rs1409837. The minor allele of FYN rs1409837 was found to
replace the putative TF binding site for SRY -related high mobility group box (SOX) factors by
ETS1 factors. Stronger candidates were observed in the imputed SNPs, in which the minor
allele of rs72944247 could create a putative TF binding site for forkhead domain factors (matrix
similarity = 1.000). The minor allele of rs72944258 might remove the putative TF binding site
for two-handed zinc finger homeodomain (matrix similarity = 0.981) and create an additional
binding site for MAF/ AP1 (matrix similarity = 0.999). The alterations in putative TF binding
sites at FYN 1409837 and the imputed SNPs might indicate the functional significance of these

SNPs on drunkenness at molecular level.
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Table 6-4 Alterations of putative TF binding sites by FYN rs1409837 and imputed SNPs. In silico analysis was conducted in the Genomatix®© to investigate the
putative TF binding sites at FYN rs1409837 and the imputed SNPs that were in strong LD with FYN rs1409837. The putative TF sites and their binding sequences
created by the minor alleles were listed under 'New TF binding sites'. Putative TF sites that could be removed due to the presence of the minor alleles were listed
under 'TF binding sites removed'. The putative TF binding sites was identified using matrix similarity. A matrix similarity of 1 means the input sequence matches

with the most conserved nucleotide at each position of the consensus matrix. Only putative TF sites with matrix similarity (MS) >0.75 were reported.

New TF binding sites TF binding sites removed

SNPs TF family  MS Details TF family MS Details

SOX/SRY-sex/testis  determining and

related high mobility group box factors

rs1409837  VS$ETSF 0.794 Human & murine ETS1 factors (5-AGGAAG-3) V$SORY 0.771 (5’-CCAAAGT-3’)

1572944244 \/$GABF 0.812 GA-boxes (5-GAGAG-3") V$GATA 0.962 GATA binding factors (5’-GATAA-3")

Abdominal-B type homeodomain transcription

V$ABDB 0.853 factors (5’-CTCTCAA-3’) V$HNF1 0.805 Hepatic Nuclear Factor 1 (5’-GTTA-3”)
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VS$LEFF

rs72944247 V$FKHD

rs72944248 V$HOXC

rs17073026 V$SORY

V$DLXF

V$HBOX

0.867

1.000

0.888

0.941

0.914

0.952

LEF1/TCF (5’-ATCAAA-3”)

Forkhead domain factors (5’-AACA-3")

HOX - PBX complexes (5°-GATAT-3’)

SOX/SRY -sex/testis determining and related

HMG box factors (5°-ATT-3")

Distal-less homeodomain transcription factors

(5°-TAATTT-3")

Homeobox transcription factors (5-TAAT-3")

187

V$KLFS

V$NDPK

0.970

0.895

Krueppel like transcription factors

(5’-AGGGT-3")

Nucleoside diphosphate kinase

(5’-GGGAGGG-3")



rs72944257 V$PARF

V$PRDF

rs72944258 V$APILR

0.853 PAR/DZIP family (5’-TAA-3")

Positive regulatory domain | binding factor

0.819 (5’-AGTAAAAGT-3’)

0.999 MAF and AP1 related factors (5’-TGCTGA-3")

V$ABDB

V$CDXF

V$FKHD

V$ZFHX

0.924

0.887

0.865

0.981

Abdominal-B type homeodomain

transcription factors (5’-ATAAAA-3”)

Vertebrate caudal related homeodomain

protein (5’-ACTTTTAT-3’)

Fork head domain factors (5°-

AATAAAA-3)

Two-handed zinc finger homeodomain

transcription factors (5°-GTTT-3”)
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6.3.4 FYN rs1409837 and mRNA expressions

Alterations of TF binding sites at FYN rs1409837 and at the SNPs in strong LD with FYN
rs1409837 might potentially disrupt the transcriptional processes and the mRNA expressions.
To test this hypothesis, the association between rs1409837 and FYN mRNA levels was

investigated.

The mRNA expressions of FYN in the peripheral blood were measured by four probes on the
lllumina© expression microarray in 628 IMAGEN adolescents (Figure 6-3). Two probes
located at the 3’ untranslated region (probe IDs: ILMN_1686555 and ILMN_2380801) were
excluded from the analyses due to the presence of SNPs and non-specific binding. The
sequences of probes ILMN_2249920 and ILMN_1781207 showed 100% binding to the FYN
gene and did not contain any SNPs. Therefore, the FYN mRNA expressions measured by
ILMN_2249920 and ILMN_1781207 were used for analyses. Due to the high correlations of
FYN rs1409837 and the imputed SNPs, only the associations between FYN rs1409837 and FYN
MRNA levels were analysed. As illustrated in Table 6-5, the additive genetic effect of FYN
rs409837 was not associated with the mRNA expressions of FYN (ILMN_2249920: p = -.018,

C.I. =[-.097 — .060], p = .649; ILMN_1781207: /8 = -.005, C.I. = [-.060 — .050], p = .868).
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Figure 6-3 Locations of the FYN mRNA expression probes. The locations of four FYN mRNA expressions probes were indicated on the UCSC genome browser

(Hg18). There were three versions of FYN RefSeq genes. Various forms of FYN mRNA isoforms in human were also displayed in this figure.
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Table 6-5 Associations of rs1409837 and FYN mRNA expressions. The FYN mRNA

expressions in peripheral blood were measured by two probes on the Illumina© expression

microarray.

FYN mRNA probes FYN rs1409837

(Location) Beta 95% C.I. p
ILMN_2249920 -.018 [-.097 — .060] .649

(Chr6: 112128094 — 112128143)

ILMN_1781207 -.005 [-.060 — .050] .868

(Chr6: 112127414 — 112127463)

6.3.5 FYN rs1409837, amygdala BOLD responses and life stress

6.3.5.1 FYN rs1409837 predicts amygdala BOLD responses but not life stress

In order to understand the relationship between FYN rs1409837 and stress processing in the
brain, region-of-interest analyses were conducted to examine the association between FYN
rs1409837 and the amygdala activations during angry face processing. The amygdala is one of
the most activated brain regions during emotional processing and the exposure to stressful
situations (Phan et al., 2002, Whalen et al., 1998). Emotional processing has been frequently
measured by the face task, in which the presentation of fearful or angry faces has been found to
alter the amygdala activations (Whalen et al., 1998). The minor allele of FYN rs1409837 was
significantly associated with the reduced amygdala BOLD responses during angry face
processing (Left amygdala: g = -.053, C.I. = [-.097 to -.008], p = .020; Right amygdala: g = -
.045, C.I. = [-.086 to -.004], p = .033; Figure 6-4). The results suggested that FYN rs1409837

might predict the sensitivity towards emotional stimuli in adolescents.
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Figure 6-4 FYN rs1409837 and the amygdala BOLD responses in during angry face
processing. The BOLD responses of a) the left amygdala and b) the right amygdala in the
‘angry faces versus control’ contrast were regressed against the copies of minor allele of FYN

rs1409837.
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Next, the relationship between FYN rs1409837 and self-report life stress was investigated. Life
stress was measured by both lifetime frequency and rating towards the negative life events in
adolescents at age 16. Whilst the rating towards negative life events could indicate the
perceived level of life stress in the adolescents, the frequency of negative life events might
guantify life stress in a less subjective way. The results showed that FYN rs1409837 was not
associated with neither the frequency nor the ratings towards negative life events (Frequency: S
=.171, C.l. = [-.252 to .593], p = .429; Ratings: 8 = -.215, C.I. = [-.823 to .393], p = .488). The

results suggested that FYN rs1409837 did not have any direct effect on life stress.

6.3.5.2 Amygdala BOLD responses predict the ratings but not the frequency of negative
life events
The relationship between the amygdala activations during angry face processing and life stress
was studied. Regression models were applied to investigate whether the amygdala BOLD
responses could predict life stress reported by the adolescents. Adolescents who gave lower
ratings to negative life events (i.e. perceived greater unhappiness) had shown higher amygdala
BOLD responses (Left amygdala: g =-.794, C.l. = [-1.46 to -.127], p = .020; Right amygdala:
= -772, C.I. = [-1.50 to -.045], p = .038), indicating that the activations of the amygdala
increased when adolescents experienced higher level of perceived life stress. However the
amygdala BOLD responses did not predict life stress measured by the lifetime frequency of
negative life events (Left amygdala: g =.210, C.l. = [-.267 to .686], p = .389; Right amygdala:
£ =.307, C.l. = [-.209 to .823], p = .244). Together the evidence suggested that the amygdala
activation could be important in monitoring the perception towards life events and stress in the

adolescents.

6.3.5.3 Life stress increases the likelihood of drunkenness
To investigate the relationship between life stress and drunkenness, the associations between the

amygdala activations during angry face processing and negative life events on drunkenness in
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adolescents were performed. The results showed that the BOLD responses of the amygdala did
not associate with drunkenness (Left amygdala: g =.117, C.l. = [-.048 to .282], p = .166; Right
amygdala: g =.102, C.I. = [-.077 to .281], p = .263). On the other hand, both the frequency and
ratings towards negative life events were significantly associated with increased drunkenness
(Frequency: g = .160, C.I. = [.102 to .218], p = 6.56 x 10°®; Ratings: /5 = -.071, C.l. = [-.113 to -
.028], p = .001). Together the results indicated that adolescents who had higher level of life
stress were more likely to experience drunkenness, yet individuals’ sensitivity towards

emotional stimuli did not directly predict drunkenness.

6.4 Discussion

Summary of findings

In this study, the genetic influence of stress-related genes and alcohol misuse in adolescents was
investigated. The minor allele of FYN rs1409837 was found to associate with reduced
drunkenness and bingeing in the 16-year-old IMAGEN adolescents. In order to understand the
relevance of FYN rs1409837 and stress, further analyses on FYN rs1409837, amygdala
activations during angry face processing and negative life events were performed. The results
indicated that FYN rs1409837 was significantly associated with the reduced bilateral amygdala
activations. Although individuals with high amygdala activation were more likely to give lower
ratings to negative life events and recognise the events as more stressful, FYN rs1409837 did
not directly associated with the negative life events. Both the frequency and ratings towards
negative life events could predict the increased drunkenness in the adolescents, confirming the

role of life stress in alcohol misuse.

6.4.1 Protective effect of FYN rs1409837 on drunkenness
Results from this study demonstrated the protective role of FYN rs1409837 on drunkenness in
the IMAGEN adolescents. The minor allele of FYN rs1409837 was found in 8.8% of the

IMAGEN adolescents and in 5.3% of the HapMap CEU population. The low MAF of FYN
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rs1409837 suggested that its protective effect on drunkenness could only be observed in a small
number of individuals. Defining the LD of SNPs using r? had taken the MAFs into account,
therefore low MAFs were also observed in the six SNPs showing high LD with FYN rs1409837.
Consistent with the FYN rs1409837 and drunkenness association, increase major allele dosages
of the imputed SNPs were associated with increased drunkenness in the adolescents. Similar
beta and p values were observed in the associations of the imputed SNPs and drunkenness; the
results further supported the genetic influence of FYN rs1409837 and its tagged region on

drunkenness.

The functional significance of FYN rs1409837 and the imputed SNPs on gene transcriptions and
MRNA expressions was examined. In-silico analyses showed that the minor allele of FYN
rs1409837 might replace the putative TF binding sites for SOX family by the ETS1 family.
However, these putative TF binding sites displayed low matrix similarities (below 0.80),
implying that the prediction for TF binding sites was not highly confident. Alterations in TF
families among SNPs in high LD with FYN rs1409837 were also suggested. For example, the
putative TF binding sites for forkhead domain family and MAF/AP1 related factors were
created in the minor allele carriers of rs72944247 and rs72944258. Both of these putative TF
binding sites showed high matrix similarities. Previous studies indicated the involvement of
forkhead domain family and MAF/AP1 related factors in stress regulations. Members of the
forkhead domain were previously found to regulate stress responses in the pituitary (Belgardt et
al., 2008), whereas members of the MAF/AP1 family were involved in regulating cellular and
oxidative stress responses (reviewed by Suzuki et al. (2005)). Based on these results, it could be
envisaged that FYN rs1409837 and the imputed SNPs might influence the molecular
mechanisms of drunkenness via alterations of TF binding sites. As some of these putative TF
binding sites might be responsible for stress regulations, suggesting the association between the
tagged region of FYN rs1409837 and drunkenness could also be mediated by stress-related
regulatory mechanisms. Further analysis will be required to confirm the role of TF binding sites

on FYN and drunkenness.
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Due to the availability of gene expression data, the association between rs1409837 and FYN
MRNA expressions in the peripheral blood was only investigated in a subset of participants. The
lack of associations suggested no cis-acting effect of rs1409837 on FYN mRNA expressions. As
shown by the UCSC genome database, the FYN mRNA could exist in several isoforms.
However, the FYN probes were designed to cover multiple isoforms; thus hinder the detection
of any cis-acting effects of FYN rs1409837 on individual mRNA isoforms. Any post-
transcriptional activities such as alternative splicing of precursor mRNA could also impact on
the detection of FYN mRNA expressions. Nevertheless, gene expressions could be specific to
gender, stages of puberty and tissues (Ojeda et al., 2010, Cheung and Spielman, 2009).
Therefore the peripheral blood mRNA expression might not fully reflect the mRNA expressions
in other tissues such as the brain and the liver. Essentially, the FYN mRNA expressions were
measured in the adolescents at age 14. Since the association between FYN rs1409837 and
drunkenness was observed in the adolescents at age 16, any genetic effect of FYN rs1409837 on
MRNA expressions might not be detectable either. Further analysis will be required to confirm

the cis-acting effect of FYN rs1409837 on mRNA expressions.

6.4.2 FYN, NMDA receptor and drunkenness

FYN is a non-receptor protein tyrosine kinase that belongs to the Src family. It is widely
distributed in the central nervous system throughout development (Umemori et al., 1992). FYN
is known to mediate the activity of N-methyl-D-aspartate (NMDA) receptor. Upon the
activation of the cAMP-dependent PKA signalling pathway, the release of FYN increases
phosphorylation of the NMDAR2B subunit (equivalent to the NMDAREeg2 subunit in mice) of
the NMDA receptor (Yaka et al., 2003). Phosphorylation of NMDA receptor by FYN enhances
channel activity, and subsequently promotes calcium ion influx and downstream NMDA
receptor signalling (Yaka et al., 2003). These changes are essential for modulating long-term

potentiation and glutamate transmission in the brain (Yaka et al., 2003, Woodward et al., 2006).
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Ethanol is known as a powerful inhibitor of NMDA receptors. Acute exposure to ethanol was
found to reduce excitatory postsynaptic potentials (EPSPs) in the NMDA receptors (Lovinger et
al., 1990). Upon the injection of ethanol, Fyn-deficient mice showed reduced NMDAReg2
phosphorylation and EPSPs (Miyakawa, 1997). The results illustrated the involvement of FYN
in mediating the sensitivity to ethanol through NMDA receptors. The genetic influence of FYN
on risks of alcohol dependence and schizophrenia was demonstrated in previous studies
(Schumann et al., 2003, Ishiguro et al., 2000, Pastor et al., 2009). Consistent with previous
research, results from the current study supported the protective role of FYN on alcohol misuse

and intoxication in adolescents.

6.4.3 FYN, amygdala activations and negative life events stress

The relationship between FYN and stress was demonstrated at cell signalling and
neurotransmission levels in the previous literature. For example, glucocorticoids were found to
dissociate the FYN/ T-cell receptor complex and inhibit downstream T-cell receptor signalling
(Lowenberg et al., 2006). Apart from the glucocorticoids, additional candidates such as
serotonin receptors are responsible for monitoring the activity of the stress system and stress-
related alcohol consumption (reviewed by Koob (2008)). A link between serotonin receptors
and Fyn has also been found, in which the activation of the serotonin (5-hydroxytryptamin, 5-
HT¢) receptors was found to enhance autophosphorylation of Fyn and upregulate the surface
expression of 5-HTgreceptors in the rat brain (Yun et al., 2007). FYN is involved in regulating
oxidative and chemical stress, as well as altering the immunological response in rats suffered
from traumatic stress (Niture et al., 2011, Goebel-Goody et al., 2012, Xiao et al., 2009). The
evidence for FYN in stress-related neuropsychiatric disorders has remained sparse in the current
literature, implying that the selection of stress genes from the NCBI Gene Database has

captured genes that are less studied in the psychiatric research.
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In addition to the genetic association with drunkenness, FYN rs1409837 was also associated
with the reduced BOLD responses in the bilateral amygdala during angry face processing. The
additive genetic effect of FYN rs1409837 was specific to the amygdala activations and FYN
rs1409837 had no direct effect on life stress measured by the frequency and ratings towards
negative life events in the adolescents. Consistent with Whalen et al.’s (1998) findings, reduced
amygdala activations were associated with the reduced fearfulness towards emotional stimuli. In
the current study, adolescents who demonstrated lower amygdala BOLD responses also
perceived negative life events as less unhappy or less stressful. During adolescence, the
maturation of limbic brain regions including the amygdala and the hippocampus precedes the
cortical regions (Gogtay et al., 2006, Giedd et al., 1996b). FYN rs1409837 might be involved in
stabilising the NMDA receptor activity in the amygdala and maintained the NMDA receptor

functions.

Life stress characterised by frequency and ratings towards negative life events was found to
increase drunkenness in the adolescents. The results were consistent with previous studies, in
which increased alcohol craving and relapse were linked to emotional stress among adolescent
drinkers and patients with alcohol dependence (Pilowsky et al., 2009, Blomeyer et al., 2008,
Sinha et al., 2009). Since the amygdala activations could also predict the subjective perception
of life stress, such association might indicate the impact of the amygdala activations on stress-
related alcohol consumption and drunkenness in the adolescents. Further investigation will be
required to understand the gene-environment interaction of FYN rs1409837 on drunkenness

during stressful environment.

6.4.4 Limitations of the study

In attempt to understand the functions of FYN rs1409837 on drunkenness, additional
bioinformatic resources could be explored to provide a more comprehensive view. For example,
the interaction between FYN rs1409837 and TF binding sites could also be studied using data
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from the ENCODE project (The ENCODE Project Consortium, 2012). The ENCODE project
provides open resources for functional elements encoded in the human genome. It allows the
enrichment of FYN rs1409837 with functional elements residing within the ENCODE-defined

regions and complements the predicted TF alterations using MatInspector.

The face task is a classical fMRI paradigm for measuring emotional processing. However, brain
activity measured in the face task might not fully reflect individuals' emotional sensitivity
towards stressful situations. Firstly, depending on individuals' attention and fatigue level, the
recorded brain activations could be subject to the habituation of stimuli over time.
Counterbalancing the order of stimuli presented in the face task might reduce chances of
habituation. Secondly, although the amygdala has been regarded as the key brain region of
emotional processing, the associations between FYN rs1409837 and amygdala activation could
also be driven by face recognition. Further analyses using the amygdala activations during
happy face processing or non-biological threatening stimuli could be informative in confirming
the involvement of FYN rs1409837 in emotional processing. It should be noted that the fMRI
assessment was conducted in the IMAGEN adolescents at age 14; whereas the drunkenness and
negative life events measurements in adolescents at age 16 were used for analyses in this study.
Despite the limitations, the analyses using the amygdala activations in the face task would allow
researchers to understand the relationship between FYN rs1409837 and the neurobiology of

emotional processing and stress reactivity.

Similarly, the FYN mRNA expressions were only measured in a subset of adolescents at age 14.
To improve the accuracy of the mRNA expressions, techniques including the real-time PCR
should be applied to measure the mRNA expressions of FYN isoforms. Ideally, the mRNA
expressions of FYN should be measured in the adolescents at age 16. Validation analysis can be
carried out in additional adolescent populations where alcohol consumption, genetic and gene
expression data are available. Additional analysis should be carried out to examine the
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association between FYN rs1409837 and brain mRNA expressions. Using published resources
such as the BrainCloud, the cis-acting effects of FYN rs1409837 in the brain can be investigated
in age and/ or gender-specific manner (Colantuoni et al., 2011). At present, the BrainCloud
database only provides mRNA expressions in the prefrontal cortex. Therefore, further
investigation will be required to study the significance of FYN rs1409837 on the mRNA

expression in the amygdala.

Additional work should be also carried out to validate the associations of FYN rs1409837,
drunkenness and the amygdala activations. Despite the high accuracy of genotyping and
imputed SNP data (Huang et al., 2009, Halperin and Stephan, 2009), further analyses including
sequencing and functional characterisation will be required to confirm the nature of association
and the functions of FYN rs1409837. Rigorous replications should be performed in other

adolescent populations to confirm the associations.

6.4.5 Conclusions

By focusing on genes in the stress system, this study has successfully identified the protective
effect of FYN rs1409837 on drunkenness and bingeing in adolescents. One possible
mechanisms of FYN rs1409837 is to reduce the amygdala activations during emotional
processing and stressful situations, which may further influence the perceived level of life
stress. This study has presented the first evidence for the genetic effect of FYN on both alcohol
drunkenness and brain activations in human. The functional mechanisms of FYN rs1409387 are

yet to be determined.
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Chapter 7

General Discussion

7.1 Overview

My thesis aimed to identify the genetic and epigenetic risk factors for repeated substance use
and misuse in adolescents. Substance use in adolescence can be served as an important
milestone for developing substance addictions (Grant and Dawson, 1997, Giovino et al., 1995).
The importance of using multidisciplinary approaches to dissect the genetic underpinnings of
neuropsychiatric disorders has been emphasised in recent years (Munoz et al., 2009). On this
basis, | adopted various approaches to integrate the genetic, epigenetic, neuroimaging and
behavioural data in order to understand the substance use behaviour in the IMAGEN
adolescents. In Chapters 3, 4 and 5, | investigated the role of life stress, circadian genes and
reward sensitivity in alcohol and tobacco use in adolescents. In Chapter 6, | focused on
identifying the gene-neuroimaging relationship of FYN rs1409837 on drunkenness and the

amygdala activations in the adolescents.

Table 7-1 displays the summary of hypotheses and findings in this thesis. To summarise, the
results presented in this thesis have supported the relevance of life stress and reward sensitivity
in predicting the increased alcohol and tobacco use in adolescents. Evidence from Chapter 6
partially supported the role of stress system on drunkenness and binge drinking behaviour.
However, the interactions between stress and circadian systems did not influence reward

sensitivity and substance use in adolescents.
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Table 7-1 Summary of hypotheses and results.

Research questions and hypotheses Specific Results

Research question: Negative life events and disruptions of the stress system increase substance use in adolescents

Hypotheses:

v~ Adolescent drinkers and smokers displayed higher level of life stress at age 14 and
Increase life stress promotes alcohol and tobacco use in adolescents ) ) o
age 16. Both drinkers and smokers experienced more negative life events and gave

(Chapter 3) lower ratings to the events compared to non-drinkers and non-smokers.

Genetic polymorphisms of the stress system predict alcohol and tobacco  x Stress genes were not associated with alcohol and tobacco use in adolescents at

use in adolescents (Chapter 5) single SNP and polygenic levels.
Genetic polymorphisms of the stress system predict alcohol misuse in v FYNrs1409837 from the stress gene list was associated with reduced drunkenness
adolescents (Chapter 6) and bingeing in adolescents at age 16.
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X No cis-acting effect of FYN rs1409837 on mRNA expressions.

v*  FYNrs1409837 was significantly associated with the reduced bilateral amygdala

Life stress increases risks of alcohol misuse (Chapter 6) activations during angry face processing.

X FYN rs1409837 was not associated with the frequency and ratings towards negative

life events.

v Adolescents who had higher level of life stress were more likely to experience

drunkenness.

Research question: Disruptions of the circadian system promote substance use in adolescents

Hypotheses:

Inter-individual variations in PER1 DNA methylation predict alcohol No associations between the DNA methylation at PER1 upstream CpG units with
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and tobacco use in adolescents (Chapter 4) alcohol and tobacco use in adolescents.

Genetic polymorphisms of the circadian system predict alcohol and X Circadian genes were not associated with alcohol and tobacco use in adolescents at

tobacco use in adolescents (Chapter 5) both single SNP and polygenic levels.

Research question: Disruptions of both stress and circadian systems promote substance use in adolescents

Hypotheses:

X Frequency and ratings toward negative life events did not predict the DNA

Life stress alters DNA methylation in PER1 (Chapter 4) methylation at PER1 upstream CpG units.

DNA methylation at the PER1 gene regulatory elements predict alcohol  x Lack of inter-individual variations in DNA methylation at the PER1 proximal GRE

and tobacco use in adolescents (Chapter 4) site.
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x  The DNA methylation at PER1 rs3027172 and the E-box could not be detected

using the Sequenom platform.

Genetic polymorphisms of stress x circadian genes predict alcohol and X Stress X circadian genes were not associated with alcohol and tobacco use in

tobacco use in adolescents (Chapter 5) adolescents at both single SNP and polygenic levels.

Research question: Sensitivity to reward predicts substance use in adolescents

Hypothesis:

VS activations during reward anticipation predicts alcohol and tobacco ~ «*  Adolescent drinkers showed significantly higher bilateral VS activations compared

use in adolescents (Chapter 3) to non-drinkers at age 14.

v~ Adolescent smokers demonstrated significantly higher right VS activations

compared to non-smokers at age 14.
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X No difference in left VS activations was found between smokers and non-smokers.

Research question: Disruptions in the stress and circadian systems alter reward sensitivity in adolescents at age 14

Hypotheses:
Increase life stress alters reward sensitivity in adolescents X ) ) o )
Neither the frequency nor ratings towards negative life events predicted the

(Chapter 3) bilateral VS activations during reward anticipation in the 14-year-old adolescents.

X Lack of significant associations between the DNA methylation at PER1 upstream
Inter-individual variations in PER1 DNA methylation reward sensitivity CpG units and the bilateral VS activations during reward anticipation in
in adolescents (Chapter 4) adolescents.

X
Genetic polymorphisms of stress genes predict reward sensitivity in Stress genes were not associated with the bilateral VS activations during reward
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adolescents (Chapter 5) anticipation at both single SNP and polygenic levels.

Genetic polymorphisms of circadian genes predict reward sensitivity in - x Circadian genes were not associated with the bilateral VS activations during reward

adolescents (Chapter 5) anticipation at single SNP and polygenic levels.
Genetic polymorphisms of stress x circadian genes predict reward X Stress x circadian genes were not associated with the bilateral VS activations
sensitivity in adolescents Chapter 5) during reward anticipation at single SNP and polygenic levels.
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7.2 Life stress and reward sensitivity as risk factor for substance use and

misuse

7.2.1  Life stress promotes substance use and misuse in adolescents

The exposure to environmental stress has been implicated in various stages of addiction, from
the initiation to repeated substance use, bingeing and withdrawal (Blomeyer et al., 2008, Booker
et al., 2008, Sinha et al., 2009, Vendruscolo et al., 2012, Feltenstein et al., 2012). Part of this
thesis investigated the impact of life stress, characterised by both the frequency and ratings
towards negative life events, on alcohol and tobacco use in adolescents. Consistent with the
previous studies, Chapter 3 illustrated that both alcohol and tobacco use in the IMAGEN
adolescents were driven by the negative life events. The variance explained for negative life
events ranged between 1.7 - 9.3% at age 14 and between 2.7 - 11.4% at age 16 (see Chapter 3),
demonstrating that life stress could become increasingly important in predicting substance use
throughout adolescence. The increased variance explained of negative life events has supported
the addictions cycle proposed by Koob and Le Moal (1997) and the development of substance
misuse and addictions can be maintained by negative emotions. Negative emotions due to
stressful environment encourage adolescents to consume alcohol and tobacco in order to
alleviate stress. The spiralling effect of stress-induced substance use may contribute to the
strong association between negative life events and the increased substance use in the
adolescents at age 16, which may have profound consequence in substance use behaviour in

later life.

7.2.2 Reward sensitivity predicts substance use

In addition to life stress, this thesis investigated the impact of reward sensitivity on substance
use in the IMAGEN adolescents. Proposed by Koob and Le Moal's (2007) model of addiction
cycle, the sensations and experience associated with substance use could be rewarding and
therefore encouraged repetitive substance use (Koob and Le Moal, 1997). Analyses from

Chapter 3 supported the hyperactivation hypothesis of reward processing (Galvan, 2010, Galvan
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et al., 2006). As a result, adolescent drinkers and smokers who demonstrated larger sensitivity
to reward might engage in sensation and reward seeking behaviour more frequently; therefore
they were more likely to consume alcohol and tobacco. Results from this thesis supported the

use of neuroimaging phenotypes in dissecting the neural basis of reward processing.

7.3 Stress genes as the risk factor for alcohol misuse in adolescents

Based on the associations of negative life events and substance use presented in Chapter 3, |
examined the additive genetic and polygenic effects of stress genes on alcohol and tobacco use
in adolescents. Contrary to the findings from previous studies (Blomeyer et al., 2008, Tobacco
and Genetics, 2010), the results reported in Chapter 5 suggested lack of associations between
stress genes and substance use in the IMAGEN adolescents. The lack of significant associations
could be due to various reasons, e.g. the detection of risk variants was dependent on the MAFs
as well as the penetrance of SNPs (Reich and Lander, 2001, Sullivan et al., 2012). Based on the
CDCV hypothesis, the genetic effects of common variants on substance use phenotypes are
likely to be very small. Applying stringent p-value threshold to reduce false positives further
prevented the detection of genetic risk variants within the stress system. Many published
findings were based on a priori hypotheses in which genes related to stress regulations were
selected for genetic association analyses. The correction of multiple testing for 41307 SNPs
might hinder the detection of any significant associations between stress genes and substance

use.

Nevertheless, it is expected that gene-environment interaction can influence the detection of
genetic risk variants from the stress system on substance use. This hypothesis was partly
supported by the increased variance explained of life stress on substance use in the 16-year-old
adolescents (Chapter 3), as well as the increased variance explained of stress genes en masse on

alcohol use in the 16-year-old adolescents (Chapter 5). Since life stress is a crucial factor for
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propagating the addiction cycle, it can be expected that the genetic influence from the stress

system will be of larger significance among heavy alcohol and tobacco users.

Therefore, Chapter 6 focused on identifying the associations between stress genes and
drunkenness as an indicator of alcohol intoxication. The minor allele of FYN rs1409837 was
found to reduce the likelihood of drunkenness and bingeing in the 16-year-old adolescents. In
attempt to assess the stress property of FYN rs1409837, it was discovered that FYN rs1409837
was associated with the reduced bilateral amygdala activations in angry face processing. The
likelihood of drunkenness was also influenced by increased life stress. Together with Chapter 3,
the results presented in Chapter 6 have confirmed the involvement of life stress at different
stages of addiction. In addition to the previous studies where the genetic influence of FYN on
alcohol addictions has been demonstrated (Schumann et al., 2003, Pastor et al., 2009), Chapter 6
has presented the first genetic association of FYN rs1409837 and drunkenness in healthy
adolescents; of which the findings can be important for reducing the missing heritability of

alcohol addictions.

As FYN is known for regulating the activations of NMDA receptors via phosphorylation
(Miyakawa, 1997, Yaka et al., 2003), the protective effect of FYN rs1409837 on drunkenness
may involve in maintaining the NMDA receptor activity in the amygdala and the brain stress
system. lllustrated by Vendruscolo and colleagues (2012), binge drinking and alcohol
withdrawal could lead to differential GR mRNA expression in limbic regions that might alter
stress reactivity of the brain stress system (Vendruscolo et al., 2012). Further confirmed by the
associations between the amygdala activations and negative life events, increased bilateral
amygdala activations were found to elevate the perceived life stress. Whilst the role of FYN
rs1409837 on stress reactivity requires further investigation, my analyses have demonstrated the

potential influence of FYN rs1409837 in alcohol misuse and addictions.
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7.4 Stress did not alter reward sensitivity

Proposed by Koob and colleague's research, the development of repeated substance use and
addictions is mediated by positive reinforcement associated with the pleasurable experience and
sensation of substance use, as well as the negative reinforcement which promotes the
maintenance of substance use to alleviate the negative emotions (Koob and Le Moal, 1997,
Koob, 2013). Since both negative life events and the VS activations during reward anticipation
were found to predict alcohol and tobacco use during adolescence, | was motivated to
investigate the effect of life stress on reward processing. The lack of significant influence of
stress genes on reward sensitivity could be due to the selection of ROIs. Although the VS was
the most activated region in the reward anticipation contrast, other brain regions could be more
relevant in regulating emotion-related reward processing (Liu et al., 2011). Therefore
performing genetic analyses on brain ROIs might limit the chances of detecting risk variants

(See Chapter 5).

Koob and colleagues' proposal may provide an alternative explanation for the lack of
associations among life stress, stress genes and reward sensitivity in the IMAGEN adolescents.
The interactions between the stress and reward systems may become more prominent
throughout the development of addictions and impose a larger impact among the heavy
substance users. Demonstrated by Feltenstein and colleagues, the exposure to stress was found
to enhance nicotine-seeking behaviour in mice suffered from nicotine withdrawal (Feltenstein et
al., 2012). The impact of stress system on reward processing might be less observable among

adolescents who had begun to consume alcohol and tobacco.

7.5 Circadian system did not influence substance use and reward
sensitivity
As discussed in the General Introduction, alterations in circadian rhythm were linked to the

substance use and addictions in adolescents and clinical populations. Therefore one main part of
211



this thesis aimed to identify the relationship between circadian genes and substance use in

adolescents.

| first investigated whether the DNA methylation of PER1 could act as a potential mechanism
for stress-induced substance use in Chapter 4. Subject to the limitations of the Sequenom
platform, only 44 CpG units on the PER1 promoter were examined. The results presented in
Chapter 4 showed that negative life events did not alter the DNA methylation of PER1 and that
the inter-individual differences in PER1 DNA methylation did not predict the VS activations
during reward anticipation, alcohol and tobacco use in adolescents. As a result, it can be
possible that DNA methylation outside the assayed region may predict the stress-induced
substance use and reward sensitivity in adolescents. Recent epigenome-wide studies indicated
that the differences in DNA methylation could be due to substance use and alterations in brain
activations (Zhang et al., 2013, Breitling et al., 2011, Zeilinger et al., 2013, Guo et al., 2011).
Therefore, it is also possible that substance use and differences in the VS activations might
influence the PER1 DNA methylation level in the adolescents. The analyses reported in this
chapter are largely inconclusive, yet it has informed researchers the impact of DNA methylation

as a potential mechanism on stress-induced substance use.

Evidence from various genetic association studies suggested that alcohol and tobacco addictions
are polygenic disorders triggered by gene-environment interactions (Schumann et al., 2011,
Tobacco and Genetics, 2010, Dong et al., 2011, Thorgeirsson et al., 2010). As indicated by the
association analyses presented in Chapter 5, genetic variations of circadian genes did not
significantly predict substance use in adolescents at both age 14 and age 16. The analyses failed
to replicate results from previous studies owing to the differences in MAFs and substance use
phenotypes across populations. The inconsistent findings of polygenic score analyses has
highlighted issues including statistical methodology that may mask the genetic effects of
circadian system on substance use.
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The analyses from Chapter 5 also suggested the lack of genetic effects of circadian genes on
reward sensitivity in adolescents. Again, the lack of significant associations could be due to the
statistical methodology as well as the sensitivity of substance use phenotypes. Such findings can
also be supported by a previous study, demonstrating the lack of associations between circadian
genes and reward processing (Zghoul et al., 2007). The Per1®™ mutant mice did not show
significant differences in ethanol seeking, reinforcement and relapse compared to their healthy
counterparts (Zghoul et al., 2007). It is also possible that the impact of circadian system on
reward processing is specific to different stages of addictions. For example, blunted circadian
rhythm and reduced locomotor activity were observed in mice suffered from long-term opiate
withdrawal (Li et al., 2010). Moreover, disruptions in the mRNA expression of Perl, Per2 and
Per3 in the VTA, NAc and the amygdala had been observed, implying the impaired functioning
of mesocorticolimic dopaminergic system at the withdrawal phase in these mice (Li et al., 2010).
The interplay between the circadian and reward systems can be expected towards the later stage

of addiction cycle.

To summarise, the analyses presented in this thesis suggested that the circadian system had no
significant impact on reward sensitivity and substance use in adolescents. The lack of circadian
rhythm information in the IMAGEN adolescents did not allow us to identify the relationships of
circadian rhythm with negative life events, reward sensitivity and substance use. It is therefore
unclear the extent to which alterations in circadian rhythm can influence substance use in the

adolescents.

7.6 Thesis limitations

The IMAGEN study has provided a large sample that is essential for genetic and neuroimaging
analyses. Nonetheless, this thesis is subject to various limitations and methodological issues.

These issues should be taken into consideration when interpreting the results. Whilst specific
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limitations pertaining to different aspects of this thesis are discussed in each chapter, the main

methodological issues are listed below.

Community sample

Adolescents of the IMAGEN study were recruited from local communities. Symptoms of
alcohol and tobacco misuse might not be observed in these adolescents. Additional analyses will

be required to validate the significance of findings in clinical populations.

Behavioural phenotypes

Negative life events

The level of life stress experienced by adolescents is restricted to the 20 negative life events
items measured in the Life Events Questionnaire (Newcomb et al., 1981). In particular, the
frequency of each occurred life event was reported on a dichotomous scale. Therefore events
that might occur more than once (e.g. family moved, face broke out with pimples) was not taken
into consideration. Thus the negative life events did not fully capture the consequences of life

stress on substance use and reward processing in adolescents.

Substance use phenotypes in the ESPAD

Similar to many self-report questionnaires, the reliability of substance use occasions measured
in the ESPAD is dependent on individuals' ability to recall the information. Therefore, the
classifications of substance use and abstinence groups can be subject to self-report bias.
Additional measurements from other questionnaires can be used to cross-validate the reliability

of substance use phenotypes.
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Brain activations in fMRI tasks

The BOLD response measured in the fMRI tasks has provided an indirect measurement of brain
activity. Despite all efforts have been made to standardise the scanning procedure, changes in
the BOLD responses could be subject to head movements, task habituation, as well as the
anxiety and arousal states of the adolescents. Performing ROI analyses ignores the connectivity

of brain regions which can have an impact on the ROl BOLD responses.

MID and face fMRI contrasts

The BOLD responses of the VS from the ‘Large win- No win’ reward anticipation contrast of
the MID task were analysed in this thesis. Other aspects of reward processing that may indicate
reward sensitivity, for example reward feedback and the omission of an expected reward, were
modelled in other contrasts of the MID task. Similarly, the amygdala BOLD responses of the
‘angry face — control’ contrast in the face task did not fully represent individual’s neural
response when processing emotional stimuli. Other aspects of emotional processing, including
the processing of positive emotions, can be characterised by including happy faces in the face

task.

Genome-wide genetic data

Since SNPs with MAF below 1% were excluded during the quality control procedure, any rare
variants that might contribute to the risk phenotypes could not be examined. Due to the tagging
nature of the genotyped SNPs, any target SNPs should undergo further analyses to confirm the
nature of the association. This will involve exploring the LD structure and performing SNP
imputation of the target region. If necessary, additional genotyping, sequencing and functional

studies will be required to determine the functions of the target SNPs.
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Imputed genetic data

Imputation of SNPs was performed based on the genetic information of individuals available
from the 1000 Genomes project. The allele dosage of the imputed SNPs only reflects the
estimated copies of major allele expressed in the IMAGEN adolescents. Therefore, genotyping
the imputed SNPs will be required to confirm the genetic variations and the MAFs within the

IMAGEN population.

Gene expression microarray data

The design of probes has limited the accuracy for the detection of mMRNA expressions. As
illustrated by the analyses presented in Chapter 6, the FYN mRNA expression data of two
probes could not be used due to the presence of SNPs and non-specific binding. Although the
probes were designed to capture the expressions of all FYN mRNA isoforms, the data would not
allow researchers to distinguish the mRNA expression of individual isoform. Technigue such as

real-time PCR should be used to validate the mRNA expression of target genes and isoforms.

7.7 Implications for future research and conclusions

This thesis has investigated the risks of alcohol and tobacco misuse in adolescents at
behavioural, genetic and epigenetic levels. Given the availability of the cross-sectional
behavioural and neuroimaging data in the IMAGEN Study, future research should focus on
investigating the development trajectories of substance addictions. Based on the work

established in this thesis, | propose the following projects:

Project 1: Epigenetic regulation of life stress and risks of substance misuse in 14 year old
adolescents
The genome-wide DNA methylation data of ~700 IMAGEN adolescents was made available in

summer 2013. Based on the data from Chapter 4, analysis can be carried out to explore the
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DNA methylation of additional CpG loci on PER1 in associate with alcohol and tobacco misuse
in adolescents. Alterations in the genome-wide DNA methylation pattern in response to
negative life events can also be studied. Upon the identification of candidate CpG loci, their
functional significance on substance misuse can be investigated by performing bioinformatic
analyses and associations with the mRNA expressions. This project will allow researchers to
identify the consequences of life stress on gene functions and substance use behaviour in the

adolescents.

Project 2: Identify the impact of life stress on reward sensitivity in heavy substance users

The impact of stress on reward processing can be less prominent in adolescents who had just
started consuming alcohol and tobacco. In addition to the ventral striatum, the dorsal part of
striatum as well as other brain regions may be more relevant in integrating stress signals during
the anticipation of reward. Hence future work should be focused on identifying brain ROIs
associated with reward sensitivity and life stress. Analyses can be performed to identify genetic
risk variants that are associated with brain activations during reward anticipation among heavy
substance users. As the development of substance addictions can be seen as a process of
continuous positive and negative reinforcements, this project will allow researchers to capture
the neural basis of reward sensitivity in response to stress and how the interaction between the

stress and reward systems can contribute to the escalation of substance use.

Project 3: Establish the gene-environment relationship of FYN rs1409837, life stress and
drunkenness

Based on the results from Chapter 6, future work should aim to characterise mechanisms
underlying the protective effect of FYN rs1409837 on drunkenness. Additional analyses should
be carried out to establish the interaction effect of FYN rs1409837, amygdala activation/
negative life events and drunkenness in adolescents at age 16. To improve the power of
associations, alternative approaches such as using haplotype as a unit for analysis should be
considered. As the follow-up assessment in adolescents at age 18 is underway, the genetic effect

of FYN rs1409837 on alcohol misuse can also be tested in the participants at later life. In
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addition, functional analysis can be conducted at cellular level to confirm the role of FYN

rs1409837 in mediating stress reactivity.

Replication of findings

Finally, all results should subject to rigorous replications in order to minimise chances of
detecting false positives. Performing internal replication within the IMAGEN population
maximises the homogeneity across samples and data, thus increases the confidence of findings.
Whereas performing external replication in populations that resembles the IMAGEN population

may allow generalisation of findings to a wider population.

Conclusions

In the past decades, extensive research has been dedicated to investigate the genetic basis of
substance misuse and addictions. However, it has remained a challenge to understand the
functions of genetic variants related to the development of addictions. In this thesis, | examined
the stress and circadian systems in mediating reward sensitivity and risks of alcohol and tobacco
misuse in over 2000 adolescents. The data of my thesis has supported the role of life stress in
substance use and drunkenness during adolescence at the behavioural, neuroimaging and
genetic levels. The consequences of reward sensitivity on substance use have also been
confirmed. By adopting the gene-neuroimaging approach, | investigated the potential
mechanisms of FYN rs409837 on drunkenness in attempt to resolve the missing heritability
problem of alcohol addictions. Results obtained in this thesis provide new insights and
approaches that should support the understanding of the genetic underpinnings of substance
misuse in adolescence. A comprehensive understanding to the genetics and neurobiology of
substance addictions will have profound consequences, from designing therapeutic targets to

policy making and implementation of substance use intervention programs in the future.
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Appendices

Appendix 1: Life Events Questionnaire

Questions for each life event in the baseline assessment conducted in adolescents at age 14:
1) How would this event make you feel?

2) Has this event EVER occurred?

3) Has this event occurred IN THE PAST YEAR?

Questions for each life event in the follow-up assessment conducted in adolescents at age 16:
1) Has this event EVER occurred?

2) How old were you when this happened?

3) How did this event make you feel?

Life events items

leq_01 'Parents divorced'.

leq_02 'Family accident or illness'.

leq_03 'Found a new group of friends'.
leq_04 'Got in trouble with the law'.
leq_05 'Stole something valuable'.

leq_06 'Given medication by physician'.
leq_07_year 'Fell in love'.

leq_08_year 'Death in family'.
leq_09_year 'Face broke out with pimples'.
leq_10_year 'Brother or sister moved out'.
leq_11 feel 'Started seeing a therapist'.
leq_12_year 'Parent changed jobs'.

leq_13_year 'Began a time-consuming hobby"'.
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leq_14 year 'Got or made pregnant'.

leq_15_ year 'Decided about college / university'.
leq_16_year 'Thought about suicide'.

leq_17 year 'Changed schools'.

leq_18 year 'Joined a club or group'.
leq_19_year 'Got in trouble at school'.
leg_20_year 'Got or gave sexually transmitted disease'.
leq_21 year 'Met a teacher | liked a lot'.
leq_22_year 'Family had money problems'.
leq_23 year 'Got own TV or computer'.

leq_24 year 'Parents argued or fought'.

leq_25 year 'Ran away from home'.
leq_26_year 'Started going out with a girlfriend/boyfriend'.
leq_27_year 'Got poor grades in school'.

leq_28 year 'Went on holiday without parents'.
leq_29 year 'Started driving a motor vehicle'.
leq_30_year 'Broke up with boy/ girl-friend'.
leq_31 year 'Family moved'.

leq_32_year 'Started making own money'.
leq_33_year 'Found religion'.

leq_34 year 'Parent remarried'.

leq_35_year 'Had a gay experience'.
leq_36_year 'Gained a lot of weight'.
leq_37_year 'Serious accident or illness'.
leq_38_year 'Lost virginity'.

leq_39_year 'Parent abused alcohol'.
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Appendix 2: ESPAD
General information about « missings » or jump rules

CHILD ESPAD

6 — If(0) 8a

8a — If(0) 22a

8b — If(0) 29beer
8c — If(0) 29beer
17a - If(0) prev3l
17b — If(0) prev31l
19a — If(0) 22a
19b — If(0) 29d
24a - If(0) 25a
24b — If(0) 29i
24c — If(0) 29i
25a — If(0) 27tranq
25b — If(0) 29r
25c — If(0) 29r

27 - If(NO) JUMP 4

1) Variable labels
- TRUANCY

VARIABLE LABELS C.4a 'During the LAST 30 DAYS how many whole days of school
have you missed because of illness?'.

VARIABLE LABELS C.4b 'During the LAST 30 DAYS how many whole days of school
have you missed because you skipped or "cut”?".

VARIABLE LABELS C.4c 'During the LAST 30 DAYS how many whole days of school
have you missed for other reasons?".

- SCHOOL PERFORMANCE

VARIABLE LABELS C.5 'Which of the following best describes your average grade in
the end of the last term?'.
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- SMOKING (FTND)

VARIABLE LABELS C.6 'On how many occasions during your lifetime have you
smoked cigarettes?'.

VARIABLE LABELS C.29e 'When did you smoke your FIRST cigarette?".
VARIABLE LABELS C.29f 'When did you first smoke cigarettes ON A DAILY BASIS?'.

VARIABLE LABELS C.7 'How frequently have you smoked cigarettes during the LAST
30 DAYS?'.

VARIABLE LABELS C.ftind1l 'How soon after you wake up do you smoke your first
cigarette?'.

VARIABLE LABELS C.ftnd2 'Do you find it difficult to refrain from smoking in places
where it is forbidden, e.g. at the mosque (church), at the bus?' .

VARIABLE LABELS C.ftnd3 'Which cigarette would you hate most to give up?'.
VARIABLE LABELS C.ftnd4 'How many cigarettes/day do you smoke?".

VARIABLE LABELS C.ftnd5 'Do you smoke more frequently during the first hours after
waking than the rest of the day?'.

VARIABLE LABELS C.ftnd6 'Do you smoke when you are so ill that you are in bed
most of the day?'.

- ALCOHOL USE ONSET + FREQUENCY, TYPE OF ALCOHOL

VARIABLE LABELS C.8a 'On how many occasions IN YOUR WHOLE LIFETIME have
you had any alcoholic beverage to drink?'.

VARIABLE LABELS C.8b 'On how many occasions OVER THE LAST 12 MONTHS
have you had any alcoholic beverage to drink?".

VARIABLE LABELS C.8c 'On how many occasions OVER THE LAST 30 DAYS have
you had any alcoholic beverage to drink?'.

VARIABLE LABELS C.9a 'On how many occasions OVER THE LAST 30 DAYS have
you had beer to drink? (do not include low alcohol beer)'.

VARIABLE LABELS C.29beer 'When did you FIRST drink beer (at least one glass)?'.

VARIABLE LABELS C.9b 'On how many occasions OVER THE LAST 30 DAYS have
you had wine to drink?'.

VARIABLE LABELS C.29wine 'When did you FIRST drink wine (at least one glass)?".
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VARIABLE LABELS C.9c 'On how many occasions OVER THE LAST 30 DAYS have
you had an alcopop to drink? (e.g. Barcardi Breezer)'.

VARIABLE LABELS C.29alcopop 'When did you FIRST drink alcopops (at least one
bottle)?".

VARIABLE LABELS C.9d 'On how many occasions OVER THE LAST 30 DAYS have
you had spirits to drink? (whisky, cognac, shot drinks etc) (also include spirits mixed
with soft drinks, except alcopops)'.

VARIABLE LABELS C.29spirits 'When did you FIRST drink spirits (at least one
glass)?".

VARIABLE LABELS C.17a 'How many times IN YOUR WHOLE LIFETIME have you
had five or more drinks in a row?".

VARIABLE LABELS C.17b 'How many times OVER THE LAST 12 MONTHS have you
had five or more drinks in a row?"'.

VARIABLE LABELS C.17c 'How many times OVER THE LAST 30 DAYS have you had
five or more drinks in a row?'.

- ALCOHOL USE EXPECTANCIES (only in those who report alcohol use): “How likely
is it that each of the following things would happen to you personally, if you drink
alcohol?”

VARIABLE LABELS C.18a 'Feel relaxed'.

VARIABLE LABELS C.18b 'Get into trouble with police'.
VARIABLE LABELS C.18c 'Harm my health'.

VARIABLE LABELS C.18d 'Feel happy'.

VARIABLE LABELS C.18e 'Forget my problems'.
VARIABLE LABELS C.18f 'Not be able to stop drinking'.
VARIABLE LABELS C.18g 'Get a hangover'.

VARIABLE LABELS C.18h 'Feel more friendly and outgoing'.
VARIABLE LABELS C.18i 'Do something | would regret'.
VARIABLE LABELS C.18j 'Have a lot of fun'.

VARIABLE LABELS C.18k 'Feel sick'.

242



- BINGEING

VARIABLE LABELS C.prev31 'How many drinks containing alcohol do you have on a
TYPICAL DAY when you are drinking?".

VARIABLE LABELS C.19a 'On how many occasions IN YOUR WHOLE LIFETIME
have you been drunk from drinking alcoholic beverages?'.

VARIABLE LABELS C.19b 'On how many occasions OVER THE LAST 12 MONTHS
have you been drunk from drinking alcoholic beverages?'.

VARIABLE LABELS C.19c¢ 'On how many occasions OVER THE LAST 30 DAYS have
you been drunk from drinking alcoholic beverages?'.

VARIABLE LABELS C.29d 'When did you FIRST get drunk from drinking alcoholic
beverages?'.

VARIABLE LABELS C.20 'Please indicate on this scale from 1 to 10 how drunk you
would say you were the last time you were drunk.'.

VARIABLE LABELS C.21 'How many drinks do you usually need to get drunk?".

- DRUG USE: “Have you ever heard of...”

VARIABLE LABELS C.22_hash 'Marijuana (weed, grass, skunk, pot, ganja) or hashish
(hash, hash oil)'.

VARIABLE LABELS C.22_inhalants 'Inhalants like glue or aerosols'.

VARIABLE LABELS C.22 tranq 'Tranquillisers or sedatives (e.g. benzodiazepines
such as valium or xanax; barbiturates, barbs or downers such as amytal, or seconal).'.

VARIABLE LABELS C.22 amphet 'Amphetamines (speed, uppers, crystal meth)
or desoxyn.".

VARIABLE LABELS C.22_Isd 'LSD (acid)'.

VARIABLE LABELS C.22_mushrooms 'Magic mushrooms or other hallucinogens
(excluding LSD)'".

VARIABLE LABELS C.22_crack 'Crack’.

VARIABLE LABELS C.22_coke 'Cocaine (coke)'".

VARIABLE LABELS C.22_relevin 'Relevin'.

VARIABLE LABELS C.22_heroin 'Heroin'.

VARIABLE LABELS C.22_narcotic 'Narcotics (e.g. opium, morphine, codeine)'.

VARIABLE LABELS C.22_mdma 'Ecstasy (MDMA)'.
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VARIABLE LABELS C.22_ketamine 'Ketamine (Ket, K) or Phencyclidine (PCP, or
angel dust)'.

VARIABLE LABELS C.22_ghb 'GHB or liquid ecstasy'.
VARIABLE LABELS C.22_anabolic 'Anabolic steroids'.

VARIABLE LABELS C.23 'Have you ever wanted to try any of the drugs mentioned in
the previous questions?".

- DRUG USE ONSET + FREQUENCY for marijuana, inhalants, tranquilisers,
amphetamines, LSD, magic mushrooms, crack, cocaine, relevin, heroin, narcotics,
MDMA, ketamine, GHB, anabolic steroids

VARIABLE LABELS C.life_hash 'On how many occasions IN YOUR WHOLE
LIFETIME have you used marijuana (grass, pot) or hashish (hash, hash oil)?'.

VARIABLE LABELS C.year_hash 'On how many occasions OVER THE LAST 12
MONTHS have you used marijuana (grass, pot) or hashish (hash, hash oil)?".

VARIABLE LABELS C.month_hash 'On how many occasions OVER THE LAST 30
DAYS have you used marijuana (grass, pot) or hashish (hash, hash oil)?".

VARIABLE LABELS C.week hash 'On how many occasions OVER THE LAST WEEK
have you used marijuana (grass, pot) or hashish (hash, hash oil)?".

VARIABLE LABELS C.first_hash 'When did you first try marijuana (grass, pot) or
hashish (hash, hash oil)?".

VARIABLE LABELS C.life_glue 'On how many occasions IN YOUR WHOLE LIFETIME
have you sniffed a substance (glue, aerosols etc) to get high??".

VARIABLE LABELS C.year _glue 'On how many occasions OVER THE LAST 12
MONTHS have you sniffed a substance (glue, aerosols etc) to get high??".

VARIABLE LABELS C.month_glue 'On how many occasions OVER THE LAST 30
DAYS have you sniffed a substance (glue, aerosols etc) to get high??".

VARIABLE LABELS C.week_glue 'On how many occasions OVER THE LAST WEEK
have you sniffed a substance (glue, aerosols etc) to get high??".

VARIABLE LABELS C.first_glue 'When did you first use Inhalants (glue, etc) to get
high?".

VARIABLE LABELS Cl.life_tranqg 'On how many occasions IN YOUR WHOLE
LIFETIME have you used tranquillisers or sedatives (without a doctors prescription)
(e.g. benzodiazepines such as valium or xanax; barbiturates, barbs or downers such
as amytal, or seconal)?'.

VARIABLE LABELS C.year trang 'On how many occasions OVER THE LAST 12
MONTHS have you used tranquillisers or sedatives (without a doctors prescription)
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(e.g. benzodiazepines such as valium or xanax; barbiturates, barbs or downers such
as amytal, or seconal)?'.

VARIABLE LABELS C.month_trang 'On how many occasions OVER THE LAST 30
DAYS have you used tranquillisers or sedatives (without a doctors prescription) (e.g.
benzodiazepines such as valium or xanax; barbiturates, barbs or downers such as
amytal, or seconal)?".

VARIABLE LABELS C.week_trang 'On how many occasions OVER THE LAST WEEK
have you used tranquillisers or sedatives (without a doctors prescription) (e.g.
benzodiazepines such as valium or xanax; barbiturates, barbs or downers such as
amytal, or seconal)?".

VARIABLE LABELS C.first_trang 'When did you first try tranquillisers or sedatives
(without a doctors prescription) (e.g. benzodiazepines such as valium or xanax;
barbiturates, barbs or downers such as amytal, or seconal)?'.

VARIABLE LABELS C.life_amphet 'On how many occasions IN YOUR WHOLE
LIFETIME have you used amphetamines (speed), methamphetamine (crystal meth)
or desoxyn?".

VARIABLE LABELS C.year_amphet 'On how many occasions OVER THE LAST 12
MONTHS have you used amphetamines (speed), methamphetamine (crystal meth)
or desoxyn?'.

VARIABLE LABELS C.month_amphet 'On how many occasions OVER THE LAST 30
DAYS have you used amphetamines (speed), methamphetamine (crystal meth)
or desoxyn?".

VARIABLE LABELS C.week amphet 'On how many occasions OVER THE LAST
WEEK have you used amphetamines (speed), methamphetamine (crystal meth)
or desoxyn?'.

VARIABLE LABELS C.first_amphet 'When did you first try amphetamines (speed),
methamphetamine (crystal meth) or desoxyn?'.

VARIABLE LABELS C.life_Isd 'On how many occasions IN YOUR WHOLE LIFETIME
have you used LSD (acid)?".

VARIABLE LABELS C.year_Isd 'On how many occasions OVER THE LAST 12
MONTHS have you used LSD (acid)?'.

VARIABLE LABELS C.month_Isd 'On how many occasions OVER THE LAST 30
DAYS have you used LSD (acid)?".

VARIABLE LABELS C.week_Isd 'On how many occasions OVER THE LAST WEEK
have you used LSD (acid)?".

VARIABLE LABELS C.first_Isd 'When did you first try LSD (acid)?".

VARIABLE LABELS C.life_mushrooms '‘On how many occasions IN YOUR WHOLE
LIFETIME have you used magic mushrooms or other hallucinogens (excluding LSD)?".
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VARIABLE LABELS C.year_mushrooms 'On how many occasions OVER THE LAST
12 MONTHS have you used magic mushrooms or other hallucinogens (excluding
LSD)?".

VARIABLE LABELS C.month_mushrooms 'On how many occasions OVER THE LAST
30 DAYS have you used magic mushrooms or other hallucinogens (excluding LSD)?".

VARIABLE LABELS C.week_mushrooms '‘On how many occasions OVER THE LAST
WEEK have you used magic mushrooms or other hallucinogens (excluding LSD)?".

VARIABLE LABELS C.first_mushrooms 'When did you first try magic mushrooms or
other hallucinogens (excluding LSD)?".

VARIABLE LABELS Cl.life_crack 'On how many occasions IN YOUR WHOLE
LIFETIME have you used crack?".

VARIABLE LABELS C.year crack 'On how many occasions OVER THE LAST 12
MONTHS have you used crack?".

VARIABLE LABELS C.month_crack 'On how many occasions OVER THE LAST 30
DAYS have you used crack?'.

VARIABLE LABELS C.week_crack 'On how many occasions OVER THE LAST WEEK
have you used crack?'.

VARIABLE LABELS C.first_crack 'When did you first try crack?".

VARIABLE LABELS Cl.life_coke 'On how many occasions IN YOUR WHOLE
LIFETIME have you used cocaine (coke)?'.

VARIABLE LABELS C.year _coke 'On how many occasions OVER THE LAST 12
MONTHS have you used cocaine (coke)?'.

VARIABLE LABELS C.month_coke 'On how many occasions OVER THE LAST 30
DAYS have you used cocaine (coke)?".

VARIABLE LABELS C.week_coke 'On how many occasions OVER THE LAST WEEK
have you used cocaine (coke)?".

VARIABLE LABELS C.first_coke 'When did you first try cocaine (coke)?'.

VARIABLE LABELS C.life_relevin 'On how many occasions IN YOUR WHOLE
LIFETIME have you used relevin?'.

VARIABLE LABELS C.year_relevin 'On how many occasions OVER THE LAST 12
MONTHS have you used relevin?'.

VARIABLE LABELS C.month_relevin 'On how many occasions OVER THE LAST 30
DAYS have you used relevin?'.

VARIABLE LABELS C.week_relevin 'On how many occasions OVER THE LAST
WEEK have you used relevin?'.

VARIABLE LABELS C first_relevin 'When did you first try relevin?'.

246



VARIABLE LABELS Cl.life_heroin 'On how many occasions IN YOUR WHOLE
LIFETIME have you used heroin?".

VARIABLE LABELS C.year _heroin 'On how many occasions OVER THE LAST 12
MONTHS have you used heroin?'.

VARIABLE LABELS C.month_heroin 'On how many occasions OVER THE LAST 30
DAYS have you used heroin?'.

VARIABLE LABELS C.week_heroin 'On how many occasions OVER THE LAST
WEEK have you used heroin?".

VARIABLE LABELS C.first_heroin 'When did you first try heroin?".

VARIABLE LABELS C.life_narcotic 'On how many occasions IN YOUR WHOLE
LIFETIME have you used narcotics (e.g. opium, morphine, codeine)?'.

VARIABLE LABELS C.year_narcotic 'On how many occasions OVER THE LAST 12
MONTHS have you used narcotics (e.g. opium, morphine, codeine)?".

VARIABLE LABELS C.month_narcotic 'On how many occasions OVER THE LAST 30
DAYS have you used narcotics (e.g. opium, morphine, codeine)?'.

VARIABLE LABELS C.week_narcotic 'On how many occasions OVER THE LAST
WEEK have you used narcotics (e.g. opium, morphine, codeine)?".

VARIABLE LABELS C.first_narcotic 'When did you first try narcotics (e.g. opium,
morphine, codeine)?".

VARIABLE LABELS C.life_mdma 'On how many occasions IN YOUR WHOLE
LIFETIME have you used ecstasy (MDMA)?".

VARIABLE LABELS C.year_ mdma 'On how many occasions OVER THE LAST 12
MONTHS have you used ecstasy (MDMA)?".

VARIABLE LABELS C.month_mdma 'On how many occasions OVER THE LAST 30
DAYS have you used ecstasy (MDMA)?".

VARIABLE LABELS C.week _mdma 'On how many occasions OVER THE LAST
WEEK have you used ecstasy (MDMA)?".

VARIABLE LABELS C.first_mdma 'When did you first try ecstasy (MDMA)?".

VARIABLE LABELS Cl.life_ketamine 'On how many occasions IN YOUR WHOLE
LIFETIME have you used ketamine (Ket, K) or Phencyclidine (PCP, or angel dust)?".

VARIABLE LABELS C.year_ketamine 'On how many occasions OVER THE LAST 12
MONTHS have you used ketamine (Ket, K) or Phencyclidine (PCP, or angel dust)?'.

VARIABLE LABELS C.month_ketamine '‘On how many occasions OVER THE LAST 30
DAYS have you used ketamine (Ket, K) or Phencyclidine (PCP, or angel dust)?".

VARIABLE LABELS C.week_ketamine 'On how many occasions OVER THE LAST
WEEK have you used ketamine (Ket, K) or Phencyclidine (PCP, or angel dust)?'.
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VARIABLE LABELS C.first_ketamine 'When did you first try ketamine (Ket, K) or
Phencyclidine (PCP, or angel dust)?".

VARIABLE LABELS C.life_ghb 'On how many occasions IN YOUR WHOLE LIFETIME
have you used GHB or liquid ecstasy?'.

VARIABLE LABELS C.year_ghb 'On how many occasions OVER THE LAST 12
MONTHS have you used GHB or liquid ecstasy?'.

VARIABLE LABELS C.month_ghb 'On how many occasions OVER THE LAST 30
DAYS have you used GHB or liquid ecstasy?'.

VARIABLE LABELS C.week_ghb 'On how many occasions OVER THE LAST WEEK
have you used GHB or liquid ecstasy?'.

VARIABLE LABELS C.first_ghb 'When did you first try GHB or liquid ecstasy?'.

VARIABLE LABELS C.life_anabolic 'On how many occasions IN YOUR WHOLE
LIFETIME have you used anabolic steroids?".

VARIABLE LABELS C.year_anabolic 'On how many occasions OVER THE LAST 12
MONTHS have you used anabolic steroids?".

VARIABLE LABELS C.month_anabolic 'On how many occasions OVER THE LAST 30
DAYS have you used anabolic steroids?".

VARIABLE LABELS C.week_anabolic 'On how many occasions OVER THE LAST
WEEK have you used anabolic steroids?'.

VARIABLE LABELS C.first_anabolic 'When did you first try anabolic steroids?".

2) Value labels

VALUE LABELS C.4a 1 'None' 2 '1 day' 3 '2 days' 4 '3-4 days' 5 '5-6 days' 6 '7 days or
more' .

VALUE LABELS C.4b 1 'None' 2 '1 day' 3 '2 days' 4 '3-4 days' 5 '5-6 days' 6 '7 days or
more' .

VALUE LABELS C.4c 1 'None' 2 '1 day' 3 '2 days' 4 '3-4 days' 5 '5-6 days' 6 '7 days or
more' .

VALUE LABELS C.5 1'A (93-100)' 2 'A- (90-92)' 3 'B+ (87-89)' 4 'B (83-86)' 5 'B- (80-
82)' 6 'C+ (77-79)' 7'C (73-76)' 8 'C- (70-72)'.

VALUE LABELS C.60'0'1'1-2'2'3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.29¢e 11 '11 years old or less' 12 '12 years old' 13 '13 years old' 14
14 years old' 15 '15 years old' 16 '16 years old'.

VALUE LABELS C.29f O 'Never' 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .
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VALUE LABELS C.7 0 'Not at all' 1 'Less than 1 cigarette per week' 2 'Less than 1
cigarette per day' 3 '1-5 cigarettes per day' 4 '6-10 cigarettes per day' 5 '11-20
cigarettes per day' 6 'More than 20 cigarettes per day' 999 'non smoker" .

VALUE LABELS C.ftnd1 3 'Within 5 minutes' 2 '6-30 minutes' 1 '31-60 minutes' O 'after
60 minutes' 999 'non smoker' .

VALUE LABELS C.ftnd2 1 'Yes' 0 'No' 999 'non smoker' .
VALUE LABELS C.ftnd3 1 'The first one in the morning' 0 'All others' 999 'non smoker" .

VALUE LABELS C.ftnd4 0 '10 or less' 1 '11-20' 2 '21-30' 3 '31 or more' 999 'non
smoker" .

VALUE LABELS C.ftnd5 1 'Yes' 0 'No' 999 'non smoker' .
VALUE LABELS C.ftnd6 1 'Yes' 0 'No' 999 'non smoker' .
VALUE LABELS C.8a0'0'1'1-2'2'3-5'3'6-9'4'10-19' 5 '20-39' 6 '40 or more'.
VALUE LABELS C.8b0'0'1'1-2'2'3-5'3'6-9'4 '10-19' 5 '20-39' 6 '40 or more' .
VALUE LABELS C.8c0'0'1'1-2"2'3-5'3'6-9'4 '10-19' 5 '20-39' 6 '40 or more'.
VALUE LABELS C.9a0'0'1'1-2'2'3-5'3'6-9'4 '10-19' 5 '20-39' 6 '40 or more'.

VALUE LABELS C.29beer O 'Never' 11 '11 years old or less' 12 '12 years old' 13 '13
years old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.9b 0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.29wine 0 'Never' 11 '11 years old or less' 12 '12 years old' 13 '13
years old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.9c0'0'1'1-2'2'3-5' 3'6-9"' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.29alcopop 0 'Never' 11 '11 years old or less' 12 '12 years old' 13 '13
years old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.9d 0'0"'1'1-2'2'3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.29spirits O 'Never' 11 '11 years old or less' 12 '12 years old' 13 '13
years old' 14 '14 years old' 15 '15 years old' 16 '16 years old" .

VALUE LABELS C.17a0'0'1'1'2'2'3'3-5'4'6-9' 5 '10 or more times' .

VALUE LABELS C.17b0'0'1'1'2'2'3'3-5'4'6-9' 5 '10 or more times' .

VALUE LABELS C.17¢0'0'1'1'2'2' 3'3-5'4'6-9' 5 '10 or more times'.

VALUE LABELS C.prev311'10or2'2'30or4'3'50r6'4'7to 9'5 '10 or more' .
VALUE LABELS C.18a 1 'Very likely' 2 'Likely' 3 'Unsure’ 4 'Unlikely' 5 "Very unlikely' .
VALUE LABELS C.18b 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely' .

VALUE LABELS C.18c 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely' .
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VALUE LABELS C.18d 1 'Very likely' 2 'Likely' 3 'Unsure’ 4 'Unlikely' 5 'Very unlikely' .
VALUE LABELS C.18e 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely" .
VALUE LABELS C.18f 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely' .
VALUE LABELS C.18g 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely' .
VALUE LABELS C.18h 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely' .
VALUE LABELS C.18i 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely' .
VALUE LABELS C.18j 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely" .
VALUE LABELS C.18k 1 'Very likely' 2 'Likely' 3 'Unsure' 4 'Unlikely' 5 'Very unlikely' .
VALUE LABELS C.19a0'0"1'1-2'2'3-5'3'6-9'4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.19b0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.19c0'0'1'1-2'2'3-5'3'6-9'4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.29d 11 '11 years old or less' 12 '12 years old' 13 '13 years old' 14
'14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.20 1 '1 Somewhat merry only'2'2'3'3'4'4'5'5'6'6'7'7'8'8'9'9'
10 '10 Heavily intoxicated to the point of being unable to stand on my feet." .

VALUE LABELS C.21 1 '1-2 drinks' 2 '3-4 drinks' 3 '5-6 drinks' 4 '7-8 drinks' 5 '9-10
drinks' 6 '11-12 drinks' 7 '13 drinks or more'.

VALUE LABELS C.22_hash 1'Yes' 0 'No'.
VALUE LABELS C.22_inhalants 1 'Yes' 0 'No'.
VALUE LABELS C.22_tranq 1 'Yes' 0 'No'.
VALUE LABELS C.22_amphet1'Yes' 0 'No'.
VALUE LABELS C.22_Isd 1 'Yes' 0 'No'.
VALUE LABELS C.22_mushrooms 1'Yes' 0 'No'.
VALUE LABELS C.22 crack 1'Yes' 0 'No'.
VALUE LABELS C.22_coke 1'Yes' 0 'No'.
VALUE LABELS C.22_relevin 1 'Yes' 0 'No'.
VALUE LABELS C.22_heroin 1'Yes' 0 'No'.
VALUE LABELS C.22_narcotic 1 'Yes' 0 'No'.
VALUE LABELS C.22_mdma 1 'Yes' 0 'No' .
VALUE LABELS C.22_ketamine 1 'Yes' 0 'No' .

VALUE LABELS C.22_ghb 1 'Yes' 0 'No'.
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VALUE LABELS C.22_anabolic 1 'Yes' 0 'No'.
VALUE LABELS C.23 1 'Yes' 0 'No'.
VALUE LABELS C.life_hash 0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.year_hash 0'0'1'1-2'2'3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.month_hash 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week _hash 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_hash 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_glue 0'0"'1'1-2'2'3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.year_glue 0'0' 1 '1-2'2'3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.month_glue 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week_glue 0 '0"' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_glue 11 '11 years old or less' 12 '12 years old' 13 '13 years old'
14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_tranq 0'0' 1 '1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.year_tranqg 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_trang 0 '0" 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week tranq 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_trang 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_amphet 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.year_amphet 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_amphet 0'0' 1 '1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .
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VALUE LABELS C.week_amphet 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_amphet 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS Cl.life_Isd 0'0"1'1-2"2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more" .
VALUE LABELS C.year_|sd 0'0'1'1-2'2'3-5' 3 '6-9"' 4 '10-19' 5 '20-39' 6 '40 or more" .

VALUE LABELS C.month_Isd 0'0'1'1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.week_Isd 0'0" 1 '1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C-first_Isd 11 '11 years old or less' 12 '12 years old' 13 '13 years old'
14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_mushrooms 0'0' 1 '1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.year_mushrooms 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40
or more'.

VALUE LABELS C.month_mushrooms 0'0' 1 '1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40
or more'.

VALUE LABELS C.week _mushrooms 0'0' 1'1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40
or more'.

VALUE LABELS C.first_mushrooms 11 '11 years old or less' 12 '12 years old' 13 '13
years old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS Cl.life_crack 0'0' 1 '1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.year _crack 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_crack 0'0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week crack 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_crack 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_coke 0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more" .

VALUE LABELS C.year_coke 0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'
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VALUE LABELS C.month_coke 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week_coke 0 '0"' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_coke 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS Cl.life_relevin 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.year_relevin 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_relevin 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week _relevin 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C-first_relevin 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_heroin 0'0'1'1-2' 2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.year_heroin 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_heroin 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week_heroin 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_heroin 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_narcotic 0 '0' 1 '1-2"' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.year_narcotic 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_narcotic 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week_narcotic 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_narcotic 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .
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VALUE LABELS C.life_mdma 0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.year mdma 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_mdma 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week mdma 0 '0"' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_mdma 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_ketamine 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.year_ketamine 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_ketamine 0'0' 1 '1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week ketamine 0'0"'1'1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.first_ketamine 11 '11 years old or less' 12 '12 years old' 13 '13
years old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_ghb 0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more' .

VALUE LABELS C.year_ghb 0'0'1'1-2' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.month_ghb 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week_ghb 0'0'1'1-2'2'3-5'3'6-9' 4 '10-19' 5 '20-39' 6 '40 or more'

VALUE LABELS C.first_ghb 11 '11 years old or less' 12 '12 years old' 13 '13 years old'
14 '14 years old' 15 '15 years old' 16 '16 years old' .

VALUE LABELS C.life_anabolic 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.year_anabolic 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.month_anabolic 0 '0' 1 '1-2"' 2 '3-5' 3'6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .

VALUE LABELS C.week_anabolic 0 '0' 1 '1-2' 2 '3-5' 3 '6-9' 4 '10-19' 5 '20-39' 6 '40 or
more' .
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VALUE LABELS C.first_anabolic 11 '11 years old or less' 12 '12 years old' 13 '13 years
old' 14 '14 years old' 15 '15 years old' 16 '16 years old' .

Appendix 3: Puberty Development Scale (PDS)

1) Variable labels
For Female adolescents:
VARIABLE LABELS a8_f 'Would you say that your growth in height: ...?".

VARIABLE LABELS a9 _f 'And how about the growth of body hair (body hair means
underarm and pubic hair), would you say that your body hair has:...?".

VARIABLE LABELS al0_f 'Have you noticed any skin changes, especially pimples?'.
VARIABLE LABELS all_f'Have your breasts begun to grow?".

VARIABLE LABELS al2a f'Have you begun to menstruate?'.

VARIABLE LABELS al2b_f 'How old were you when you had your first period?".

VARIABLE LABELS al3 f 'Do you think your development is any earlier or later than
most other girls your age?'.

For Male adolescents:
VARIABLE LABELS a8_m 'Would you say that your growth in height: ...?".

VARIABLE LABELS a9 _m 'And how about the growth of body hair (body hair means
underarm and pubic hair), would you say that your body hair has:...?".

VARIABLE LABELS al10_m 'Have you noticed any skin changes, especially pimples?'.
VARIABLE LABELS all_m 'Have you noticed a deepening of your voice?'.
VARIABLE LABELS al2_m 'Have you begun to grow hair on your face?".

VARIABLE LABELS al3_m 'Do you think your development is any earlier or later than
most other boys your age?'.

2) Value labels
For Female adolescents:

VALUE LABELS a8 f 1 'Has not yet begun to spurt (spurt means more growth than
usual)' 2 'Has barely started' 3 'Is definitely underway' 4 'Seems completed' .

VALUE LABELS a9 f 1 'Not yet started growing' 2 'Has barely started growing' 3 'ls
definitely underway' 4 'Seems completed' .
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VALUE LABELS al0 f 1 'Not yet started showing changes' 2 'Have barely started
showing changes' 3 'Skin changes are definitely underway' 4 'Skin changes seem
completed' .

VALUE LABELS all_f 1 'Not yet started growing' 2 'Has barely started changing' 3
'‘Breast growth is definitely underway' 4 '‘Breast growth seems completed' .

VALUE LABELS al2a_f1'Yes'0'No'.
VALUE LABELS al2b_f 10 '10 years or younger' 11 '11' 12 '12' 13 '13' 14 '14" .

VALUE LABELS al3 f 5 'Much earlier' 4 'Somewhat earlier' 3 'About the same' 2
‘Somewhat later' 1 'Much later" .

For Male adolescents:

VALUE LABELS a8 m 1 'Has not yet begun to spurt (spurt means more growth than
usual)' 2 'Has barely started' 3 'Is definitely underway' 4 'Seems completed' .

VALUE LABELS a9_m 1 'Not yet started growing' 2 'Has barely started growing' 3 'ls
definitely underway' 4 'Seems completed' .

VALUE LABELS al0_m 1 'Not yet started showing changes' 2 'Have barely started
showing changes' 3 'Skin changes are definitely underway' 4 'Skin changes seem
completed' .

VALUE LABELS all_m 1 'Not yet started changing' 2 'Has barely started changing' 3
'Voice change is definitely underway' 4 'Voice change seems completed' .

VALUE LABELS al12_m 1 'Not yet started growing hair' 2 'Has barely started growing
hair' 3 'Facial hair growth is definitely underway' 4 'Facial hair growth seems completed'

VALUE LABELS al3 m 5 'Much earlier' 4 'Somewhat earlier' 3 'About the same' 2
'Somewhat later' 1 'Much later' .

Appendix 4: Quality control questions for ESPAD and PDS

Variable name Q/A

ts_1 What computer are you using for this session?
1 computer at home
2 computer at the research institute
3 computer at school
4 computer at a friend’s home

5 computer at a library
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ts 2

ts 3

ts_4

ts 5

ts_ 6

6 computer in an internet café

7 computer at a parent’s office

8 computer elsewhere

Are you in a hurry, e.g. are you rushing off to another activity very soon?
1yes

2no

How do you feel right now?

1 relaxed

2 tense

3 annoyed

4 happy

5 angry

6 curious

Who is with you in the room?

11 am alone

2 Others are nearby

3 Another person is sitting next to me and watching my responses
Please tell us about the noise level in the room:

1 The room is quiet, there is no noise

2 There is some noise (e.g. tv, music, talking) but it does not disturb me
3 There is noise that disturbs me (e.g. tv, music, talking) but | can lower it
4 There is a lot of noise and it is quite distracting

5 | listen to music because | think this might help me focusing on the tasks
How tired are you at the moment?

1 I am full of energy

2 1 am at a normal level of energy

3 1am a bit tired

41 am quite tired

5 | feel like | am falling asleep
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Psytools Valid 0 not valid

Fla
g 1 valid

The Psytools Valid flag is shown as ‘invalid’ if at least one of the following cases apply:

1) Automated flags for context qguestions:
ts 2="1"ts_4="3",ts_ 5="4"orts_5="5"

la) The questions ts_ 1 — ts 4 are asked before each of the following Psytools
guestionnaires:

ESPAD_CHILD
PDS

Appendix 5: Stress genes

Enclosed in CD-ROM

Appendix 6: Circadian genes

Enclosed in CD-ROM

Appendix 7: Overlap stress x circadian genes

Enclosed in CD-ROM

Appendix 8: Neurotransmitter stress x circadian genes

Enclosed in CD-ROM
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