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ABSTRACT
A GENETIC STUDY OF ATTENTION-DEFICIT/HYPERACTIVITY DISORDER:
CANDIDATE GENE ASSOCIATION STUDIES USING HAPLOTYPES
By

Leeyoung Park

Attention deficit hyperactivity disorder (ADHD) is one of the most heritable
complex disorders. Even with its high heritability, genome-wide scans do not show
consistent results and candidate gene approaches have not been replicated in many cases.
Such inconsistent results indicate the lack of a major gene effect, which reinforces the
multigenic nature of ADHD, suggesting contributions from a large number of genes. In
order to detect genetic contributions for mapping complex diseases, linkage disequilibrium
(LD) has been the focus of recent research. Haplotype association studies use haplotypes
that consist of several polymorphisms usually in linkage disequlibrium near the gene region,
and consistently show better detection than single marker studies.

Through this thesis research, several important considerations in haplotype
association studies were recognized. Two LD measurements, D’ and r?, differ depending on
the relationship between polymorphisms, so it is critical to consider which combination of
polymorphisms best captures the existence of risk alleles. Another consideration is that
there may be several or more polymorphisms in a haplotype block that affect a phenotype
in either a causative or a protective way. The third distinct point is that the detection power
varies depending on the choice of association testing and the contribution of a
polymorphism to the disorder.

Three candidate genes, the dopamine transporter gene (SLC6A43), the dopamine D,



receptor gene (DRD4), and the o-noradrenergic receptor gene (ADRA2A4), were selected
depending on the catecholamine pathway, which is suspected to play a role in modulating
the major psychopathology of ADHD. Recognizing the importance of phenotypes in
association studies, gender difference and refined phenotypes were also studied. For gender
difference, the data suggest that genetic susceptibility to ADHD is regulated differently in
girls and boys. This posits important differences in the genetic susceptibility of the nervous
system between genders, suggesting that the same polymorphism performs differently due
to gender differences in dosage sensitivity in the catecholamine system.

This study reveals the association between all three candidate genes and ADHD
supporting the catecholamine pathway as a main etiology. Through this research, possible
major reasons for difficulties in mapping complex traits are identified. Moreover, by adding
more clarification to the gender difference and phenotype of ADHD, this study provides a

basic starting point for understanding the genetic etiology of ADHD.
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CHAPTER 1

Background

Introduction

Attention Deficit Hyperactivity Disorder (ADHD) is a behavior disorder with
strong heritability (0.7) characterized by marked and pervasive inattention, hyperactivity
and impulsiveness resulting in impaired social and/or academic functioning'. It
commonly affects 5-10% of children and adolescents and more than 3% of adults>®. Boys
are affected 3-8 times more frequently than girls7. ADHD usually occurs in conjunction
with other major psychiatric disorders. Common comorbidity disorders and their relative
frequencies are as follows: oppositional defiant disorder (33%), conduct disorder (25%),
anxiety disorders (25%), depressive disorders (20%), and learning disabilities (22%). The
comorbidity and recent genomewide scans suggest that ADHD is a polygenic disorder®.
The studies for sibling relative risk and those on twins show significant genetic influence
in ADHD”"2.

Because ADHD is a common genetic disorder and patients’ behavioral
disabilities can affect not only the person and family, but also the society (school,
workplace, etc.), the influence of ADHD is far-reaching. Also, through the inheritance of
ADHD, similar problems are seen to continue through subsequent generations. For
treatment of ADHD, various approaches, including medications, psychological
remediations, and alternative treatments, have been employed'. Although several
treatments have been successful in ameliorating ADHD symptoms, molecular-based
remedies of ADHD depending on biological explanations are still in primitive stages of

development.



With the increasing growth of high-throughput technology and bioinformatics,
the genetic etiologies of many heritable diseases are unraveling one by one. However,
like many other complex traits, even with high heritability, genetic study of ADHD is at
an early stage. Different from typical family studies of single gene diseases in which
linkages can be detected easily, finding quantitative trait loci for complex multigenic
traits is very difficult even with very dense markers and larger families. Heritable
psychiatric disorders like ADHD are considered one of the most interesting and important
research areas due to possible revelations regarding the genetic background of brain
function, yet there are many difficulties requiring not only profound genetic but also

thorough phenotypic approaches.

Diagnosis and etiology of ADHD

The key characteristic of ADHD is a persistent pattern of inattention and/or
hyperactivity-impulsivity, which are more frequent and severe than behaviors at a
comparable developmental stage. In the case of mental retardation, an additional
diagnosis is made for the child’s mental age. Inattention is also observed in children with
high intelligence when they are placed in academically understimulating environments. If
symptoms are better explained by other mental disorders, ADHD is not diagnosed.
Depending on the Diagnostic and Statistical Manual (DSM-1V), there are three subtypes
of ADHD: the predominantly inattentive subtype, the predominantly hyperactive-
impulsive subtype, and the combined subtype'. The diagnostic criteria for ADHD are

summarized in Table 1.



Table 1. Diagnostic criteria for Attention-Deficit/Hyperactivity Disorder'”
A. Either (1) or (2)
(1) six (or more) of the following symptoms of inattention have persisted for at least 6
months to a degree that is maladaptive and inconsistent with developmental level:
Inattention
(a) often fails to give close attention to details or makes careless mistakes in
schoolwork, or other activities
(b) often has difficulty sustaining attention in tasks or play activities
(c) often does not seem to listen when spoken to directly
(d) often does not follow through on instructions and fails to finish schoolwork,
chores, or duties in the workplace (not due to oppositional behavior or failure to
understand instructions)
(e) often has difficulty organizing tasks and activities
(f) often avoids, dislikes, or is reluctant to engage in tasks that require sustained
mental effort (such as schoolwork or homework)
(g) often loses things necessary for tasks or activities (e.g., toys, school assignments,
pencils, books, or tools)
(h) is often easily distracted by extraneous stimuli
(1) is often forgetful in daily activities
(2) six (or more) of the following symptoms of hyperactivity-impulsivity have persisted
for at least 6 months to a degree that is maladaptive and inconsistent with developmental
level:
Hyperactivity

(a) often fidgets with hands or feet or squirms in seat

3



(b) often leaves seat in classroom or in other situations in which remaining seated is
expected
(c) often runs about or climbs excessively in situations in which it is inappropriate
(in adolescents or adults, may be limited to subjective feelings or restlessness)

(d) often has difficulty playing or engaging in leisure activities quietly

(e) is often “on the go” or often acts as if “driven by a motor”

(f) often talks excessively
Impulsivity

(g) often blurts out answers before questions have been completed

(h) often has difficulty awaiting turn

(i) often interrupts or intrudes on others (e.g., butts into conversations or games)
B. Some hyperactive-impulsive or inattentive symptoms that caused impairment were
present before age 7 years.
C. Some impairment from the symptom is present in two or more settings (e.g., at school
[or work] and at home).
D. There must be clear evidence of clinically significant impairment in social, academic,
or occupational functioning.
E. The symptoms do not occur exclusively during the course of a Pervasive
Developmental Disorder, Schizophrenia, or other Psychotic Disorder and are not better
accounted for by another mental disorder (e.g., Mood Disorder, Anxiety Disorder,

Dissociative Disorder, or a Personality Disorder).

There are strong genetic factors in the etiology of ADHD. Twin studies suggest

high heritability ranging from 80-88%, and adoption studies using both adopted controls
4



and adopted cases also support the strong genetic component (47% of variance)"”.
Relative risk ratios of ADHD are A = 12-16 for MZ twins, A = 5-8 for DZ twins and first-
degree relatives, and A = 2 for second-degree relatives’.

ADHD is a heritable disorder, but environmental factors underlie some causes of
ADHD'®. Those are traumatic brain injury and stroke, severe early deprivation, family

psychosocial adversity, and maternal smoking during pregnancy.

Mode of inheritance and genome wide scans

The mode of inheritance is not clear in complex traits. Usually, polygenic or
multifactorial transmission is suggested. A report describing a segregation analysis of
ADHD rejects the multifactorial polygenic model using likelihood ratio tests'’. However,
it is clearly indicated by Morton, N. E., a developer of POINTER, which was used in the
segregation analysis, “Conventional analysis of the mixed model concludes that a major
locus is ‘not proven’, and so the most parsimonious polygenic model may well be
correct.”'®. Because the likelihood does not differ much from each model and a false
major locus model fits almost as well, the likelihood ratio tests may not be appropriate in
this case and polygenic inheritance cannot be rejected in ADHD.

Genome-wide scans also support the polygenic nature of ADHD. The first
genome scan using affected sib pair analysis of 126 pairs in 104 families resulted in no
major gene with highest linkage peak of 2.6'°. However, their follow up study of 277
affected sib pairs in 203 families found the first major susceptibility locus in a 12 cM
region on chromosome 16p13 with maximum LOD score (MLS) 4.2, p-value = .000005>.

This result suggests the possibility of major genes in ADHD, but more recent studies of

the group support the polygenic property of ADHD. They found one more susceptibility
5



linkage on 17pl1 from 270 affected sib pairs in 204 families using 10 cM markers®'. In
this report, the linkage signals were MLS of 2.98 for 17p11 and MLS of 3.73 for 16p13
(1 cM markers). With increased samples of 308 affected sib pairs in 226 families, the fine
mapping (~2 cM) of nine susceptibility regions highlighted MLS of 2.55 for 5p13, MLS
of 3.30 for 6q12, 3.73 for 16p13 (same as previous), and MLS of 3.63 for 17p11%.

It is notable that the susceptibility regions from this group are completely
different from the genome scans of other groups. A whole-genome scan (~10 cM
markers) in 164 Dutch sib pairs suggests the linkages in 7p13 (MLS 3.04), 9q33.3 (MLS
2.05), and 15q15.1 (MLS 3.21) using narrow phenotypes®. Also, the genome scan using
a population isolate in Columbia showed significant linkages on 4q13.2, 5q33.3, 11q22,
and 17pl11 in individual families®*. Taken together, three genome scans suggest different
loci for linkage of ADHD although 17p11 is common to two groups.

Depending on the results of current genome scans, there are at least 10 loci or
more that contribute to ADHD. The important basic assumptions of these analyses are; 1)
the alleles responsible for ADHD are identical by descent (IBD), 2) there are several
major genes causing ADHD. The first assumption implies that the susceptible alleles are
rare. Moreover, the series of genome scans support the locus heterogeneity of ADHD. If
allelic heterogeneity is also true, then fine mapping narrowing down those regions may
not be possible if not from a single family. The result of fine mapping of 16pl13 is
supportive for allelic heterogeneity because finer mapping results in less linkage signals.

These susceptible regions may be partially responsible for ADHD due to family-
specific mutations in the regions. Or, those regions may harbor more causal genes
together than other regions. As indicated previously, it is not known how many genes are

involved or how they act together. Like other complex traits, it is only clear that a single
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gene is not responsible for ADHD. Without any knowledge of the mode of inheritance,

the conclusions about causal genes learned only from genome scans can be inappropriate.

Neurobiology of ADHD
The catecholamine system has long been suspected as a main rite of pathology of

52 .
2527 Studies in

ADHD from neuropharmacology, neuroimaging, and animal models
neuropharmacology were performed on stimulants to increase catecholamine
neurotransmission as well as on non-stimulant®™. The stimulant drugs are
dextroamphetamine (d-amphetamine, Dexedrine), methylphenidate (Ritalin), pemoline
(Cylert), and Adderall. Methylphenidate, the most common drug for the treatment of
ADHD, primarily blocks dopamine reuptake but with some releasing effects. The effect
of methylphenidate on norepinephrine is much lesser, and the effect on the serotonin
system is minimal. Non-stimulants include the tricyclic antidepressants, the monoamine
oxidase inhibitors, the aminoketone antidepressants, bupropion (Wellbutrin), the alpha-
adrenergic agonists clonidine (Catapres) and guanfacine (Tenex).

More support for the catecholamine pathology can be found from animal
experiments. Tyrosine hydroxylase gene inactivation results in dopamine deficient mice
that are hypoactive®, and knock out of the dopamine transporter gene showed high
synaptic dopamine levels causing hyperactivity’’. Moreover, animal studies revealed that
selective lesions of the dopaminergic neurons cause significant alteration in attentional
processes .

With neuroimaging studies on nigrostriatal and mesocortical distribution of

dopaminergic neurons in the brain, cognitive impairments in ADHD were suggested due

to a hypodopaminergic state in the prefrontal cortex and hyperdopaminergic state in
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striatum®**. One of the clear evidences for the dysfunction of fronto-striatal network in
ADHD pathology comes from an fMRI study using response inhibition tests which are
relevant for ADHD*. They tested response inhibition with and without drug for both
cases and controls. Without drug, frontal activation was greater in ADHD children but
striatal activation was less in ADHD children. However, with drugs, frontal activation
was increased in both groups, but striatal activation was increased in ADHD and reduced
in controls. Taken together, the prefrontal-striatal dysfunction is possibly due to
hyperactive prefrontal region and hypoactive striatum through adrenergic and GABA

system in striatum.

Candidate gene studies of ADHD

Due to the hypothetical pathology as described above, the catecholoamine
pathway has been an important target for previous candidate gene approaches.”**** Both
dopaminergic and noradrenergic systems are suspected to play roles in modulating the
major psychopathology of ADHD. As Figure 1 shows, there are many candidate genes
that may be responsible for ADHD in the catecholamine pathway.

Research on the dopamine model has focused on genes such as dopamine D,
receptor gene (DRDZ2), dopamine transporter gene (DATI, SLC6A3), dopamine D,
receptor gene (DRD4), dopamine Ds receptor gene (DRDS), and dopamine B-hydroxylase
gene (DBH). Some of the research shows significant relationships between the specific
alleles of the genes and ADHD, but many of these results could not be replicated in
subsequent studies.” One of the well-studied genes is SLC643, the dopamine transporter
gene. Most genetic association studies have been done using a variable number of tandem

repeats (VNTR) in the 3’ untranslated region (3’UTR). Many previous studies reported
8



36-4
4! However,

that the most common allele, the 10 repeat allele, is associated with ADHD.
a considerable portion of these studies could not find an association between this VNTR
of SLC643 and ADHD.*®**** Also, a meta analysis did not reveal significant association
between 10 repeat allele and ADHD.*® As with other examples of association studies
between dopaminergic genes and ADHD, DRD4 and DRDS5 showed some significant
association although it was not always replicated. Although meta-analyses on DRD4 and
DRDS5 found reliable associations with ADHD, further detailed research is needed to

clarify the inconsistency."’("47
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Tyrosine hydroxylase
(TH) D1

L DOPA D2

Dopa decarboxyl
(Dogz)ecar oxylase l Catechol-O-
methyltransferase
D4

Dopamine & hydraxylase D5
(DBH)

Monoamine oxidase

v (MAOA & MAOB)

Dopamine Transporter

(SLC6A3) reuptake

Locus ceruleus

a-Adrenergic synapse («AR)
Norepinephrine T o1 Ca channels
\ ADRA1A, ADRA1B, ADRAID
PNMT * a2 K channels inhibitory

Adrenal medulla ADRA2A | ADRAZB, ADRA2C
8 -Adrenergic synapse (8AR)
Epinephrine 81 K channels ntitory ADRB1
82 K channels inhittory” ADRB2
Figure 1. Catecholamine pathways and candidate genes.
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The norepinephrine model is also highly favored based on animal models,
pharmacological interventions, and the neural circuitry of attention processes. Among the
genes involved in this process, the o,-noradrenergic receptor gene is attractive
particularly because clonidine, an o,-noradrenergic receptor (4DRA2A) agonist, is a
treatment drug for ADHD. The biological explanation for this is that the stimulation of
presynaptic a;-noradrenergic receptors results in inhibition of norepinephrine release into
the synapse decreasing hyperactivity and increasing attention span. Association between
one SNP on ADRA2A and ADHD had been examined and shown borderline significance,

but could not be replicated consistently.’***

Linkage disequilibrium and haplotype studies.

In order to detect minor genetic contributions for mapping complex diseases,
linkage disequilibrium (LD) has been the focus of recent research. With high linkage
disequilibrium, the polymorphisms that are closely linked together form regions that are
called haplotype blocks. Within a haplotype block, several marker alleles in linkage
disequilibrium with the risk allele are enough to map a complex trait. The usual
measurement of LD is D’ or r%, that is significant generally if D’ is higher than .7 and r? is
higher than .3.>'** Large haplotype studies showed that the human genome of the world
population consists of blocks of a few haplotypes with consistent recombinations.™
However, a simulation study suggests genetic drift may generate block-like patterns of

linkage disequilibrium.*® Also, a linkage disequilibrium map of chromosome 22 revealed

that many susceptible gene regions of schizophrenia did not show high LD.>’ These

10



results suggest that high density maps of disease loci are needed for mapping complex
traits, such as ADHD.

Many haplotype studies of complex traits are ongoing and most employ a set of
several haplotype-tag SNPs for testing association between haplotypes and diseases.
Generally, haplotype approaches show better associations than approaches using single
marker polymorphisms. As a target of methylphenidate, the stimulant drug for treatment
of ADHD, SLC6A3, the dopamine transporter gene, is studied frequently.

SLC6A3, located in 5p15.33 telomeric region, spans 52,500 bps with 15 exons.
The region from 10,000 bp upstream to 2,000 bp downstream contains a total of 337
SNPs, although most of them may be sequencing errors or rare mutations. A relatively
high-density linkage disequilibrium map was constructed over this gene region and
shows two clear blocks within the gene.’® The second block beginning before exon 9 can
be subdivided into two more blocks. Their haplotype association study on bipolar
disorder revealed better association results than single marker or several markers located
close to each other.’”® The first (5°) haplotype block of SLC643 did not show any
significant association, but the second (3”) block showed some significant association at a
p-value < .05 level through the entire block with most of the SNP combinations. However,
with most SNPs typed in the whole second LD block, the haplotype showed the most
significant association by extended transmission disequilibrium test (ETDT). Haplotype
association studies between ADHD and the SLC643 gene have also shown better
association results. A haplotype consisting of three polymorphisms, exon 9 SNP, intron 9
SNP, and the 3’UTR VNTR, was associated significantly with ADHD using the
transmission disequilibrium test (TDT)’. Another haplotype study of a larger region of

SLC6A3 revealed a significantly biased transmission of a haplotype®.
11



This better association using haplotypes was hypothesized to result from more
sensitive detection due to the higher possibility of capturing the disease allele within a
haplotype than a single marker. However, if the haplotype results were looked at more
closely, sometimes the haplotype association studies showed significance even though a
set of polymorphisms in low linkage disequilibrium was used.”’ Also, a set of
polymorphisms that are in high linkage disequilibrium did not show a higher significance
than using single marker allele.”” It seems that some of the significant haplotype results
might come from the combined effect of two or more different disease polymorphisms in
different haplotype blocks. It should also be noted that the significance of association
results could be strikingly different depending on which set of polymorphisms is chosen
even in the same linkage disequilibrium block™*’.

Some other studies suggested other possible effective polymorphisms.®'®* It is
reasonable to think that there are several polymorphisms in the SLC643 gene locus that
may act on expression, stability or other effects. A gene expression study using
haplotypes of SLC6A43 showed that promoter and intronic variants affect the
transcriptional regulation of SLC643 and suggested that particular combinations of
polymorphisms in haplotypes affect the expression.”* These results suggest that more

careful approaches are needed in haplotype association studies considering not only the

block size and LD but also the number of effective polymorphisms.

Phenotypic considerations.
With heritable complex traits of unknown etiology, the exact phenotype
characterization is an important issue for genetic studies. Because there is no

demonstration of consistent neurobiological differences in ADHD children, the

12



controversial phenotype definition and etiological heterogeneity may be the reason of
invalidity in the genetic study. For ADHD, the fourth edition of diagnostic and statistical
manual of mental disorders (DSM-IV) defines ADHD phenotypes as three subtypes,
ADHD-combined type (ADHD-C), ADHD-predominantly inattentive type (ADHD-PI),
and ADHD-predominantly hyperactive-impulsive type'*. Research to date has been done
on ADHD-C because it is the most prevalent. The ADHD-C and ADHD-PI are different
cognitively and in familial history®*, although those are not differentiated consistently

678 These subtypes are coded on the basis of two different

by the neuropsycological data
symptoms, inattention and hyperactivity-impulsivity that can be also considered possible
separate phenotypes.

The consideration of phenotypes leads to the necessity of finding a consistent
measurement for the genetic approach. One of the notable approaches is endophenotype.
This concept came from the genetic theory of schizophrenia, having the synonymous
meanings as ‘“intermediate phenotype”, “biological marker”, and “subclinical

1909

phenotype™”. It can be defined as etiologically pure phenotype correlated with ADHD
symptoms that is familial and appears in unaffected relatives.”” The endophenotype
should be associated with candidate genes and heritable. Because the biological
endophenotypes are relatively more expensive to measure than congnitive
endophenotypes, cognitive endophenotypes can be considered first.

Among several putative endophenotypes suggested, it is notable that the
dysfunction of the response inhibition may be one of main etiologies in ADHD.'*’""
Disinhibition can be conceptualized as fast but inaccurate response, response

erseveration, and a failure to respond appropriately in a response conflict task.”> The
p p pprop y p

possible endophenotypes of disinhibition in ADHD children are varied and were tested

13



for the possibility of a familial neuropsychological endophenotype.”' Although those
results show promising cognitive endophenotypes, it would explain the etiology of
ADHD more precisely if the neurobiological function of the endophenotypes could be
investigated in depth using neuroimaging or neurophysiological measurement.

One interesting feature of ADHD is the difference in prevalence between girls
and boys. The ratio of boys to girls ranges from 3:1 to 8:1, and the ratio is higher in cases
of clinically referred ADHD. Meta analysis on the gender difference in ADHD found that
ADHD girls showed lower hyperactivity, fewer conduct disorders, lower externalizing
behavior, and greater intellectual impairment (restricted to clinic-referred children), but
there was no gender difference in impulsivity, academic performance, social functioning,
and fine motor skills although most data were limited only to clinic-referred samples’’*.

There are several hypotheses to explain the greater occurrence of boys with
general childhood psychopathology. The most probable ones are the polygenic multiple
threshold model and constitutional variability model. The former explains that girls need
more genetic risk factors to be affected than boys and the latter describes that different
casual factors affect females and males differently. The statistical test for the two models

1%, However, the

reveals an inclination to the polygenic multiple threshold mode
difference in cognitive function between girls and boys suggests the possibility of the
constitutional variability model. Moreover, recent research to find quantitative trait loci
(QTL) related to cardiovascular functions using consomic rats showed that considerably
different loci were related to cardiovascular function between women and men supporting
the possibility of the constitutional variability model’®””. Study of genetic contributions

to diseases which show gender specific predisposition may need to examine whether

some risk alleles are gender specific.
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As a strong candidate gene of ADHD, the dopamine transporter varies across
genders in respect to the expression and density of protein. In a rat study, the mRNA level
and density of the dopamine transporter was significantly higher in females than males.”
Combined with previous studies of the same group, it is suggested that such difference
comes from a genomic effect of female gonadal steroids by comparison between
ovariectomized females and intact males.””*” More interestingly, mRNA expression of
the dopamine transporter is not regulated by estrogen in several brain regions including
some striatum regions of female rats.*' Ovariectomy in adult female rats reduces the
dopamine transporter density but increases mRNA level, suggesting the involvement of
other cellular mechanisms.®? Also, in a human study, SPECT results show significantly
higher density of the dopamine transporter in the striatal region of females.*

Gender difference in adrenergic receptors has been reported through
cardiovascular studies.®® Studies, that show antagonists for o-adrenoceptor affect male
ejaculatory function, suggest further differences of the adrenergic system between
genders.*® Another study using an antagonist for os-adrenoceptor for tail artery of
gonadectomy rats showed that gender differences in a;-adrenoceptor function are not
maintained by gonadal steroid hormones suggesting that the gender difference may be
developmentally regulated.®

Although it has not been focused well, for association studies of candidate genes
related to the catecholamine pathway, gender is a very important factor to consider in

regards to ADHD.
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Study Design

Although ADHD is highly heritable, genome-wide scans did not find a strong
linkage nor any replicated regions that appeared interestingzo‘23 . Inconsistent results are
seen frequently in candidate gene approaches. The reason for the series of inconsistent
results seems to come from the lack of a major gene effect reinforcing the multigenic
nature of ADHD, which implies minor contributions from a large number of genes.
Previous research indicates that the genetic study of ADHD requires more elaborate
methods to determine genetic etiology.

Without clear pathology of ADHD, genome scans are attractive. However,
currently, there is no good method for finding relevant genes in complex traits that are
mutifactorial with heterogeneity. From the precept of previous genome scans of ADHD,
candidate gene approaches were tried instead. For candidate genes, two drug target genes
ADRA2A and SLC6A3, as well as DRD4, which has shown the most reliable association,

were selected for candidate genes.
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Chapter 2

Candidate genes and initial analysis

Introduction

As described in the previous chapter, three candidate genes selected are relevant
for ADHD, so these have been the focus of candidate gene studies of ADHD. ADRA2A,
located in 10q24-26 in the middle of the chromosome, consists of one exon with a
transcript of 3650 bp. SLC6A43 is located in Sp15.3 near the end of the chromosome. This
gene is quite large, approximately 52,640 bp consisting of fifteen exons. DRD4 is 3398
bp also located in the telomeric region of chromosome 11 (11p15.5), and consists of four
exons. In this chapter, the current information about the candidate genes is summarized
first, and the analyzed data for the polymorphisms selected initially are described.

Haplotype analysis was done on ADRA2A and is discussed in the later part of this chapter.

Candidate genes
a-24 adrenergic receptor gene (ADRA2A)

In molecular genetic approaches to ADHD, the most obvious target has been the
catecholamine pathway, in part because it is the site of action of psychostimulants used to
treat ADHD.®” As a result, both dopaminergic (DA) and noradrenergic (NE) systems,
which modulate one another, are thought to play roles in shaping the pathophysiology of
ADHD. Both systems are expressed in the prefrontal cortex and its many projection
regions. Accordingly, a number of prior studies have investigated DA genes with
promising, but small, effects for DRD4, DRDS and SLC643*7%,

In contrast, relatively little research has examined NE-relevant genes.
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Noradrenergic neurons in the brain are concentrated in the brain-stem nucleus known as
the locus coeruleus (LC). They project throughout the brain, providing the only source of
noradrenergic stimulation to the prefrontal cortex and thus key NE-relevant genes are
expressed in the prefrontal cortex and other brain regions relevant to the development of
ADHD. Three types of noradrenergic receptors are traditionally recognized, alpha-1,
alpha-2, and beta. Animal research suggests that NE projections in the prefrontal cortex
enhance prefrontal cortical function primarily through post-synaptic alpha-2 receptors®’.
Of the several types of alpha-2 receptors in the brain, the most promising candidate for
study is the a-2A adrenergic receptor (ADRA2A). This receptor is expressed in many
areas of the brain, but is the most prevalent NE receptor type in the prefrontal cortex.

It is now relatively well established that NE is important to functions of the
prefrontal cortex that are implicated as core deficits associated with ADHD, including
working memory, focused attention, and response control”’. As noted by Berridge’',
substantial data suggest that NE neurons are important in the regulation of arousal,
wakefulness, and signal-to-noise ratio in attention. NE thus supports a key vigilance
system in the brain’®. The importance of NE to vigilance, alertness, and state regulation
suggests its involvement in ADHD because difficulty with arousal and activation are core

features of several theories of ADHD?**

and are noted as needing explanation in other
theories™. As a result, dysfunction of the ascending NE system has often been theorized
to mediate ADHD”"****' These theories are supported by substantial behavioral
evidence suggesting that deficits in arousal and alertness are linked to ADHD. This

. . .« . (
€vidence includes excess slow wave activity on EEGs'""

, evidence of impaired signal
detection using the d-prime parameter on Continuous Performance Tests'"’, and slow and

variable reaction times on fast reaction time tests in children with ADHD**'**'™ All of

18



thexe

1asks
SN
anink:
pretro
used
Tecept
showyy
prefro

ehav:

Mmesn
I the

ADHD

ADH]
Uindery,

Teeepy

gfﬂe ‘]:

35,\0(1 al

n ;‘.'!U\\"



these findings are consistent with abnormal functioning of a vigilance/arousal system that
is likely mediated by ascending NE neurons, of which ADRA2A plays a key role in the
prefrontal cortex.

Recent work implicates NE (as well as dopamine), and ADRA24 in particular, in
tasks that reflect executive functioning in animals®’ and humans'®. These functions,
especially working memory, are involved in ADHD®. Pharmacological evidence in
animals and humans also supports the role of NE, and in particular ADRA2A, in the
prefrontal cortex and thus potentially in ADHD. The a-2A agonist clonidine has been
used widely in the treatment of ADHD children'”, suggesting a potential role for the
receptor in symptom expression. More definitive evidence emerges from recent work
showing that the selective a-2A agonist guanfacine improves function on tasks reliant on

90.107

prefrontal cortical functions in monkeys and in humans'® , but does not affect

behavior when the prefrontal cortex is not challenged”. Thus, pharmacologic
investigations point to an important role for the NE system, especially the a-2A receptor,
in the cognitive operations of the prefrontal cortex that are suspected of involvement in
ADHD.

In short, there is ample evidence to suggest that NE neurons are important in

"% and at this initial stage of

ADHD and its associated multiple cognitive deficits
understanding an important NE receptor in the prefrontal cortex appears to be the a-2A
receptor. It is therefore important to evaluate whether polymorphisms of the ADRA2A
gene are related to ADHD in order to set the stage for further etiological studies.

Although the investigation of ADRA2A has only begun in relation to ADHD,

association between ADHD or its symptoms and one SNP in the ADRA2A gene,

rs1800544 (which creates an Mspl restriction fragment length polymorphism (RFLP)),
19
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has been examined in four published studies. Comings, et al.** examined this association
in children with Tourette’s Syndrome, and found that the additive score of three
noradrenergic genes correlated with expression of ADHD symptoms. A follow up report
from this sample found that allele m of this SNP in ADRA2A4 was associated with ADHD
symptoms*’. However, Xu, et al. failed to find linkage and association with the same
polymorphism using a transmission disequilibrium test (TDT) analysis in 94 nuclear
families in which the proband had ADHD'”. Roman, et al. studied 96 children with
ADHD and their parents in a sample from Brazil. Although their haplotype relative risk
(HRR) analysis with the disorder also yielded non-significant effects, this polymorphism
was associated with ratings of inattention and hyperactivity, suggesting the possibility of
an effect of the gene on symptom expression . These two results both evaluated the G/G
(alternatively denoted as m/m) genotype as the risk genotype. Nonetheless, it is difficult
to draw clear conclusions about ADHD and ADRA2A from these few preliminary studies
due to conflicting findings and the fact that a sample of Tourette’s Syndrome patients

provide the main positive findings, which may not generalize to other ADHD samples.

Dopamine transporter gene (SLC6A43)

One well-studied candidate gene on ADHD is SLC643, the dopamine transporter
gene. Most genetic association studies have used a variable number of tandem repeat
(VNTR) on the 3’ untranslated region (3°’'UTR). Many previous studies reported that the

36-
341 However, a

most common allele, the 10 repeat allele, is associated with ADHD
considerable portion of these studies could not find an association between this VNTR of
SLC6.43 and ADHD®™**, Also, a meta-analysis did not reveal significant association

between the 10 repeat allele and ADHD™. However, neuroimaging studies suggest the
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involvement of the dopamine transporter (DAT) in the major etiology of ADHD'". A
study using single photon emission computed tomography (SPECT) showed that ADHD
patients (four women and two men) have an increase of 70% in dopamine transporter
density over controls (total 30) with age-correction in striatum, suggesting the

N2 1t is also known

involvement of the dopamine transporter in the etiology of ADHD
that the therapeutic treatment with methylphenidate reduces the increased DAT
availability in ADHD adult patients'"”.

The dopamine transporter is a member of a Na’ and CI" —dependent transporter
family, in forms of disulfide-linked homooligomer in membranes. It is known that the
dopamine transporter interacts with the protein kinase C-alpha binding domain. There is
direct evidence of phosphorylation and its regulation by PKC and MAP kinase, and it has
several sites for N-linked glycosylation in the large second extracellular loop'*. The
dopamine transporter is located in the synaptic craft and highly expressed in the midbrain.
Its main role is modulation of dopaminergic neurotransmission by the reuptake of
released dopamine. It is supposed that some RNA editing occurs in the brain, and the
dopamine transporter has several relevant protein sequences. Ensemble predicted three
different mRNAs, but a study using rats could not find any alternative splicing in some
brain regions''”. The 12 transmembrane domains were well predicted from the multiple
sequence alignment of the related transporters''®'". The strongly preferred
transmembrane prediction suggests the 12 transmembrane domains starting from inside to
outside of N to C terminal, and the positions of the transmembrane region in each

sequence are identical (Figure 2).
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Figure 2. Schematic representation of dopamine transporter

(http://pharmacogenetics.ucsf.edu/set1/DAT/)

As described in chapter 1, the rather large SLC6A43 gene region contains two LD
blocks™. Depending on the literature, the second block is associated with bipolar disorder
with p-value less than .05. Haplotypes consisting with three polymorphisms in the second
block also result in significant association with ADHD through TDT. However, as
mentioned in chapter 1, it is not clear if there is a functional polymorphism residing in the
haplotype or the combined effect of several functional polymorphisms causes the

association.

Dopamine receptor D4 gene (DRD4)

Dopamine receptor D4 is one of five subtypes of dopamine receptors, which
belongs to the G-protein coupled receptor 1 family. The action of this protein is mediated
by G proteins that inhibit adenylyl cyclase. Like other subtypes of dopamine receptors,
dopamine receptor D4 contains seven putative transmembrane domains. However, this

protein contains repeat variants that change the length of the protein in the putative
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cytoplasmic part after the last putative membrane domain. In the genomic region, this
variant is located in exon 3 and is the focus of association studies of psychiatric disorders.
Brain tissue examination showed that this gene is not imprinted in the human

- 11
brain''®,

However, unlike the dopamine transporter gene that does not have any
alternatively spliced isoforms in superior cervical sympathetic ganglia and dorsal root
ganglia, alternative splicing transcripts for DRD4 were found in dorsal root ganglia'”.
There is no transcript of DRD4 in cervical sympathetic ganglia.

Dopamine receptor D4 gene is located in 11p15.5 near the telomere. There are
four exons on the gene, spaced over 3398 bp. Most association studies have been done on
two polymorphisms, 120 bp repeat promoter polymorphism and exon3 VNTR. As well
summarized in a review article''’, the association results are inconsistent although meta-
analysis showed the association of DRD4***"_ Interestingly, there is a report that, within
VNTR subtypes, over 10 percent of ADHD probands have rare subtypes that were not

120

discovered in the previous population studies . Also, in Chinese Han population, ADHD

children with normal IQ and methylphenidate responders showed the association of 2
repeat allele using ethnically matched controls'?'. These suggest that allelic heterogeneity
of VNTR may contribute to the association and the subtypes may be different depending
on the ethnicity.

TDTs using several more polymorphisms in the promoter region showed an
association between —-616 SNP and ADHD with p-value of .008, rather than no
association of 120 bp insertion/deletion (I/D) polymorphism or VNTR'?. There is no
haplotype association study yet for DRD4. However, the LD structure of this gene region
showed strong LD among the 7 repeat allele of VNTR for evidence of positive selection

on this gene'*1%.
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Sample collection and demographic description

DNA samples were requested from affected children, their biological parents and
one sibling nearest in age when possible. A total of 177 probands were studied in three
groups: Non-ADHD Control (n=62), ADHD-C (n=81), and ADHD-PI (n=34). The
majority of the probands were Caucasians (82%). The children were aged 7-13 (mean =
9.6), and included both boys and girls (64.5% boys). Complete trios were obtained for
n=107 families. For buccal DNA preparation, a modified method described by
Meulenbelt was performed in which cheek swabs were used for sampling followed by
DNA preparation using phenol/chloroform purification (average 60 pg DNA per
collection) '%.

A regular multistage recruitment and screening procedure was used to identify
probands, based on the methods of the MTA studies. Families were recruited from the
community using public advertisements and mailings to all parents of children in 2"
through 6™ grades in the local school district. They were ruled out from participating if
the index child had autistic disorder, bipolar disorder, Tourette’s Syndrome, psychosis,
history of head injury with loss of consciousness, history of seizures, or full scale IQ < 75
(evaluated with a 4-subtest short form of the Wechsler Intelligence Scale for Children, 3"
Edition).'*

Index children were considered as possible ADHD if they either passed prescreen
cut-offs on both parent and teacher versions of common ADHD rating instruments (Child
Behavior Checklist or Teacher Report Form, Behavior Assessment Scale for Children

127.128

Rating Scale, or DSM-IV symptoms checklist)'*® or were previously diagnosed as

ADHD (any type) by a physician or psychologist in the community who utilized teacher
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and parent ratings to arrive at their diagnosis. Children were considered as possible
controls if they were below cut offs on all of these parent and teacher scales and were
never diagnosed with ADHD.

Final diagnosis was then determined after administration to the primary caregiver
(usually the mother) of a structured diagnostic interview, the NIMH Diagnostic Interview
Schedule (DISC-1V) for DSM-IV.”” The DISC-IV is a widely used and accepted
instrument with acceptable reliability and validity for evaluating diagnoses in community
samples. Inter-rater reliability for ADHD diagnosis in our study was £=1.0, due to the
computer-assisted nature of the interview procedure. After administration of the DISC-1V,
an “or” algorithm was employed to identify ADHD."*" If the child met onset, duration,
and impairment criteria, had at least 4 symptoms on the DISC-1V, and exceeded the 90"
percentile on teacher cut-offs, then a symptom was counted as present if it was endorsed
on either the DISC-IV by the parent or by the teacher on the DSM-IV checklist
(*‘sometimes” or “often” rated as “present”). In that way, a final symptom count was
arrived at for each child and they were assigned to either the control group (4 or fewer
symptoms) or one of the ADHD groups. Children with ADHD-hyperactive type were
excluded as explained earlier. Also excluded were children with 5 symptoms of either

inattention or hyperactivity, because their subtype status is indeterminate.'*’

Initial association results

For the preliminary association study of the dopamine transporter gene and
dopamine receptor D4 gene, the most extensively investigated polymorphisms were
chosen. For the non-stimulant medication system of ADHD on the noradrenergic system,

Mspl RFLP, which has been studied mostly on a-2A-adrenergic receptor gene, was
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chosen first. For this SNP, Comings et al.** examined children with Tourette’s Syndrome,
and found that the additive score of three noradrenergic genes was correlated with
expression of ADHD symptoms. A follow up reported that allele m was associated with
ADHD symptoms.* However, Xu et al. failed to find linkage with the same
polymorphism using a TDT analysis in 94 nuclear families in which the proband had
ADHD'”. Roman et al. studied 96 children with ADHD and their parents in a sample
from Brazil. Their HRR analysis also yielded non-significant effects, however the risk
polymorphism was associated with ratings of inattention and hyperactivity, suggesting
the possibility of a weak effect of the gene on symptom expression®’. Those two results
both demonstrated that the G/G (denoted as m/m) genotype is the risk genotype. In a case
of small gene effect on ADHD, one SNP as a marker cannot show a significant
association. So, all the publicly reported SNPs on the region were screened and two more

SNPs were selected for this association study.

Table 2. Genotype Association Results (p-values of chi-square test).

) Control vs Control vs
Gene Polymorphism
ADHD-C + ADHD-PI ADHD-C
Insertion/deletion .01 .005
DRD4 B ,
VNTR .90 .97
Exon 9 24 24
SLC6A43 Intron 9 07 07
- VNTR | .05 03
rs1800544 (Mspl) 77 .65
ADRA24  rs1800545 (Hhal) 83 67
rs553668 (Dral) ' 85 77
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Our genetic data revealed strong association with DRD4 insertion (Table 2). The
insertion/deletion polymorphism on the DRD4 promoter region has been studied before
for association with ADHD and the insertion allele is significantly associated with
ADHD"'. Our association result replicated this. We found that the SLC643 VNTR 9
repeats associated with ADHD in this study samples (Table 2), however most association
studies of the VNTR in SLC643 showed 10 repeats as the risk allele. In our study, all
alleles other than 10 repeats were significantly associated with ADHD. Another group
that found the same result with this VNTR*, and meta-analysis did not find a significant
association between 10 repeats and ADHD™. This inconsistent result is not limited to
ADHD. Other psychiatric or neuroscience research also found inconsistent association
results for the VNTR of SLC643"2. It can be hypothesized either that there is a real
acting polymorphism which has a different pattern in linkage disequilibrium with VNTR
or that the different VNTR subtypes make the difference working as an effective
polymorphism.

Interestingly, the transmission disequilibrium test (TDT) did not show any
significance between ADHD and either DRD4 or SLC6A3. An association trial on parent
groups found more significance between the parents of controls and the parents of
probands. For the DRD4 insertion/deletion polymorphism, the p-value was .007, and for
SLC6A43 VNTR polymorphism the p-value was .03. This means that the parent groups are
already sorted significantly in the risk polymorphisms. With consideration of high
heritability, it is reasonable that the parent group of probands has more risk genes because
they may have expressed ADHD as children.

Despite the DSM-IV’s identification of ADHD as a categorical disorder, many

g¢cnetic analyses indicate that ADHD symptom dimensions have the same genetic
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influences at all levels of severitym. Those data commend consideration of the

association of genetic markers with dimensional symptom ratings. We conducted such

analyses using the quantitative transmission disequilibrium test (QTDT), with the

advantage of considerably greater statistical power than is available in the conventional

TDT analysis and inclusion of parent symptom counts. This approach revealed a trend

toward significance using the Mspl polymorphism (p=.022) and confirmed linkage

between the T allele of Dral and symptoms of inattention (p=.003). The T allele of Dral

is found primarily on a subset of chromosomes containing the G allele of the Mspl

polymorphism. The results of QTDT suggest that the risk allele might reside on the

chromosomes containing both the T allele of Dral and the G allele of Mspl.

Table 3. TDT results for each ADRA2A SNP and ADHD subtype.

3

SNPs ADHD type T NT RR Yl P value

ADHD-C 14 7 2.00 2.33 13

Mspl (G allele) ADHD-PI 8 5 1.60 0.69 41
ADHD-(C+PI) 22 12 1.83 2.94 .086

ADHD-C 6 3 2.00 1.00 32

Hhal (G allele) ADHD-PI 2 3 0.67 0.20 .65
ADHD-(C+PI) 8 6 1.33 0.29 .59
ADHD-C 11 3 3.67 4.57 .033

Dral (T allele) ADHD-PI 7 4 1.75 0.82 37
ADHD-(C+PI) 18 7 2.57 4.84 028

ADHD-C: combined type. ADHD-PI: primarily inattentive. ADHD-(C+PI): both of the types. T:

transmitted. NT: non-transmitted. RR: relative risk.

Using TDT, we found an association between ADHD and Dral RFLP of the

ADR 424 gene that did not show any significance in the case-control association study
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(Table 3). The less common allele of the Dral polymorphism was preferentially
transmitted to ADHD children. It is interesting that this preferentially transmitted allele is
less frequent in the athlete endurance groupI3 4. This result suggests that the Dral RFLP
may contribute only a minor portion to ADHD and could not be sorted in the case-control
study, but instead preferential transmission was seen from the even distribution of parent

groups.

Table 4. QTDT results for ADHD symptom dimensions

ADHD type Marker Allele* X°(df) P
Mspl G 5.33(1) .022

Inattention Hhal A 0.00(1) NS
Dral T 9.10(1) .003
Mspl G 4.85(1) .037

Hyperactivity-impulsivity  Hhal A 0.05(1) NS
Dral T 6.95(1) .015

Empirical p values are presented. NS: not significant.

*The allele conferring increased risk is denoted.

These results suggest that the differentiated effect between the major contribution
and the minor contribution of genes should be considered. In case of the relatively major
contributing polymorphisms, the case-control study might be useful, and, for detecting
the minor contribution of polymorphisms, the transmission disequilibrium test would be
helpful. The major and minor contributions can be different depending on the population
sample, as an example, the clinic-referred children and the community-recruited children
need to be considered differently. One more important point is that there needs to be a

consideration of the moderate contribution of some polymorphisms that cannot be sorted
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enough between parent groups and cannot be distributed evenly enough to be detected by

TDT.

Initial haplotype analysis on ADRA2A

The variable results from previous association studies on ADRA2A may also be
due to the difficulty of detecting minor contributions of a particular candidate gene to the
liability for developing ADHD. This limitation is accentuated by restricting the analysis
to the examination of a single polymorphism in the gene. If the selected polymorphism is,
in fact, the only or primary functional polymorphism that contributes to the disorder
being studied, it will then be the most robust marker for the disease. If it is not the
functional polymorphism, however, then it would serve merely as a surrogate marker for
the causative allele, and yield less robust findings in studies of association and linkage.

No evidence suggests that the rs1800544 SNP is functional. Therefore, to address
this concern, we chose to examine more closely the haplotype structure of multiple
markers in the ADRA2A gene and identify a set of SNPs to study. Previously, our case-
control association studies on ADRA2A did not provide any significant results. Therefore,
we used the transmission disequilibrium test (TDT) and quantitative transmission
disequilibrium test (QTDT) to assess association and linkage of the ADRA2A gene
polymorphisms with ADHD in two of its subtypes (ADHD-C and ADHD-PI) and in its

two core symptom dimensions (inattentiveness and hyperactivity-impulsivity).

SNP selection
ADRA2A is a small gene with a genomic size of <4000 bp. The SNP Consortium

(TSC) database identifies 12 variants, 8 of which are within or near the mRNA genomic
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region. A summary of the SNPs that have literature reports or frequency information is
provided in Table 5. We include in Table 5 the frequency information from our own
sample in the current study as well. The Mspl RFLP is located 5’ of the transcribed region
and the allele frequencies are similar in all Caucasian groups reported. There is a
polymorphic SNP in the 5’-UTR, 3 non-synonymous mutations in the coding region, and
two 3’UTR SNPs. As can be seen in Table 5, the allele frequencies observed in the study
sample (labeled “Michigan” in the table) were typical of those reported in the literature.

We first examined the polymorphic status of the non-synonymous, coding SNPs,
rs1800034, rs1800035 and rs180036, because variants at these positions have the
potential to produce functional differences in the protein. We did not find these variants
in our population, reinforcing the suspicion that these may be rare mutations. Three
polymorphisms were chosen for analysis of the association with ADHD, based on their
allele frequencies and their spacing in the genomic region. These were the Mspl RFLP
(rs1800544) previously studied, a Hhal RFLP (rs1800545) in the 5° UTR, and a Dral
RFLP (rs553668) in the 3° UTR of the ADRA2A mRNA (Figure 3b).

As previously described, participants in 177 families were genotyped for the
three SNPs in ADRA24. For each of the markers, we evaluated Hardy-Weinberg
equilibrium by simulation, using 10,000 iterations for each simulation. All of the markers
appeared to be in Hardy-Weinberg equilibrium, as their one-tailed p-values were all non-

significant (i.e., Mspl p =355, Dral p =.343, Hhal p =.719).
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Table 5. Polymorphism information for the ADRA2A locus.

SNPs Frequencies Population Reference
C(Mallele) G (mallele)
rs,l 800544 26 Caucasian %% (Roman et al. 2003)
> p.romoter 71 29 Caucasian "% (Lario et al. 1997)
:i:n : .74 .26 Canadian 19 (Xu et al. 2001)
RFLP .73 27 French, Irish & Scot  Canvas Database
.67 33 Mostly Caucasian Michigan: Controls
rs1800545 G A
5’UTR .89 11 French & Irish Canvas Database
Hhal RFLP .88 12 Mostly Caucasian Michigan: Controls
rs1800034 Mutation 136 (Feng et al. 1998)
rs1800035 Mutation "% (Feng et al. 1998)
rs1800038 C A
synonymou .72 28 Random ' (Feng et al. 1998)
s change 71 .29 Japanese JSNP Database
rs1800036 Mutation " (Feng et al. 1998)
Dral RFLP ¢ !
1$553668 .19 Caucasian '"Y(Hoehe et al. 1988)
3 UTR 20 Caucasian "**(Wolfarth et al. 2000)
81 19 Mostly Caucasian Michigan: Controls
rs3750625 C A
3’ UTR 73 27 Japanese JSNP Database
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Linkage disequilibrium and haplotypes

The linkage disequilibrium and haplotype were studied on three SNPs of the
ADRA24 region. Linkage disequilibrium (LD) was calculated using D’ and r* for each
pairwise combination of SNPs (as shown in Figure la). Calculated from the GOLD
software package'’, both D’ and r’ values show significant linkage disequilibrium
between Mspl RFLP and Dral RFLP, and it is likely that the Mspl RFLP shows a
significant association in QTDT because this site is in linkage disequilibrium with the
Dral RFLP (Figure 3a). The D’ value between the Hhal RFLP and Dral RFLP is highest,
while r? is very low. On the other hand, although the D’ value between the Hhal RFLP
and the Dral RFLP was high, the r* was very low. This is thought to occur when the rare
allele at one locus is linked to the common allele at the other locus and vice versa, rather

than linkage occurring between alleles of similar frequency. '*°
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a. Marker linkage

D’ 2
Mspl Hhal Dral r
[__1035bp | .827 .196
' 3076 bp ' 793 351
2041 b, :
' 2P | 832 018

b. Genomic structure

Mspl Hhal Dral

v v v

C/G G/A C/T

c. Observed Haplotypes

Frequency Haplotype
C G C 69.1% 111
G G T 18.2% 212
G A C 10.7% 221
G G C 1.4% 212
C G T 0.6% 112

Figure 3. SNP location, linkage disequilibrium and haplotype distribution.

Panel a shows the distance and pairwise linkage disequilibrium between the SNP markers. Panel
b shows the genomic structure of the ADRA2A gene. The transcribed mRNA is shown as a thick
line and the portion that codes for protein is shown as a rectange. Panel ¢ provides the nucleotide
Composition at each SNP for the observed haplotypes and frequency of each haplotype.

HaplOtype frequencies were determined using the EM algorithm.
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Transmission disequilibrium testing using individual SNPs

The transmission disequilibrium test (TDT) was conducted to assess association
and linkage with each of the 3 SNPs using the parent-offspring trio data described above.
As shown in Table 2, the TDT revealed a significant association of the Dral RFLP with
the ADHD Combined subtype (p=.033). If both combined and primarily inattentive
subtypes are considered together, a p-value of .028 was found. The less common allele of
the Dral polymorphism was preferentially transmitted to ADHD children. There was no
preferential transmission of an allele of Hhal but transmission of the G allele of the Msp/
RFLP approached significance in the ADHD-(C+PI) group

The composition of our total sample, which contains non-disordered control
children, some with intermediate symptom counts, allowed us to use tests such as the
QTDT to assess association of each of the ADRA2A SNPs with the quantitative ADHD
symptom dimensions (in addition to the diagnostic categories). We also had similar
ADHD symptom data on parents. We included all symptom data (i.e., from case and
control children as well as parents) in the QTDT analyses in order to make the symptom
distribution resemble the population distribution as closely as possible. As shown in
Table 3, both the inattentive and hyperactive-impulsive symptom scores showed
association with the Mspl RFLP and even stronger association with the Dral
polymorphism. In contrast, neither symptom dimension was associated with the Hhal
SNP. When results were repeated excluding parental data, these associations were similar

but fell shy of significance.
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Haplotype analysis

The finding of stronger association of ADHD subtypes and symptom dimensions
with the Dral polymorphism than with the Msp/ RFLP suggests that the former may
either be closer to a functional polymorphism or may “tag™ a haplotype that contains the
functional polymorphism. Therefore, the relations are determined among the alleles of

each of the three SNPs tested in this study.

Table 6. Transmission disequilibrium test results for each haplotype and ADHD subtype.

Haplotypes* ADHD type T NT RR v’ P value

ADHD-C 6 12 .50 2.00 .16

111 ADHD-PI 3 43 1.60 21
ADHD-(C+PI) 9 19 47 3.57 .059

ADHD-C 3 S .60 .50 A48

221 ADHD-PI 3 2 1.50 .20 .65
ADHD-(C+PI) 6 7 86 08 78
ADHD-C 11 2 5.50 6.23 013

212 ADHD-PI 6 3 2.00 1.00 32
ADHD-(C+PI) 17 b} 3.40 6.55 011

ADHD-C: Combined subtype. ADHD-PI: Primarily Inattentive subtype. ADHD-(C+PI): both of
the subtypes. T: transmitted. NT: non-transmitted. RR: relative risk. *For haplotypes: At each
position 1= common allele, 2 = less common allele. For example: 111; common allele at Mspl,
Hhal, and Dral restriction sites, 212; rare allele at Mspl, common allele at Hhal, and rare allele at

Dral restriction sites. Empirical p values are presented.

In order to capitalize on the LD among the three SNPs in ADRA2A, we next
conducted TDT analyses using multi-marker haplotypes to determine whether this
yielded stronger results than tests performed with each SNP alone. These results are

Summarized in Table 6. The haplotype containing the rarer alleles of the Dral and Mspl
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RFLPs, and the common allele of the Hhal RFLP (i.e., haplotype 212 in Figure 3c) was
preferentially transmitted to children with both subtypes of ADHD. The preferential
transmission of haplotype 212 to affected offspring likely drives the marginal
significance of haplotype 111, which is less frequently transmitted to affected children.
Similar results (summarized in Table 7) were obtained using QTDT analyses of linkage
and association between the ADHD symptom dimensions and the ADRA2A haplotypes

for the entire sample, including both case and control children and parents.

Table 7. Haplotype analysis for ADRA2A4 using QTDT and ADHD symptom dimensions.

ADHD type Haplotypes X’(df)  p-value Direction

111 6.00(1) .016 Decreased risk
211 NT - -

Inattention 221 0.03(1) NS -
212 10.59(1) .001 Increased risk
112 NT - -
111 4.76(1) .030 Decreased risk
211 NT - -

Hyperactivity-impulsivity 22] 0.06(1) NS -
212 10.55(1) .004 Increased risk
112 NT - -

At each position 1: common allele, 2: less common allele. For example: 111; common allele at
Mspl, Hhal, and Dral restriction sites, 212; rare allele at Mspl, common allele at Hhal, and rare
allele at Dral restriction sites. NT: Not Tested because of small number. NS: Not significant.

Empirical p values are presented.
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Discussion of initial haplotype analysis

The ADRA2A gene may be an important risk factor for ADHD in light of the
role of its gene product in attention and the executive functions subserved by the
prefrontal cortex and associated circuits thought to be involved in the disorder.”’ Despite
its potential relevance, only a handful of studies have investigated the ADRA2A gene as a

potential risk factor for the development of ADHD?’#-140

. These studies analyzed an
Mspl polymorphism in the promoter of the gene and looked for association with ADHD
and/or its symptoms using a variety of statistical approaches. Comings, et al. found that
in Tourette’s Syndrome patients who also met DSM-IV criteria for ADHD, there was a
modest correlation between symptom scores and the Mspl polymorphism, but the degree
to which that sample represented the complete spectrum of ADHD patients is unclear.
There are only two studies of ADHD children without Tourette’s Syndrome, and these
yielded incommensurate results. All of these previous studies relied on a single biallelic
SNP to test for association between ADHD and ADRA2A, and thus did not adequately
sample the array of alleles in this gene. This may lead to Type II errors in assessing the
relevance of the gene to the etiology of ADHD. The present report excluded patients
with Tourette’s Syndrome and utilized a strategy of testing multiple SNPs and examining
haplotypes. Based on a survey of the literature, it is the first study to do so with this gene
in relation to ADHD. The positive results reported here therefore provide important new
evidence that the ADRA2A gene is involved in the etiology of ADHD, and further clarify
that the SNP assessed in prior studies may not be the most important marker in the gene
with respect to risk for ADHD.

Three polymorphic SNPs spanning a 3 kb genomic region were chosen for the

study of the ADRA2A gene. These SNPs are in moderate LD and define one common
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haplotype (frequency = .69), in addition to two moderately frequent haplotypes
(frequency =.18 and .11), in our control population (Figure 3c).

Analyses of the data using the TDT produced significant findings of association
and linkage for two of the three SNPs tested. Previous studies implicated the m allele (the
rarer G allele) of the Mspl marker in the risk for ADHD**"'*"_ A trend was found for
association and linkage between the m allele of Mspl and ADHD using the TDT (p=.13
for ADHD-C and p=.086 for ADHD-C+PI). In contrast, TDT analysis of the Dral RFLP
yielded significant results for ADHD-C (p=.03) but not for ADHD-PI (p=.37), as well as
for both subtypes combined (p=.028 for ADHD-C+PI).

Despite the identification of ADHD as a categorical disorder in DSM-IV,
quantitative genetic analyses suggest that ADHD symptom dimensions show similar
genetic influences at all levels of severity.'** These findings warrant consideration of the
association of candidate gene markers with dimensional symptom ratings. We conducted
such analyses using the QTDT. '*'"*? This approach revealed significant association and
linkage of symptoms of inattention with the rare allele of the Mspl polymorphism
(p=.022) and confirmed association and linkage with the rare allele of Dral (p=.003).
Similar findings were also obtained with these alleles and the hyperactive-impulsive
symptom dimension (p=.037 for Mspl and p=.015 for Dral). The results of the QTDT
analyses suggest that the functional risk-inducing allele might reside on chromosomes
containing the rare alleles for both Dral and Mspl.

The TDT was repeated in order to evaluate association and linkage between
ADHD subtypes and symptom dimensions and specific ADRA2A4 gene haplotypes. The
haplotype containing the rare alleles of both the Dral and Mspl markers was significantly

associated with ADHD and the combined subtype. The QTDT results suggested that the
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same haplotype was associated with severity on both the inattentive and hyperactive-
impulsive symptom dimensions. These results suggest that the rare allele of Dral may be

closely linked to a functional polymorphism in the ADRA2A gene.

Conclusion

This haplotype study emphasizes several points concerning the search for
functional alleles of genes that contribute to the inheritance of complex disorders and
diseases. It is clear that marker selection in the candidate gene should not be limited to a
single polymorphism. If the Hhal polymorphism had been the only marker selected for
analysis, no indication of a significant association between ADHD and the ADRA2A gene
would have resulted. In general, it is only when a functional polymorphism is being
tested that a single marker will yield the most significant results. When the functional
polymorphisms are not known, as is almost always the case, it is prudent to identify
several polymorphisms in the candidate gene and to test each for association, both singly
and in combination using the haplotypes that they constitute. In the case of ADRA2A4, we
identified three common haplotypes in the gene, the analyses of which allowed us to
better demonstrate association and linkage between the ADHD subtypes and symptom
dimensions and ADRA2A.

It is important to be aware that the power of the TDT depends not only on effect
size and the mode of inheritance, but also on the allele frequency of the SNP in the
population. In the present study, given our sample size we had adequate power to detect
the largest effects in the ranges seen in our data within a multiplicative model for Dral
and Mspl, but we had much lower power to detect these effects for Hhal, given both its

smaller effects and its much greater allele frequency. Furthermore, power was
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considerably greater for the haplotype analyses than for the analyses of each individual
SNP, underscoring the value of incorporating multiple markers in studies of association
with candidate genes.

There are several limitations of this study that should be noted. Aside from the
relatively small sample, the most important of these is the reliance on parental symptoms
in the QTDT analyses. These retrospective symptom ratings are vulnerable to multiple
biases, even when obtained in a careful structured interview as in our study. Therefore the
quantitative results should be viewed with some caution until replicated. Nonetheless, we
note that in our sample population the QTDT analyses relied only on allelic transmissions
from parents and used the parents’ symptom scores solely for the purpose of estimating
the population mean of the ADHD symptom dimensions.

In conclusion for initial haplotype analysis, our results suggest that ADRA2A is
associated and linked with ADHD and that the functional polymorphism is closely linked
to Dral. Although ambiguous haplotypes were not included, the haplotype TDT and
QTDT results suggest that the functional allele is likely to be a less frequent allele (~.20)
and is present on the “212” haplotype, which represents the rare alleles of Mspl and Dral
and the common allele at Hhal. It is possible that there is more than one functional
polymorphism within this haplotype that contributes to the gene’s effects. These results

underscore the potential importance of noradrenergic systems in the etiology of ADHD.

M aterials and methods
DNA Preparation
For buccal DNA preparation, a modified method described by Meulenbelt was

performed in which cheek swabs were used as samples followed by DNA preparation
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using phenol/chloroform purification (average 60 pg DNA per collection) using the
following procedure'>.

1. Swabs collected in 5 ml of an STE solution were centrifuged at 2000 rpm in 50 ml
tubes for 5 minutes.

2. Swabs, briefly suspended by a pulse vortex are inverted and transferred into a new 50
ml tube, and centrifuged at 2000 rpm for 5 minutes.

3. Swabs were pulled out and discarded using a clean glove after each set.

4. The liquid briefly suspended by a pulse vortex is transferred to a labeled 15 ml tube
containing 5 ml of phenol/chloroform (1:1).

5. The tubes were inverted gently 10 times, and allowed to settle for 5-10 minutes.

6. The tubes were centrifuged at 4000 rpm for 8-10 minutes.

7. The aqueous layer of the solution was transferred to a new 15 ml tube containing 5 ml
of chloroform, and the tubes were inverted gently 10 times.

8. The tubes were centrifuged at 4000 rpm for 8-10 minutes.

9. The aqueous layer of the solution was transferred to a new 15 ml tube containing 5 ml
of 2-propanol, and the tubes were inverted 50 times.

10. The tubes were centrifuged at 4000 rpm for 8-10 minutes.

11. To leave the pellet, the solution was poured off carefully into a beaker, and 2 ml of
70% ethanol was added to the pellet. (After this procedure, the tubes could be stored in a
refrigerator for overnight.)

12. The tubes were centrifuged at 4000 rpm for 5 minutes.

13. Ethanol was poured off carefully so that the pellet did not slide out from the tube, and
the tubes were inverted onto clean papers to allow the pellet 20-30 minutes of drying time.

14. 200 ul of DNA hydration solution was added to the pellets, and let the tubes were left
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to sit overnight at room temperature.
15. To dissolve the pellet, the solution was suspended by pulse vortex, and transferred to
screw-capped tubes for storage at —20 °C.

The concentrated stock was diluted (1/100 or 1/50), and the diluted solution is
read by UV spectrophotometer at 260 and 280 nm for the measurement of rough DNA
concentration and purity.

Genotyping

Eight polymorphisms were studied from the three candidate genes by PCR and
restriction fragmentation.

For DRD4, two well-replicated polymorphisms in ADHD, insertion/deletion
promoter polymorphism and variable number of tandem repeats (VNTR) in exon 3, were
selected and assayed with minor modifications'’'. The DRD4 120-bp tandem repeat
polymorphism was assayed in 20 pl reaction mixture containing 20 ng of genomic DNA,
200 pM dNTPs, 1 uM of each primer, 1.5 mM MgCl,, 1X PCR buffer, and 0.5 units of
Taq DNA polymerase with the same primer sets (5-GTTGTCTGTCTTTTCTCA
TTGTTTCCATTG-3’ and 5’-GAAGGAGCAGGCACCGTGAGC-3’). Amplification was
conducted under the following conditions with a hot start; an initial denaturing step at
94 °C for 3 minutes followed by 35 cycles consisting of 30 seconds at 94 °C, 30 seconds
at 61 °C, and 1 minute at 72 °C, and the final extension step for 5 minutes at 72 °C using
ABI 9700. The VNTR was amplified in 25 pl reaction mixture containing 100 ng of
genomic DNA, 200 uM dNTPs, 0.5 uM of each primer, 1X Q solution, 1X Q PCR buffer,
and 0.625 units of Taq DNA polymerase wusing primer sets, 5’-
CGTACTGTGCGGCCTCAACGA-3’ and 5’-GACACAGCGCCT GCGTGATGT-3".

The DNA was amplified with a hot start procedure including an initial denaturing step of
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30 seconds at 96 °C, followed by 40 cycles consisting of 30 seconds at 95 °C and 90
seconds at 68 °C, and the final extension step for 4 minutes at 72 °C. After the
amplification, the DNA was detected in 1.5 % argarose gel for the 120-bp tandem repeat
polymorphism and 1.2% argarose gel for VNTR stained with ethidium bromide.

Three polymorphisms for SLC643, exon 9 SNP, intron 9 SNP, and VNTR in
exon 15, were selected and typed with minor modification as described previously” .
VNTR was amplified using the primer sets, 5’-ACTCCTTGAAACCAGCTCAG-3’ and
5’-TATTGATGTGGCACGCACCT-3’ in the reaction mixture containing 20 ng of
genomic DNA, 62.5 uM each dATP, dTTP, dCTP, 31.25 uM dGTP, 31.25 uM deaza
dGTP, 1 uM of each primer, 1.5 mM MgCl,, 1X PCR buffer, and 0.5 units of Taq DNA

polymerase using deaza dGTP as described'”

. The procedure includes an initial
denaturation for 3 minutes at 95 °C, is followed by 35 cycles consisting of 30 seconds at
95 °C, 30 seconds at 58 °C, and 45 seconds at 72 °C, and the final extension step for 2
minutes at 72 °C. For amplification of the other two SNPs, the PCR used 60 ng of
genomic DNA, 200 uM dNTPs, 1 uM of each primer, 1.5 mM MgCl,, 1X PCR buffer,
and 0.5 units of Taq DNA polymerase (primer sets: 5’-CACAGCGTGGGCTCTGTG-3’
and 5’-GGTGGAAGGAACCCAACTG-3’ for the exon 9 SNP and 5’-
GTCGTGCCGCCAT AGAAG-3’ and 5’-CTGCACACAGAGGACAGGGT-3’ which is
mutated from the original sequence in the genome for a proper restriction cut for the
intron 9 SNP). The cycling parameters involve an initial denaturation for 4 minutes at
94 °C; 35 cycles consisting of 40 seconds at 94 °C, 40 seconds at 65 °C for exon 9 SNP
and 57 °C for intron 9 SNP, and 30 seconds at 72 °C; and the final extension step of 5

minutes at 72 °C. The amplified DNAs are digested by 10 units of restriction enzymes at

37 °C overnight (Ddel for exon 9 and PfIFI for intron 9). For the efficiency reason, lul of
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buffer 4 was added to the restriction digestion of the amplicon of intron 9. The DNA was
detected in 1.5 % argarose gel for the VNTR polymorphism and 3% argarose gel for two
other SNPs stained with ethidium bromide.

Three SNPs in ADRA2A4 were selected based on their spacing and frequencies as
described previouslym. The promoter SNP, rs180044 (Mspl RFLP), was typed by a
modified amplification of the region using deaza dGTP as described'®”. Briefly,
polymerase chain reaction (PCR) was performed in 20 pl reaction mixture containing 40
ng of genomic DNA, 62.5 uM each dATP, dTTP, dCTP, 31.25 uM dGTP, 31.25 uM
deaza dGTP, 1 pM of each primer, 1.5 mM MgCl,, 1X PCR buffer, and 0.5 units of Taq

DNA polymerase. For the 5° UTR SNP, rs180045 (Hhal RFLP), PCR amplification were

performed using primer sets, 5’-CCAAGTTATCAGGCCACCGA-3’ and 5’-

TGCTCCTGGCGGAACAT GAA-3’ in 20 pl volume containing 40 ng of genomic DNA,
200 uM dNTPs, 1 uM of each primer, 1.5 mM MgCl,, 1X PCR buffer, 2 ul DMSO, and
0.5 units of Taqg DNA polymerase. Amplification included an initial denaturing step at
94 °C for 3 minutes followed by 35 cycles consisting of 30 seconds at 94 °C, 30 seconds
at 60 °C, and 45 seconds at 72 °C, and the final extension step of 5 minutes at 72 °C.
After amplification, 10 units of Hhal restriction enzyme were added and digestion was
performed at 37 °C for 2 hours. The region for the 3’'UTR SNP, rs583668 (Dral RFLP),
was amplified in 20 pl volumes containing 40 ng of genomic DNA, 200 uM dNTPs, 1

UM of each primer, 1.5 mM MgCl,, 1X PCR buffer, and 0.5 units of Taq DNA

polymerase (primer  sets: S’-TACAAGGGCATGGCTCACAA-3* and 5'-

CCAAGGCCAGGATTTCAACA-3’) using the same cycling parameters as above.

Digestion of the PCR product was performed with 10 units of Dral restriction enzyme at
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37 °C for 2 hours. All restriction fragments were detected using 3% agarose gel stained

with ethidium bromide.

Data Analysis

Hardy-Weinberg Equilibrium tests were performed using contingency tables.
Case-control association was tested for each SNP. An increased alpha-level was
considered using primarily the level of p= .01 to establish statistical significance in view
of the number of statistical tests conducted to reduce the familywise Type I error rate,
while preserving sufficient power to avoid excess Type II error. All statistical tests were
two-tailed.

For within-family analyses of association and linkage between each of the
ADRA2A4 SNPs and the ADHD diagnostic subtypes, we used the original TDT (i.e., a
McNemar’s chi-square test of biased transmission of alleles from heterozygous parents to
their affected offspring)'*. The quantitative TDT was performed using QTDT

software'*''*?, Because of the very different distributions in ADHD symptom dimension
scores between parents and their offspring, the polygenic variance (ogz) as well as the
additive genetic variance (5.2) in the QTDT could not be calculated. This resulted in p-
values that were very similar to empirical p-values calculated from 1,000 permutations.

One non-mendelian family (probably due to sample mix of the family) was not

included in data analysis. In case of a strong suspicion of non-parternity of second child,
the second child’s genotype data was eliminated from the analysis. However, if the non-

parternity corresponds to the first child who is phenotyped, the father’s genotype data

was deleted from the analysis.

Parents of controls were used to determine population haplotype frequencies.

Both the use of manual procedures and the expectation maximization (EM) algorithm via
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maximum likelihood estimation produced the same results for haplotype estimation. For
analyses using haplotypes, where phase was ambiguous, the trios were omitted from the
analysis (i.e., in 13 of 177 family samples). Linkage disequilibrium among the SNPs in
ADRA24 was estimated using the GOLD software package''®. We report findings
separately for ADHD-C and ADHD-PI, as well as pooled results for both subtypes, in
view of disagreement in the field about the degree of their etiological similarity and

whether or not their results should be pooled'**.
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Chapter 3

Phenotypic Consideration

Introduction
Unlike single gene disorders, complex phenotype presents much more difficulties
in studying complex traits. Most complex traits include some degree of comorbidity and
subtypes of the disorders. Although each disorder has a main pathophysiology, it seems to
overlap at least partially with other similar disorders and the resulting symptoms can be
somewhat distinguished depending on the clinical presentation. Complex traits can be
frequently found in mental disorders due to the complex network of the brain.

As expected, ADHD often occurs in conjunction with other major psychiatric
disorders. Common comorbidity disorders and their relative frequencies are as follows:
oppositional defiant disorder (33%), conduct disorder (25%), anxiety disorders (25%),
depressive disorders (20%), and learning disabilities (22%)*. The comorbidity of those

disorders suggests an overlapping pathophysiology and possible genetic etiology with
ADHD. It is not clear that the overlapping pathophysiology does mean stronger genetic
influence of the comorbid genetic locus. It is worthwhile to examine the comorbidity and
distinguish the etiology, but, in the current stage of the genetic association studies, to find
out each genetic etiology of the disorder seems more appropriate.
In this chapter, to find out if a polymorphism is associated with ADHD
phenotype, DSM-1V based case-control and TDT test are primarily considered including
their subtypes. A total of 228 nuclear families that is slightly more than were used in
chapter two were studied in three groups: Non-ADHD control (n=70), ADHD-combined

ype (n=95), and ADHD-primarily inattentive type (n=29) with 64.4% Caucasians and
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67% boys. This sample population is a balanced collection between cases of controls of
several ethnic groups (Caucasian, African American, Hispanic, Asian, American Indian,
and mixed others) with p-value of .57, so that the case-control association is not affected
by population stratification. The final sample included children aged 6-13 years (mean =
9.6). To address concerns in regard to ADHD phenotypes, several relevant
endophenotypes were tested also. Finally, one important yet unexplained feature of
ADHD, the gender difference, was addressed.

Similar to those of chapter two, the children were recruited via a community-
based, multi-gate strategy in which more stringent diagnostic procedures were applied at
each stage in order to establish cases. In the first stage, common rule outs were identified
such as autistic disorder, mental retardation, neurological disease, and sensorimotor
handicap. In the second stage, parent and teacher normative ratings were obtained to
make sure the child had elevated levels of behavior problems in both settings (for
potential ADHD participants) or had normal range behavior across settings (for potential
control participants). During the final stage, a structured diagnostic interview (the NIMH
Diagnostic Interview Schedule for DSM-IV) was performed with the primary caregiver
to establish that full DSM-IV criteria were met for the ADHD groups and that Control

children did not have ADHD. Parent and teacher data were combined in an “or”
algorithm to arrive at the final symptom count in assigning the ADHD subtype. Thus, if a
symptom was endorsed by the parent on the DISC-1V, or was rated by the teacher as a
“2” or a “3” on the 0-3 scale used to rate the items ADHD Rating scale, it was counted as
present. At this final stage, we also assessed other psychopathologies, ruling out children
with Tourette Disorder, bipolar disorder, psychosis, or learning disability and recording

other comorbid conditions for secondary data analysis.
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DSM IV based associations.

As described previously, there are three subtypes of ADHD. Two relatively

common subtypes, ADHD-C and ADHD-PI types, appear to differ both cognitively and

with regard to familial history®>®*'*% Although neuropsychological data has not

differentiated them'*""'*®, there is a suggestion that the two subtypes are entirely different

disorders'*’. Moreover, there is evidence that the comorbid symptoms with other
disorders differ depending on the subtypes'*’.

The concern, that the ADHD-combined type (ADHD-C) and ADHD-
predominantly inattentive type (ADHD-PI) are totally different subtypes of ADHD, leads
to consider segregated analysis between two subtypes. Although previously discussed
that ADHD combined and inattentive subtypes may be distinct conditions'®, it is also
noted that there is an argument that these two ADHD subtypes commonly share many
neuropsychological features'*. Also, the inattentive type may to a large extent represent a
milder version of the ADHD combined type'’'. Therefore, the tests were conducted on
both ADHD-C and ADHD-PI groups, as well as the combination of the two for purposes
of the present paper to maximize power. TDTs and case-control tests were conducted on
those groups.

In Table 8, ADHD-PI shows generally reduced association probably due to the
smaller sample size. There is no major difference in the trend of associations between
ADHD-C and ADHD-PI. There are some differences in association levels between these
two groups, but it is hard to surmise further due to the small sample size. With the similar
trend between ADHD-C and ADHD-PI, the combined grouping of both and ADHD-C

also show similar results. More sampling on ADHD-PI seems necessary for further
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speculation. These results indicate that, at least in our sample population, the genetic

etiology of ADHD in three genes may be similar.

Table 8. Genotype Association Results (p-values of chi-square test).

Control vs Control vs Control vs
Gene Polymorphism
ADHD-C + ADHD-PI ADHD-C ADHD-PI
Insertion/deletion .003 .003 .20
DRD4
VNTR 76 99 18
Exon 9 .82 .67 .88
SLC6A3 Intron 9 .046 .06 11
~ VNTR 25 32 32
rs1800544 (Mspl) 52 40 98
ADRA2A 151800545 (Hhal) 43 55 52
' 1s553668 (Dral) .099 079 58

Exact numbers for ADHD-C + ADHD-PI are indicated in Tables 13-15.

Although our sample population is balanced with respect to cases and controls in
ethnic groups, the same case-control tests using only Caucasians were tested to address if
there is ethnic-specific association. Overall, the results (Table 9) were not much different
from the previous results in Table 8. Some changes in Caucasian only associations are
summarized below; the association of insertion/deletion polymorphism in DRD4 was

reduced and the association of VNTR in SLC643 was enhanced. One interesting feature
is that the association of VNTR was strongest in the case-control test using only ADHD-
PI although it is smaller sample size. It is noteworthy that, as described in the previous
chapter, this association is in the opposite direction compared to the research of other

groups. Further discussion regarding this question is addressed in Chapter 5. The
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Caucasian-only association suggests that there may be some ethnic differences in the
level of association of each polymorphism depending on the LD with functional

polymorphisms, although further research using increased samples is necessary.

Table 9. Genotype Association Results (p-values of chi-square test on only Caucasians).

Control vs Control vs Control vs
Gene Polymorphism
ADHD-C + ADHD-PI ADHD-C ADHD-PI
Insertion/deletion 062 13 .16
DRD4 .
VNTR 31 28 .56
Exon 9 .85 .90 71
SLC643  Intron9 054 073 11
~ VNTR .046 .09 ' 039
rs1800544 (Mspl) .84 71 .79
ADRA2A rs1800545 (Hhal) .30 11 72
rs553668 (Dral) 21 039 55

TDT shows a pattern similar to that described in the previous chapter with
smaller samples (Table 10). None of polymorphisms in DRD4 and SLC6A43 is
significantly associated with ADHD using TDT, and again the Dral RFLP in ADRA2A
shows borderline significance reduced a bit more than the result in the previous chapter.
As noted in Table 8, slightly increased sample s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>