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Abstract
Background—Over 50 years of evidence from research has established that the central
dopaminergic reward pathway is likely involved in alcohol dependence (AD). Additional evidence
supports a role for dopamine (DA) in other disinhibitory psychopathology, which is often
comorbid with AD. Family and twin studies demonstrate that a common genetic component
accounts for most of the genetic variance in these traits. Thus, DA-related genes represent putative
candidates for the genetic risk that underlies not only AD but also behavioral disinhibition. Many
linkage and association studies have examined these relationships with inconsistent results,
possibly because of low power, poor marker coverage, and/or an inappropriate correction for
multiple testing.

Methods—We conducted an association study on the products encoded by 10 DA-related genes
(DRD1-D5, SLC18A2, SLC6A3, DDC, TH, COMT) using a large, ethnically homogeneous
sample with severe AD (n = 545) and screened controls (n = 509). We collected genotypes from
linkage disequilibrium (LD)-tagging single nucleotide polymorphisms (SNPs) and employed a
gene-based method of correction. We tested for association with AD diagnosis in cases and
controls and with a variety of alcohol-related traits (including age-at-onset, initial sensitivity,
tolerance, maximum daily drinks, and a withdrawal factor score), disinhibitory symptoms, and a
disinhibitory factor score in cases only. A total of 135 SNPs were genotyped using the Illumina
GoldenGate and Taqman Assays-on-Demand protocols.
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Results—Of the 101 SNPs entered into standard analysis, 6 independent SNPs from 5 DA genes
were associated with AD or a quantitative alcohol-related trait. Two SNPs across 2 genes were
associated with a disinhibitory symptom count, while 1 SNP in DRD5 was positive for association
with the general disinhibitory factor score.

Conclusions—Our study provides evidence of modest associations between a small number of
DA-related genes and AD as well as a range of alcohol-related traits and measures of behavioral
disinhibition. While we did conduct gene-based correction for multiple testing, we did not correct
for multiple traits because the traits are correlated. However, false-positive findings remain
possible, so our results must be interpreted with caution.
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Owing to its involvement in a broad range of functions, alteration in dopamine (DA) activity
appears to play a central role in the etiology and/or treatment of many psychiatric disorders.
DA’s posited role in alcohol dependence (AD) stems from its involvement in the
mesocorticolimbic reward pathway, which spans from the ventral tegmental area (VTA) to
the nucleus accumbens (NA) and prefrontal cortex (Koob, 1992). DA was first implicated in
mediating the effects of reward in Olds and Milner’s (1954) classic experiments. Subsequent
behavioral studies have generated considerable additional evidence to show that
dopaminergic transmission in the mesocorticolimbic pathway is essential to reinforcing
reward (Schultz, 1998).

Of all addictive substances, alcohol has created one of the greatest societal burdens (Rehm et
al., 2009). AD is a clinically and etiologically heterogeneous condition that is 50 to 60%
heritable (Dick et al., 2009; Prescott et al., 2006). Because of its etiological heterogeneity,
considering subtypes of individuals with AD may increase power to detect underlying
susceptibility variants. A recent latent class analysis of our sample found that cases could be
divided into three classes based on comorbidities: a severe (S) class with the highest
probabilities of all comorbidities and high novelty seeking (NS); a depressed (D) class with
the highest probability of neuroticism and high probability of depression; and a mild (M)
class with the lowest probabilities of all comorbidities (Sintov et al., 2010). These classes
are consistent with the idea that alternate pathways to the development of AD exist,
including negative affect regulation, in which alcohol consumption is a means of relieving
negative mood states, and behavioral disinhibition, in which high consumption is part of an
overall tendency to behave impulsively and to seek excitement (Sintov et al., 2010). The
relatively independent nature of these pathways is supported by evidence that one common
factor is largely responsible for the genetic susceptibility to internalizing disorders, while
another common genetic factor explains most of the variation in externalizing disorders
(Kendler et al., 2003). These common genetic liabilities may help explain why internalizing
phenotypes, such as depression and anxiety/neuroticism, and disinhibitory phenotypes,
including drug dependence (DD), antisocial behavior, and attention deficit/hyperactivity
disorder (ADHD), are highly comorbid in many samples, including our Irish sample (Hasin
et al., 2007; Kessler et al., 2006).

As the mesocorticolimbic pathway may be involved in the rewarding aspects of
externalizing behavior, DA genes are reasonable candidates for susceptibility to AD as well
as other disinhibitory psychopathology. We considered AD, ADHD, antisocial personality
disorder (ASPD), conduct disorder (CD), DD, and NS to be part of the externalizing
spectrum. Several studies suggest that a disinhibitory personality style, including NS, shares
a common genetic influence with disorders in the externalizing spectrum (Jang et al., 2000;
Krueger et al., 2002; Young et al., 2000). No twin studies have reported a direct genetic
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overlap between ADHD and AD; however, we included this phenotype in the disinhibitory
spectrum because childhood/early adolescent studies suggest ADHD shares genetic liability
with CD (Dick et al., 2005; Eaves et al., 2000; Knopik et al., 2009; Nadder et al., 2002;
Silberg et al., 1996; Tuvblad et al., 2009).

We examined ten DA system genes, including the following: the five receptors, DRD1-D5;
two transporters, solute carrier family 18 member A2 (SLC18A2 or vesicular monoamine
transporter type 2, VMAT2) and solute carrier family 6, member 3 (SLC6A3 or dopamine
active transporter, DAT or DAT1); and three enzymes, tyrosine hydroxylase (TH), dopa
decarboxylase (DDC), and catechol-O-methyltransferase (COMT). These genes are related
to DA binding, biosynthesis, and catabolism, and they cover about 60% of the genes with
these Gene Ontology terms. If no studies of association between a particular gene and trait
are discussed below, we are unaware of any reports (either positive or negative) with
rigorous methodology that have examined these associations.

DRD2
DRD2 (11q22–q23) has been examined most thoroughly in relation to AD and disinhibitory
phenotypes. The majority of human studies have focused on the TaqIA restriction fragment
length polymorphism (rs1800497), which a recent metaanalysis estimated to be associated
with AD at a modest odds ratio (OR) of 1.31 (Le Foll et al., 2009). Neville and colleagues
(2004) found this SNP to be within the coding region of the neighboring ankyrin repeat and
kinase domain containing 1 (ANKK1) gene; therefore, the most parsimonious explanation is
that phenotypic associations are because of this nonsynonymous coding change in ANKK1.
However, this SNP could be tagging a polymorphism in DRD2, which contains several
SNPs in modest linkage disequilibrium (LD) (approximately 0.7) with rs1800497.
Furthermore, Dick and colleagues (2007) found weak associations between variants in
DRD2 and AD. Studies examining association with DRD2 and aspects of heroin dependence
have generally been positive (Le Foll et al., 2009). The meta-analysis of Gizer and
colleagues (2009) identified no association of DRD2 with ADHD.

Other DA Receptors
Rigorous studies of DRD1 (5q35.1) and AD have typically estimated positive associations
with modest effect sizes (Batel et al., 2008; Kim et al., 2007), while reports examining this
phenotype and DRD3 (3q13.3) have been negative (Le Foll et al., 2009). A recent review
supports an association between the 48-bp variable number of tandem repeats (VNTR) in
DRD4 (11p15.5) and an intermediate phenotype termed urge for addictive substances, which
refers to craving for substances of abuse (McGeary, 2009). We know of no rigorous reports
investigating associations between DRD5 (4p16.1) and AD or related traits.

Le Foll and colleagues’ (2009) review notes that certain variants in DRD3–D5 confer an
increased risk of heroin dependence, while research on psychostimulant dependence has
either been negative or inconclusive. A recent meta-analysis examining ADHD reported
significant associations with variants in both DRD4 and DRD5, whereas there was no
association with DRD3 (Gizer et al., 2009). Additionally, Kim and colleagues (2007)
identified variants in DRD1 that increase scores for the disinhibitory personality trait NS in
alcohol-dependent subjects. Of all DA genes, DRD4 has been the best studied for its role in
NS. Munafò and colleagues’ (2008) meta-analysis identified association with C521T
(rs1800955) but not with DRD4's 48-bp VNTR.
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Transporters
SLC18A2 shuttles cytosolic monoamines into synaptic vesicles. Schwab and colleagues
(2005) reported an association with variation in SLC18A2 (10q25) and AD, but we are
unaware of any reports of association with other disinhibitory psychopathology. SLC6A3
terminates DA signaling by removing this neurotransmitter from synaptic clefts. Some
research has indicated that striatal SLC6A3 density and availability is reduced in alcohol-
dependent subjects (Lind et al., 2009). van der Zwaluw and colleagues’ (2009) review notes
that many investigators have identified association between SLC6A3's (5p15.3) best studied
40-bp VNTR and alcohol-withdrawal symptoms but typically not with AD. Generally,
association studies of other drug use phenotypes and SLC6A3 have been negative (Bousman
et al., 2009; Li et al., 2006), although Guindalini and colleagues (2006) did find that alleles
in a 30-bp VNTR increased risk of cocaine abuse. Additionally, there have been mixed
results of association with SLC6A3's functional 40-bp VNTR in relation to antisocial
behavior in adolescence (Burt and Mikolajewski, 2008; Guo et al., 2007; Jorm et al., 2001;
Schulz-Heik et al., 2008; Young et al., 2002). The meta-analysis of Gizer and colleagues
(2009) found association of variants in SLC6A3 with ADHD.

Enzymes
TH is the rate-limiting enzyme in DA synthesis. Dahmen and colleagues (2005) showed an
increased frequency of the Val allele (Val81Met polymorphism) of TH (11p15) in patients
with early-onset AD. Association studies of ADHD have been negative (Faraone and Khan,
2006), and no rigorous reports have examined any of the other disinhibitory traits. The final
enzyme in the synthesis pathway, DDC, converts L-DOPA to DA. No published studies
have reported an association with DDC (7p12.2) and AD or any disinhibitory phenotypes
that we studied, including ASPD, ADHD, CD, DD, or NS.

COMT is a degradatory enzyme for catecholamines. The most well-researched
polymorphism in COMT (22q11.21) is the common G>A transition (rs4680), which results
in a valine to methionine substitution (Val158Met) and a decrease in enzyme activity by 3-
to 4-folds (Lachman et al., 1996). Many studies have investigated the association between
the low-activity allele (Met) and AD with inconsistent results (Köhnke, 2008). Investigators
have reported associations between this SNP and methamphetamine abuse (Bousman et al.,
2009) and NS (Golimbet et al., 2007; Tsai et al., 2004), while Cheuk and Wong’s (2006)
meta-analysis estimated no association with ADHD.

Study Goals
The primary goal of the present study was to test for association between AD and several
alcohol-related quantitative traits, such as initial sensitivity (ISENS), and SNPs in 10 DA
genes in a large, homogeneous sample. Because twin studies have found that a single
genetic factor is largely responsible for the genetic susceptibility to AD and several other
disinhibitory phenotypes and traits, a second goal of the study was to test for association of
these SNPs with relevant symptoms of disinhibitory disorders as well as a disinhibitory
factor score. To our knowledge, we are the first group to report results on an association
analysis of both quantitative alcohol-related traits and symptoms of disinhibitory disorders
within alcohol-dependent cases for a large group of DA-related genes.
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MATERIALS AND METHODS
Subjects and Phenotype Measurement

Participants in the Irish Affected Sib Pair Study of Alcohol Dependence (IASPSAD) were
recruited in Ireland and Northern Ireland between 1998 and 2002. Further details of the
study design, sample ascertainment, and clinical characteristics of this sample are described
elsewhere (Prescott et al., 2005). In brief, ascertainment of probands was mainly conducted
in community alcoholism treatment facilities and public and private hospitals. Probands
were eligible for study inclusion if they met the current DSM-IV criteria (American
Psychiatric Association, 1994) for AD and if all four grandparents had been born in Ireland,
Northern Ireland, Scotland, Wales, or England. After a prospective family was identified
through probands, parents and potentially affected siblings whom the probands provided
permission to contact were recruited.

Probands, siblings, and parents were interviewed by clinically trained research interviewers,
most of whom had extensive clinical experience with alcoholism. The assessment included
demographic characteristics, lifetime history of AD and other comorbid conditions, alcohol-
related traits, personality features, and clinical records. All participants provided informed
consent. Controls were recruited in the Northern Ireland from volunteers donating at the
Northern Ireland Blood Transfusion Service and in the Republic from the Garda Siochana
(the national police force) and the Forsa Cosanta Aituil (the army reserve). Controls were
screened and their samples excluded if they reported a history of heavy drinking or problem
alcohol use. In the present case–control study design, we included 545 independent AD
cases and 509 controls with an ample yield of high-quality DNA for genotyping. The
selection of cases was random with respect to AD severity and comorbid phenotypes.

In addition to the binary diagnosis of AD, we chose to examine several quantitative alcohol-
related traits because examining such traits provides more power than analysis of
dichotomous phenotypes; prior research in this sample detected linkage and association
signals with these traits (e.g., Kuo et al., 2006). We assessed age-at-onset of AD (ONSET),
subjective response to ethanol, maximum drinks in 24 hours (MAX24), and a factor score of
withdrawal symptoms (WDSFS). ONSET was defined as the age at which the first criterion
for DSM-IV AD was satisfied. Subjective response to ethanol was assessed using the self-
rating of the effects of ethanol (SRE, Schuckit et al., 1997) to form two scores, ISENS and
tolerance/maximum drinking (TOLMX). The SRE inquires about how many drinks were
needed for a subject to experience effects from alcohol consumption at different stages of
use. ISENS is based on “the first 5 times you ever drank,” and items contributing to
TOLMX concern the “period when you drank the most.” The score of each measure was
computed by summing the number of drinks required to produce an effect and dividing by
the number of effects endorsed. The SRE has been shown to have good internal consistency
and test–retest reliability to successfully identify people who had low response to alcohol in
a laboratory challenge test and to be associated with AD diagnosis in several populations.
Because of non-normal distributions of the regression residuals, we log transformed values
for ISENS and TOLMX. MAX24 refers to the largest number of drinks an individual
reported ever having consumed in 24 hours. The withdrawal severity factor score was based
on ten symptoms in the SSAGA interview (such as hands trembling, feeling anxious
following cessation or reduction of drinking). To account for the possible non-equal
contribution of each symptom to withdrawal severity, a factor analysis was conducted (for
details see Kuo et al., 2006). A factor score of withdrawal severity for each individual was
derived based on the item loadings on one major factor, which accounted for 70% of the
variance in these symptoms based on the entire IASPSAD sample.
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We also tested the DA genes for association with scores for disinhibitory disorders.
Symptom counts for alcohol dependence (ADsx, range 3 to 7) were assessed using the Semi-
Structured Assessment of the Genetics of Alcoholism (SSAGA, version 11, Bucholz et al.,
1994), modified to reduce assessment time. Counts for illicit substance use drug dependence
(DDsx, range 0 to 7), conduct disorder (CDsx, range 0 to 14), and antisocial personality
disorder (ASPDsx, range 0 to 9) were collected using adapted versions of the Structured
Clinical Interview for the DSM-IV Disorders (SCID, Spitzer and Williams, 1985). Drugs
assessed as part of substance use included cannabis, sedatives, stimulants, cocaine, opiates,
hallucinogens, and other drugs (e.g., steroids, nitrous oxide). All drugs were considered
illicit in this context because the subjects were asked only about nonmedical use (e.g., use
without a prescription, use in greater amounts/more often than was prescribed, or use not in
the intended manner). Other measures include retrospective reports of childhood attention
deficit/hyperactivity disorder (ADHDsx) using items from Wender’s Childhood Problem
Behavior Checklist (Wender, 1971) and novelty seeking scores (NS) using the 18-item
version from Cloninger’s Tridimensional Personality Questionnaire (Cloninger et al., 1994).
Scores for ADHDsx and NS were rescaled such that their range is 0 to 1. Finally, we tested
for association with a factor score based on the item loadings on one major factor for all
disinhibitory phenotypes. We modeled this analysis off those previously conducted by
investigators in Virginia (Dick et al., 2008; Hettema et al., 2008) and in the Netherlands
(Boomsma et al., 2000). Because of non-normal distributions, we log transformed ADsx,
ASPDsx, CDsx, and DDsx for the factor score analysis.

Tag SNP Selection and Genotyping
The majority of genotyping was conducted in Dr. David Goldman’s laboratory at NIAAA
using the Ilumina GoldenGate method. For details of study design, see Hodgkinson and
colleagues (2008). In instances where additional SNPs had to be genotyped to complete
tagging in our sample, we selected LD-tagging SNPs (tSNPs) with Tagger (de Bakker et al.,
2005) as implemented in Haploview 3.2 (Barrett et al., 2005) using the default criteria of r2

≥ 0.8 and minor allele frequency (MAF) ≥0.2. As common variation is generally considered
to be ≥0.05, our tagging SNPs capture very common variation. Because SNPs genotyped
using the Ilumina GoldenGate platform were chosen based on being African haplotype
tagging, some SNPs have a MAF < 0.2 in our Caucasian sample. However, no SNP has an
MAF < 0.01, which was our threshold for eliminating SNPs in the overall sample. For genes
displaying several isoforms, the longest isoform was chosen for tag selection but to limit
genotyping load and cost, 5′ and 3′ regions of the genes and ESTs were not directly tagged.

tSNPs were genotyped in-house as monoplex reactions using Taqman Assays-on-Demand
(Applied Biosystems, Foster City, CA). To ensure uniformity and accuracy, all reaction
steps were performed using the Eppendorf 5075 automated liquid-handling platform.
Stringent evaluation of initial data is important to avoid artifactual effects of genotyping
errors; therefore, all genotypes were independently assessed by two raters. Ambiguous calls
were discussed and in cases of non-resolution, genotypes were dropped from the analyses.
Individual DNA samples with 20% or more missing genotypes across the entire study were
also excluded. Individual SNPs were excluded if they showed deviation from Hardy–
Weinberg equilibrium (using a regular cut-off p-value of 0.001) in the overall sample and
controls alone, had an MAF < 1%, or had a low genotyping call rate (<80%). The present
study reports on the results from genes included in the DA functional domain (Hodgkinson
et al., 2008), including DRD1–5, SLC18A2, SLC6A3, DDC, TH, and COMT. Several
coding SNPs were genotyped, such as rs155417 and rs5326 in DRD1, rs6279 in DRD2,
rs6347 in SLC6A3, rs11575542 and rs11575377 in DDC, and the well-studied
nonsynonymous SNP rs4680 in COMT. The well-known TaqIA polymorphism in DRD2
was not included because, as noted previously, it is actually located in a different gene.
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Statistical Methods
Single-marker analyses were implemented in PLINK 1.07 (Purcell,
http://pngu.mgh.harvard.edu/~purcell/plink/) using logistic regression for the binary trait of
AD and linear regression for the quantitative traits in cases only to calculate effect size
(either OR or regression coefficient) and significance level. We used sex as a covariate in
the logistic regressions and both age and sex as covariates in the linear regressions. To
address the possibility of type I error because of multiple testing of several SNPs within
individual genes, we permuted each p-value 10,000 times using the gene-based set test in
PLINK and only reported the empirical p-value here if it was significant after this
correction. We reasoned that gene-based correction was sufficiently conservative because all
selected genes have a priori evidence of association with AD and/or related phenotypes. We
used the set-based test in PLINK for multiple test correction because this method allows for
identification of independent SNPs determined by a selected threshold. We changed the
default threshold for LD from r2 = 0.5 to r2 = 0.8 because our LD-tagging SNPs were
selected based on r2 ≥ 0.8. Additionally, we did not correct for multiple phenotypes because
(i) they reflect reasonable a priori hypotheses and (ii) they are, in some cases, substantially
inter-correlated, making it difficult to implement any simple multiple test correction.

We used the FACTOR procedure in SAS version 9.2 (SAS Institute Inc., Cary, NC) to
determine the factor structure of ADsx, ASPDsx, ADHDsx, CDsx, DDsx, and NS scores.
All phenotypes were entered into a principal component analysis using the default
orthogonal rotation method. We then calculated factor scores for each individual with
nonmissing data for all disinhibitory phenotypes and tested for association with these scores.

Power estimates for this study were calculated using QUANTO 1.2.4
(http://hydra.usc.edu/gxe) for the dichotomous AD outcome (Table 1) and the continuous
traits (Table 2) using a two-sided t-test with a significance level of 0.05 and a range of MAF
from 0.05 to 0.4. We assumed an additive mode of inheritance. Effect sizes are listed as OR
from 1.1 to 1.5 for AD and variation in the traits from 1 to 5% for continuous outcomes. The
power for the dichotomous outcome was based on a lifetime population risk for AD of
12.5% (Hasin et al., 2007).

RESULTS
Missingness

Genotyping was completed for 135 SNPs in ten DA system genes, but 10 SNPs were
excluded because of a low genotyping rate (<80%) and 24 because of a MAF < 0.01. The
average genotyping call rate for the remaining 101 SNPs was 98.7% (90.6 to 100%). All
remaining SNPs were in Hardy–Weinberg equilibrium (regular cutoff p-value of 0.001).
Geno-typing error rate was estimated using duplicates at 0.6%. Among the 1054 genotyped
individuals, 26 (8 cases and 18 controls) were excluded because of ≥20% missing
genotypes, leaving a total of 1,028 individuals. Of them, 592 individuals were missing no
genotypes, 374 were missing 1 to 5, 40 were missing 6 to 10, 15 were missing 11 to 15, and
7 were missing 16 to 20. After QC measures were completed, the following number of SNPs
from each gene were entered in standard analysis: 4 SNPs in DRD1, 15 in DRD2, 13 in
DRD3, 4 in DRD4, 7 in DRD5, 11 in SLC18A2, 12 in SLC6A3, 22 in DDC, 3 in TH, and
10 in COMT.

Principal Component Analysis
Table 3 lists the means and standard deviations for the disinhibitory symptom counts as well
as the Pearson correlations among counts included in the factor analysis. By both a scree
plot and a traditional eigenvalue criterion, only one factor was evident with an eigenvalue of
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2.55 that accounted for 42% of the variance. The eigenvalue difference between the first and
second factors was 1.56 and all other factors comprised <17% of the variance. The
component loadings for each of the symptom counts were as follows: ADsx, 0.41; ADHDsx,
0.65; ASPDsx, 0.82; CDsx, 0.87, DDsx, 0.56, and NS scores, 0.47. The comparatively low
factor loading for ADsx may be explained by the restricted range of AD symptoms. Subjects
could only have within the range of 3 to 7 symptoms and over 80% had ≥6 symptoms.

Single-Marker Association
In Table 4, marker information, nominal p-values, and effect sizes are provided for the 6
independent SNPs (in bold) from 5 DA genes that were significant after permutation testing
with either AD or a quantitative alcohol-related trait. All other SNPs in this table did not
pass permutation testing. Effect sizes are listed as OR for AD and as β, the regression
coefficient, for the quantitative traits. We used an additive model in which each additional
minor allele will increase (+) or decrease (−) the units of measure (symptoms, years, scores,
etc.) by the amount of the coefficient. For example, in rs11575542, β = 0.80 for DDsx,
which means that each additional minor allele will increase DD symptoms by 0.80 of a
symptom. β Values are more difficult to interpret for ISENS, TOLMX, and the factor score
because they are log transformed and for ADHDsx and NS because their units have been
rescaled. For information on the full list of SNPs, see Table S1. Three SNPs (1 in DRD4 and
2 in SLC6A3) were associated with AD, 2 SNPs (in DRD5 and TH) with WDSFS, and 1 in
DRD3 with ISENS.

Table 5 presents the marker information, nominal p-values, and effect sizes for SNPs (in
bold) that were significant after permutation with the disinhibitory symptoms and the
disinhibitory factor score. All other SNPs in this table did not pass permutation testing. See
Table S2 for a complete listing of all SNPs that underwent analysis for disinhibitory
phenotypes. Two independent SNPs across 2 genes were associated with one or more
disinhibitory symptom counts after permutation testing, including 1 SNP in SLC6A3 with
ADsx and 1 in DDC with DDsx. Additionally, 1 SNP in DRD5 was significantly associated
with for the factor score.

DISCUSSION
For greater than a half century, dopaminergic dysregulation has been implicated in AD and
other disinhibitory psychopathology. Molecular genetics studies over the past 20 years have
attempted to demonstrate associations with DA genes and disinhibitory phenotypes,
producing an inconsistent and controversial literature. Meta-analyses, reviews, and reports
with rigorous methodology suggest that variation in DA genes does contribute to
susceptibility to disinhibitory traits, although not to the extent and effect size originally
hypothesized.

We attempted to address some of the problems that have riddled candidate gene studies by
using a relatively large, ethnically homogeneous sample with severe AD. We genotyped a
sufficient number of tSNPs to cover most of the variation within 10 DA system genes,
including DRD1–D5, SLC18A2, SLC6A3, DDC, TH, and COMT. Our study not only tested
for association with the categorical diagnosis of AD but also with quantitative alcohol-
related traits, which give more power than dichotomous traits and provide additional clinical
information beyond a binary phenotype. Within alcohol-dependent cases only, we tested for
association with disinhibitory psychopathology, including symptoms for AD, ASPD,
ADHD, CD, DD, and scores for NS. Additionally, we assessed for association with a
disinhibitory factor score. While there is no direct genetic connection between childhood
ADHD and alcohol abuse/dependence, we included it in our analysis because it loaded onto
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a single disinhibitory factor. Finally, we only reported findings that were significant after
set-based permutation, which limits the possibility that any of our results are false positives.

Overall, we found evidence for association with modest effect sizes between a small number
of DA-related genes and AD, alcohol-related traits, and disinhibitory phenotypes. The minor
allele frequencies for several of the positive SNPs are low. The limited number of positive
signals suggests that these 10 DA system genes play a minor role in susceptibility to AD and
related disinhibitory psychopathology, which is consistent with previous meta-analyses,
reviews, and reports with rigorous methodology.

Receptors
In agreement with reports from several other groups (Gorwood et al., 2001; Lee and Ryu,
2002; Wiesbeck et al., 2006), we did not find significant association after permutation
between the well-studied DRD3 BaII polymorphism (rs6280) and AD. However, we did
show that another SNP (rs2654754, p = 0.0021, β = 0.24) in DRD3 is associated with the
quantitative trait of ISENS. Perhaps we obtained these findings when other researchers did
not because our sample size is larger, we captured most of the variation in DRD3 with our
11 tSNPs, and we assessed quantitative alcohol-related traits in addition to the dichotomous
phenotype. However, the chance that this is a false positive is greater in light of the fact that
the MAF = 2.5%.

Moreover, we identified an association with 1 SNP in DRD4 (rs12280580, p = 0.011, OR =
1.28) and AD. While no other groups have reported associations with this particular SNP
and AD or disinhibitory psychopathology, several meta-analyses have noted associations
with variants in DRD4 and urge for addictive substances (McGeary, 2009), ADHD (Gizer et
al., 2009), and NS (Munafò et al., 2008). Further-more, we identified associations with the
same SNP in DRD5 and two phenotypes, including withdrawal (rs7655090, p = 0.0017, β =
−0.37) and the factor score (rs7655090, p = 0.0094, β = −0.34). The fact that DRD5 is
associated with an alcohol-related trait and the factor score suggests it may contribute to AD
through the broader disinhibitory spectrum. However, as only one SNP is associated with
the factor score and this polymorphism has a low MAF (4.9%), this finding might represent
a false positive.

Perhaps we did not identify strong evidence for association of DA genes with the general
disinhibitory factor because our design assessed disinhibitory phenotypes in subjects with
AD. Other investigators who have been successful in finding associations with a factor score
(of internalizing behavior) included a broader range of subjects (Boomsma et al., 2000;
Hettema et al., 2008). Another explanation is that variation in DA genes may contribute
more to risk for specific disorders than the liability to a general disinhibitory spectrum of
disorders.

Transporters
Two SNPs in SLC6A3 (rs27048, p = 0.042, OR = 0.68; rs10052016, p = 0.00055, OR =
1.33) were associated with the dichotomous phenotype of AD. Within the same gene, we
also identified an association between the common allele (C) of another SNP (rs6350, p =
0.0021, β = −0.36) and AD symptoms. Lind and colleagues (2009) found association of the
same allele in rs6350 with problem drinking in a Finnish population.

Enzymes
We identified association of one SNP in TH (rs11564717) with the withdrawal factor score
(p = 0.0094, β = 0.59).We did not show association of the Val81Met (rs6356) variant with
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any alcohol-related traits, although Dahmen and colleagues (2005) identified association of
this polymorphism with early-onset AD.

Furthermore, we did not detect any signal with COMT’s well-studied functional
polymorphism rs4680, which has been associated with a number of disinhibitory
phenotypes, including AD (Köhnke, 2008), methamphetamine abuse (Bousman et al., 2009),
and NS (Golimbet et al., 2007; Tsai et al., 2004). One explanation for this may be that none
of the potential risk alleles were found in our population. It is noteworthy that the SNP in
DDC (rs11575542, p = 0.0028, β = 0.80) that we identified as associated with DD
symptoms is a missense coding polymorphism that results in a substitution from Arg to Gln;
however, the MAF of this SNP in our sample is only 1.5%, which increases the likelihood
that it is a false positive.

Although, in many ways, we improved the design of previous candidate gene studies, our
report still has limitations. First, as noted previously, a proper correction for multiple testing
has been problematic in these studies. Using too liberal an approach will maximize power
but is likely to lead to false positives. A correction method that is too conservative will
decrease power to detect true results. We attempted to strike a balance between the two
approaches by using gene-based correction. However, we did not correct for testing multiple
phenotypes because there is a priori evidence of association of at least some of the 10 DA
system genes with each of the phenotypes examined. Furthermore, many of these
phenotypes are highly inter-correlated, making an appropriate correction problematic. It can
be argued that our approach is still too liberal. The possibility that some proportion of our
findings represents false positives is plausible. Therefore, our findings should be considered
tentative, pending the outcome of attempted replications. Secondly, quantitative alcohol-
related traits and disinhibitory symptoms were measured only among cases but not controls,
so the values for these traits are not representative of the full variation in the population.
Thus, the most meaningful replication of our study would be in population sample. Thirdly,
although the LD patterns of the DA genes are compatible with the Hapmap CEPH
population data, it remains possible that we lack complete coverage of common variation in
our Irish sample. Additionally, the impact of rare functional polymorphisms was not
assessed. Finally, we did not include all genes that affect dopaminergic tone, such as
dopamine β-hydroxylase (DBH) and the monoamine oxidase (MAO) genes.
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Table 1

Power for Dichotomous Alcohol Dependence (AD) Outcome

MAF OR Power

0.05 1.1 0.0765

1.2 0.1526

1.3 0.2711

1.4 0.4163

1.5 0.5663

0.1 1.1 0.1006

1.2 0.2459

1.3 0.4552

1.4 0.6665

1.5 0.8271

0.2 1.1 0.1406

1.2 0.3908

1.3 0.6836

1.4 0.8819

1.5 0.9676

0.3 1.1 0.1690

1.2 0.4817

1.3 0.7895

1.4 0.9447

1.5 0.9902

0.4 1.1 0.1855

1.2 0.5288

1.3 0.8331

1.4 0.9635

1.5 0.9948

OR, odds ratio; MAF, minor allele frequency.
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Table 2

Power for Continuous Outcomes

MAF Variance Power

0.05 0.01 0.6418

0.02 0.9089

0.03 0.9814

0.04 0.9968

0.05 0.9995

0.1 0.01 0.6418

0.02 0.9089

0.03 0.9814

0.04 0.9968

0.05 0.9995

0.2 0.05 0.6418

0.1 0.9089

0.2 0.9814

0.3 0.9968

0.4 0.9995

0.3 0.05 0.6418

0.1 0.9089

0.2 0.9814

0.3 0.9968

0.4 0.9995

0.4 0.05 0.6418

0.1 0.9089

0.2 0.9814

0.3 0.9968

0.4 0.9995

0.4 0.05 0.6418

0.1 0.9089

0.2 0.9814

0.3 0.9968

0.4 0.9995

MAF, minor allele frequency.
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