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Abstract
A number of studies have demonstrated that genetic variation at GABRA2 alters vulnerability to
alcohol dependence. However, the exact identity of the causal variant(s), the relationship of these
variants to other forms of substance use and behavioral illness is uncertain. Therefore, we
genotyped 516 subjects from the Iowa Adoption Studies, a large longitudinal case and control
adoption study of substance use, at 39 single nucleotide polymorphisms encompassing the
GABRA2 locus and analyzed them with respect to their lifetime history of three common forms of
substance use (alcohol (AD), nicotine (ND) and cannabis dependence (CD)), major depressive
disorder (MDD) and antisocial personality disorder (ASPD) and relevant exposure variables.
Using regression analysis, we found substantial evidence that both GABRA2 genotype and
haplotype are significantly related to vulnerability to AD, ND and CD with the strongest
relationships noted with respect to ND. Consistent with prior studies suggesting exposure is an
important step in the development of substance use, we found the inclusion of substance exposure
data in to our analytic models markedly increased the strength of the genetic associations of
GABRA2 haplotype with substance use. Finally, we report that the genetic effects were markedly
more pronounced in females than in males. We conclude that genetic variation at or near the
GABRA2 locus significantly effects vulnerability not only to AD, but to other forms of substance
use including ND and CD, and that the effects may be sex dependent.

INTRODUCTION
A wealth of convergent clinical and genetic data has implicated variation in GABAergic
neurotransmission as a major factor in the development and maintenance of Alcohol
Dependence (AD). Our understanding of GABA’s role in AD took a major leap forward in
2004 when the Collaborative Study of the Genetics of Alcoholism (COGA) group reported
that genetic variation at GABRA2, a 4p13 that codes for a subunit of the GABA receptor,
was associated with altered vulnerability to AD [1]. Since that time, most, but not all studies
have replicated that initial finding with respect to AD [2–5] while other reports have
extended the original findings to suggest that GABRA2 variability may also influence
vulnerability to general drug dependence [6–8]. Taken together, these studies suggest that
the GABRA2 locus has a pleiotropic effect on the risk for a broad range of substance use.
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Unfortunately, since many of the populations used in these studies were ascertained for
alcoholism or another form of substance use, generating an unbiased understanding of the
interrelationships of the substance use disorders to one another and other related behavioral
illnesses such as major depressive disorder (MDD) and antisocial personality disorder
(ASPD) from these data is not always possible.

The use of populations not ascertained for illness behavior, such as the Iowa Adoption
Studies (IAS), could help decipher the interrelationships of these disorders. The IAS,
founded by the late Remi Cadoret in the 1970’s, are a case and control adoption study that
compare and contrast data from adoptees at high biological risk for substance use and ASPD
(i.e. whose parents had severe substance use or ASPD) with that from adoptees at low
biological risk for behavioral illness (i.e. whose parents had no history of behavioral illness).
Because these adoptees were randomized into adoptive environments and ascertained
because of their adoptive status, not their behavioral status, examination of behavioral
outcomes in the IAS is not confounded by method of ascertainment. Therefore, although the
IAS is not a general population sample, it is an epidemiologically sound and useful
paradigm through which to explore the effect of genetic, environmental and gene
environment interactions on human behavior.

Another advantage of using epidemiologically sound populations such as the IAS is the
ability to unbiasedly consider the effects of gender on vulnerability to substance use. Prior
epidemiological work suggests the presence of gender effects in drug use and drug
dependence [9–11] with rates of ND being higher for females than for males but rates of
dependence on alcohol and marijuana being higher among males [9].

Therefore, to more fully understand the role of GABRA2 in substance use and related
behaviors, we densely genotyped the GABRA2 in DNA prepared from 516 IAS subjects
who recently participated in the latest wave of our study and analyzed the resulting genetic
data with the respect to their lifetime histories of substance use disorders (SUD), ASPD and
MDD.

METHODS
The study design, methods and procedures used in the IAS have been described previously
[12, 13]. Briefly, in four waves, the records of approximately 11,700 adoptees in the state of
Iowa were reviewed and their families solicited to provide 475 adoptees with a biological
family history of substance use or ASPD and 475 adoptees without a family history of
behavioral illness. Over the past 30 years, these adoptees and their environments have
systematically assessed using a variety of standardized instrument and semi-structured
interviews. In the last two waves of the study (1999–2004 and 2004-current), each of the
subjects was interviewed using the Semi-Structured Assessment for the Genetics of
Alcoholism, Version II (SSAGA-II) [14]. Using a clinical data from these interviews,
symptom counts for MDD (maximum score of 9), ASPD (maximum score of 7), and
substance use (alcohol, nicotine and marijuana, maximum score of 7) were derived using
criteria from DSM-IV [15] as per our previous methods [12, 16].

During the last wave of the current study, subjects were also phlebotomized to provide
biomaterial for future studies. DNA from 516 subjects was prepared from these specimens
using cold protein precipitation [17]. The resulting DNA was spectrophotometrically
analyzed then diluted to 50 ng/μl. The DNA samples were then re-coded to insure
anonymity, and shipped to Sequenom Inc (San Diego, USA), who performed the genotyping
analyses of the single nucleotide polymorphisms (SNP) listed in Table 1 using their
proprietary matrix-assisted laser desorption-ionization mass spectroscopy (MassARRAY®).
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The resulting genotype data was inspected for genotyping success rate and compliance with
Hardy Weinberg equilibrium. Loci with less than 95% success rate or deviating from Hardy
Weinberg equilibrium at less than p<0.01 were discarded. The surviving genotypic data was
then analyzed for linkage disequilibrium (D′) using Haploview [18] and position data
provided by The National Center for Biotechnology (NCBI) dbSNP database, Build 127
(http://www.ncbi.nlm.nih.gov/projects/SNP/). Guided by this analysis, haplotypes were
inferred using PHASE version 2.1.1 [19].

The resulting genetic data and clinical data were analyzed using the JMP suite of programs
(SAS Institute, Cary, USA) and the test subroutines described in the text or in the tables. As
described above, Hardy-Weinberg equilibrium for each SNP was examined using Chi square
analysis with a cut off value of p<0.01). Haplotype and genotype were analyzed using an
additive model. Clinical syndrome symptom counts were treated as ordinal variables. All p-
values reported are those using a two-tailed test.

RESULTS
Clinical and biomaterial from 516 subjects were used in this study. The demographic data
and symptom counts for the subjects in the study are given in Table I. The study subjects are
55% female and 94% white. Consistent with Dr. Cadoret’s intentional loading of the study
cohorts with adoptees with a biological family history of substance use and/or ASPD, high
rates of substance use, MDD and ASPD are observed in the study subjects.

Consistent with prior observations in a smaller subset of the study cohorts [16], substance
use counts for each of the three substance use syndromes, AD, ND and CD, are significantly
correlated with each other (Pearson Correlation; Table II). Additionally, for both sexes,
ASPD symptom count is significantly correlated with each of the three substance use
syndromes. However, MDD symptom counts were significantly correlated with SUD
symptom counts in males, but not females.

A total of 516 DNA samples were genotyped at 39 SNPs loci. Genotype data from an
additional 11 SNP loci were discarded because of genotyping success rates of less than 95%.
The identity, position and minor allele frequency (MAF) for each of the successfully
genotyped loci are given in left-hand portion of Table II. Overall, the SNPs were fairly
informative with only two SNPs having MAF’s of less than 0.25.

The position of each of these SNPs with respect to the intron exon structure of GABRA2
and the amount of linkage disequilibrium between the markers are given in Figure 1. As the
figure demonstrates, an extensive block of linkage disequilibrium extending from intron
three into the intergenic region between GABRA2 and the neighboring gene, GABRG1 is
present. However, linkage disequilibrium quickly decays immediately 3′ to GABRA2 exon
three with only marginal linkage disequilibrium being present between the 4 most
centromeric SNPs in our study. This breakdown in disequilibrium does not appear to be
secondary to genotyping difficulties with each of these markers having genotyping success
rates of 99.3% or greater and is consistent with prior dense haplotyping of this region [1].

As a preliminary exploration, we examined the relationship of each SNP genotype to the
symptom count for each syndrome, using an additive model without adjustment for sex
(ANOVA). The results of these analyses are given in the right-hand portion of Table III. As
the Table demonstrates, nominally significant p values are observed for AD, ND and CD
throughout the area of strong linkage disequilibrium with the notable exception of
rs11503016. However, this pattern of significant associations with AD, ND and CD abruptly
ends centromeric to exon three. In contrast, to the strong associations consistently noted for
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the substance use syndromes, only one nominally significant association between genotype
and either MDD or ASPD was noted (at rs11503016 for MDD).

We next inferred haplotypes using PHASE and the genotype data from SNP 1 to 35. Using
the data from each of these SNPs, 6 haplotypes with a frequency of greater than 1% were
observed (Figure 2). Three of the haplotypes (Haplotypes 1, 2 and 3) accounted for the vast
majority of the observed haplotypes, with three other haplotypes occurring at frequencies
between 1 and 2%. In total, these six haplotypes accounted for ~93% of the total observed
haplotypes. In addition, there were twenty haplotypes that were observed only once. Visual
inspection of each of these haplotypes which were formed using data from all 35 SNPs
showed that almost all of these singularly observed haplotypes differed from the six major
haplotypes by only one genotype. Since the haplotype information for these 516 subjects
represent 18,060 individual genotypes, even if we assume that our genotyping accuracy rate
is 99.9%, it is probable that a substantial portion of these haplotypes that were observed only
once are actually artifacts secondary to genotyping errors. Therefore, we re-imputed
haplotypes using the data from a set of four SNP that together could distinguish the six
major haplotypes [SNPs 3 (rs531460), 23 (rs279843), 26 (rs1440130) and 28 (rs11503016),
see Figure 2]. Using this method, we once again observed six haplotypes whose frequency
was greater than 1%. However, this time these six haplotypes accounted for 99.2% of all the
haplotype diversity.

Comparison of the single point analyses is shown in Table III. As the table demonstrates,
nominally significant associations or trends for associations for each of the categories of
SUD were found at almost every point of the extended region of disequilibrium (see Figure
1) stretching from exon 3 of GABRA2 extending into the intergenic region between
GABRA2 and GABRG1 (SNPs 1 to 35). One notable exception to this was at SNP 28 (rs
11503016), which corresponds to the only noted difference between haplotypes 2 and 3 (see
Figure 2). Interestingly, that polymorphism was also the only SNP that was nominally
significantly associated with either ASPD or MDD with both of the flanking SNPs showing
no evidence of association.

Using this haplotype information, using an additive risk model, we conducted ordinal
logistic regression analyses with respect to five major phenotypes found in the IAS. We
specified haplotypes 2, 3, 4 and 6 as “risk haplotypes” because these haplotypes (see Figure
2), in at least part, contain some of the risk variants from the SNPs from Table II. For
example, haplotypes 2 and 3 each have the “risk alleles” from all of the 32 SNPs
significantly associated with AD from Table II, while haplotype 4 has 25 of the “risk
alleles”, and haplotype 6 has 12 of the “risk alleles” from Table II. Because the rates of each
of these disorders differ by sex, we conducted each of these analyses using all subjects
combined, then separately by sex. Table IV delineates the classification scheme, the number
of “risk” haplotypes included under each model.

In general, the stepwise inclusion of haplotype information progressively strengthened the
associations between ND and AD with the models specifying haplotypes 2, 3 and 4 being
significantly associated with all three forms of substance uses disorders (SUD). Of note, the
associations tended to be stronger for the female subjects than for the male subjects.
Interestingly, a significant association with ASPD and MDD using the regression model
specifying only haplotype 3 was noted. However, no other significant associations with
either MDD or ASPD were noted under any other model.

Because exposure to a substance is a necessary step in the development of SUD, we next
included exposure data for the three classes of SUD. For AD, we used the question “have
you ever drank alcohol?” as the determinant of exposure for our model. For ND, we used
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two different levels of exposure. The first level of exposure was the question “Have you
ever smoked?”. The second more stringent level was determined by their response to the
question “In your lifetime, have you smoked 100 cigarettes?” Once again, inclusion of this
data strengthened the significance of the associations for both AD and ND (Table V).
Interestingly, the effects of GABRA2 haplotype were again markedly more pronounced in
the female subjects than in the male subjects.

Finally, because this is a population sample that was ascertained for adoption status, not for
illness status, it is possible for us to provide an estimate of the odds ratios for the effects of
these haplotypes on risk for SUD in the population. Therefore, we calculated odds ratios for
nicotine dependence using Model 2 for ND (those who have not ever smoked were
excluded), specifying haplotypes 2, 3 and 4 as the risk haplotypes and categorizing those
with 3 or more symptoms of ND as ND and those with 2 or less as non-nicotine dependent.
Using this classification system, the odds ratio for ND for those with 2 risk haplotypes as
compared to those with no risk haplotypes was 1.82 (95% CI 1.06 to 3.16, n=221).
Consistent with the regression analyses, the odds ratio was considerably greater for females
(3.73, 95% CI 1.71 to 8.39, n=113) than in males (0.89, 95% CI 0.41 to 1.93, n=108).

DISCUSSION
In summary, using the clinical and biomaterial resources of the IAS, we confirm several
prior reports that both GABRA2 genotype and haplotype are associated with risk for alcohol
dependence and other forms of SUD [1, 2, 7]. We also provide strongly suggestive evidence
that the effects of GABRA2 haplotype may be sex dependent and in fact may be as strong
with respect to ND as with AD. Likewise, results suggest a greater role for genetic
vulnerability given evidence of environmental exposure. Finally, we provide the first odds
ratios for the effects of GABRA2 on substance dependence using a non-clinical population
sample.

Before these data and results are discussed, a few caveats are in order. First, though
epidemiologically sound [12], the IAS is a high risk adoption, largely white, population.
Therefore, extrapolation to non-white populations should be done with caution. Second, the
average age of the participants is in the forties. Since the phenomenology of many forms of
substance use varies with age, extension of these findings to younger or older cohorts should
also be done with caution. In particular, the effects on initiation of use on haplotype risk
should be examined in younger cohorts who are entering the age of risk for first use. Finally,
the number of subjects in the current study is relatively limited.

Overall, these results resoundingly confirm the prior findings with respect to GABRA2. The
haplotypes designated as the risk factors correspond exactly to those reported by Edenberg
and colleagues (i.e., rs279871 is A, rs279845 is T, see Table 2 from Edenberg and colleages)
[1]. This work also extends those findings by demonstrating that the risk conferred by
GABRA2 haplotypes is not just limited to AD and can be observed using a sample that was
not collected because of the occurrence of alcohol related problems. Rather, in this adoption
sample, we find significant relationships between genetic variation at GABRA2 with respect
to all three common forms of SUD in our population which suggests that this locus be
considered as a risk for SUDs in general, rather than just a locus for AD. Alternatively, these
data could be interpreted to suggest that substance use disorders may be an overlapping
syndrome with common causes whose manifestation may reflect interactions between
genetic vulnerability and environmental factors such as substance exposure and availability
[20, 21].
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Although significant findings were reported with respect to AD and CD, the most robust
findings were reported with respect to ND. The reasons for this are uncertain. However, it
simply may be a matter of power. Both CD and AD were less frequent in our population
than ND.

Consideration of exposure data markedly increased the significance of the associations with
ND, but AD. All of this was to be expected. Since our exposure criterion “have you ever had
a drink?” excluded only five subjects, a notable effect on AD should not be expected.
However, with respect to ND, more non-exposed subjects were eliminated, the effects were
comparatively stronger. Interestingly, roughly equally significant associations were obtained
using either model despite the fact Model 1 excluded the data from nearly half the subjects,
while Model 2 excluded data from only 10% of the subjects. This may suggest that, with
respect to already existing biobank datasets, that either ND model can be used depending on
what information is available in the data set.

The finding that the effects of GABRA2 haplotype were sex dependent was not expected.
Since gender specific effects of other genetic variants have been routinely reported in other
complex syndromes such as diabetes, obesity and hyperlipidemia [22, 23], it is not
surprising to see that they may exist with respect to complex behavioral disorders as well. At
the same time, if this finding is replicated, it may suggest that the pathways to ND in males
and females are different and that careful dissection of these pathways may identify potential
strategies to reduce the frequency of ND.

What is the exact genetic variation that is associated with differential vulnerability?
Unfortunately, the current data do not provide us with the exact information with any degree
of certainty. Clearly, further genotyping of this region to define the exact haplotype blocks
and resequencing to define the exact sequence of those blocks is indicated in this and other
samples. Perhaps then, after the sequence data is skillfully bioinformatically interrogated
and animal modeling and CNS gene expression studies are conducted, the exact nature of
the variants associated with illness can be revealed. We tried to examine the effects of
GABRA2 genotype on gene expression using the lymphoblast cell line surrogate model that
we have successfully used with respect to other genetic variation [24, 25] and of direct
relevance, nicotine dependence [26], but the amount of gene expression was nearly
undetectable (unpublished data).

In summary, we confirm prior reports that GABRA2 genotype and haplotype is associated
with AD, as well as other types of substance use disorders. We also demonstrate that the
effects are sex dependent and strongly suggest collaborative efforts to define the exact
nature of the causal genetic variation are in order.
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Figure 1.
The position of each of the SNP markers relative to the intron-exon structure of GABRA2
and the amount of linkage disequilibrium (D′) between the markers as per Haploview [18].
Please note that due to distortions of scale necessary for visualization of the placement of the
exons, that some markers erroneously appear to be in the coding sections of GABRA2. Only
rs279858 (exon 5) and rs573400 (exon 10) are actually in the coding sections of
GABARA2. In order to improve visual clarity, all D′ values are shown here multiplied ×
100 as to avoid the necessity to display decimal points. The D′ value in blocks without
numbers is 1.00.
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Figure 2.
SNP Haplotypes and their frequency as imputed using data from all 35 SNPs. The yellow
lines designate the four SNPs used to form the haplotypes used in the analyses.
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Table V

Substance Dependence Regression Analyses Adjusted for Exposure Data

Classification Scheme AD1 ND2 Model 1 ND3 Model 2 CD4

Subjects Excluded 5 251 53 185

Haplotype 2 Only

 Male <0.83 <0.71 <0.24 <0.67

 Female <0.18 <0.13 <0.02 <0.43

 Combined <0.25 <0.33 <0.28 <0.43

Haplotype 3 Only

 Male <0.31 <0.005 <0.23 <0.17

 Female <0.22 <0.31 <0.38 <0.31

 Combined <0.13 <0.001 <0.14 <0.08

Haplotypes 2 & 3

 Male <0.38 <0.54 <0.76 <0.22

 Female <0.03 <0.02 <0.002 <0.13

 Combined <0.03 <0.04 <0.04 <0.06

Haplotypes 2, 3 & 4

 Male <0.22 <0.86 <0.91 <0.06

 Female <0.04 <0.002 <0.005 <0.09

 Combined <0.03 <0.03 <0.02 <0.02

Haplotypes 2, 3 & 6

 Male <0.84 <0.24 <0.91 <0.35

 Female <0.04 <0.03 <0.004 <0.24

 Combined <0.09 <0.02 <0.05 <0.15

Bolded values are significant at p<0.05. All values are not corrected for multiple comparisons.

1
Five subjects report a history of never having ingested alcohol.

2
Two hundred fifty one subjects deny smoking at least 100 cigarettes. These subjects were excluded from the analysis under this model.

3
Fifty three subjects deny ever having smoked a cigarette. These subjects were excluded from the analysis under this model.

4
One hundred eighty five subjects deny ever having smoked cannabis.
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