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Abstract

Strong genetic contributions to individual differences in vulnerability to addictions are well
supported by classical genetic studies. Linkage and association genome scans for addiction
vulnerability have provided converging evidence for several chromosomal regions which are
likely to harbor allelic variants that contribute to such vulnerability. We and others have delineated
a candidate addiction-associated chromosome 4p12 “rSA3” region based on convergent data from
association genome scanning studies in polysubstance abusers (Uhl and others 2001), linkage
based studies in alcoholism (Long and others 1998; Reich and others 1998) and association-based
studies for alcoholism and association-based studies for individual differences in
electroencephalographic (EEG) spectral power phenotypes (Edenberg and others 2004; Porjesz
and others 2002). The rSA3 region contains interesting candidate genes that encode the alpha 2,
alpha 4, beta 1 and gamma 1 receptor subunits for the principal brain inhibitory neurotransmitter,
GABA (Covault and others 2004; Edenberg and others 2004; Lappalainen and others 2005). We
now report assessment of single nucleotide polymorphism (SNP) genotypes in this region in three
samples of substance abusers and controls. These results delineate the haplotypes and patterns of
linkage disequilibrium in this region, focus attention of the GABRAZ2 gene and identify modest
associations between GABRA2 genotypes and addiction phenotypes. These results are consistent
with modest roles for GABRAZ variants in addiction vulnerabilities.
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Introduction

Substantial genetic contributions to human vulnerability to substance abuse are well
documented (Johnson and others 1996; Kaprio and others 1982; Kendler and others 1999;
Kendler and others 2000; Kendler and Prescott 1998; Maes and others 1999; Tsuang and
others 1999). While identification of the specific genomic variants that contribute to this
overall genetic vulnerability is ongoing, current results from association- and linkage-based
genome scans have delineated chromosomal regions that are likely to harbor some of these
functional variants, (Long and others 1998; Reich and others 1998; Uhl and others 2001; Liu
and others, 2005). Taken together these results support polygenic genetic architectures for
addiction. There are thus no consistently-large effects from variants at any locus in either
European- or African-American samples.
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Fine mapping studies of the regions that have been identified via convergent results from
several genome scanning efforts are thus 1) necessary to identify the specific gene variants
that contribute to addiction vulnerability and 2) likely to be difficult since contributions of
each locus may well prove to be modest.

Chromosome 4p12 contains an interesting region for addiction vulnerability. We have
delineated the reproducible substance abuse vulnerability region 3 “rSA3” on 4p12 based on
convergent data from association genome scanning results in two samples of polysubstance
abuse (Uhl and others 2001; Uhl and others 2002), linkage (and association) based
transmission disequilibrium studies of alcoholics (Long and others 1998; Reich and others
1998), linkage (and association) based transmission disequilibrium studies for individual
differences in alcoholism-related electroencephalographic (EEG) spectral power phenotypes
(Edenberg and others 2004; Porjesz and others 2002) and association-based studies of
alcoholism. The rSA3 region contains interesting candidate genes that encode alpha 2, alpha
4, beta 1 and gamma 1 receptor subunit for the ligand gated channels that recognize the
principal brain inhibitory neurotransmitter, y-aminobutyric acid (GABA). Edenberg and
colleagues (Edenberg and others 2004) have recently described family-based association of
alcoholism and EEG beta power phenotypes with SNPs and haplotypes spanning the alpha2
subunit (GABRAZ2) that lies within this GABA receptor gene cluster.

Genes that encode subunits of the inotropic GABAA receptors are good candidates for
addiction vulnerability for several reasons (Edwards and Kuffler 1959; Kuffler and Edwards
1958). GABA binding to GABA receptors increases chloride conductance, hyperpolarizes
neurons and reduces their firing rates. GABA receptors are 1) directly influenced by abused
substances that include ethanol, benzodiazepines and barbiturates and also 2) indirectly
influenced by actions of virtually all abused substances on important GABAergic brain
circuits (Davies 2003; Olsen and others 1977; Ticku and Olsen 1977). Inhibitory projections
onto reward-associated meso-corticolimbic dopaminergic neurons in the ventral tegmental
area use GABA (Mathon and others 2003), for example, so that changes in this GABAergic
system can alter functions of reward-related dopaminergic systems. Pharmacologic
modulation of GABA functions can alter the effects of abused substances. Ethanol intake
can be increased by GABA agonists and decreased by GABA antagonists, for example
(Boyle and others 1993; Nowak and others 1998; Tomkins and Fletcher 1996).

For each of these reasons, improved understanding of possible roles for variants in the
chromosome 4 GABA receptor gene cluster in human addiction vulnerability is of
substantial interest. We now report fine mapping studies that focus on the GABRA2 and
adjacent genes, attempt to improve definition of the haplotypes and patterns of linkage
disequilibrium at this locus, and address association with addiction in three distinct samples
of substance abusers and controls. We compare these results with those reported by other
groups as this work was in preparation.

Materials and Methods

Subjects

Subjects included three groups: 1) 239 control individuals and 415 polysubstance abusers of
self-reported European-American ancestry who were research volunteers at the NIDA IRP
in Baltimore Maryland and who were characterized using Diagnostic Interview Schedule
dependence criteria from DSMIII-R and DMSIV and quantity-frequency criteria as
described (Uhl and others 2001; Liu et al 2005), 2) 99 control individuals and 252
polysubstance abusers of self-reported African-American ancestry who were NIDA research
volunteers characterized as described above and 3) 112 unrelated control and 65 unrelated
alcohol dependent individuals of reported European-American ancestry selected from
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COGA, Wave | pedigrees from whom DNA was generously made available through COGA
investigators and NIAAA (Schuckit and others 1996)

Genotyping was performed by primer extension and MALDI-TOF based allele detection
(Sequenom, San Diego, CA) using PCR and extension primer sequences listed in Table VI.
Primary PCRs were performed in 5ul reaction volumes with 2.5 ng genomic DNA, 200 1M
dNTP mix, 1.5 mM 10X PCR buffer and 2.5mM MgCI2, 1;.M each of the oligonucleotide
primers, and 0.1 U/reaction Taq polymerase (Applied Biosystems, Foster City, CA).
Samples were held at 95°C for 15 minutes, treated with 45 cycles that consisted of 95°C for
20 seconds, 56°C for 30 seconds and 72°C for 1 minute, and then held at 72°C for 3 minutes
(Sequenom, San Diego, CA). After PCR amplification, unincorporated dNTPs were
removed by 20 min 37°C incubation with shrimp alkaline phosphatase, enzymes were
inactivated by 5 min incubation at 85°C, and primer extension was performed according to
manufacturers’ instructions (Sequenom, San Diego, CA). Extension primers (Table VI) were
added together with 2.25 mM of the appropriate combination of deoxy dNTP and di-deoxy
ddNTP and thermosequenase (32 U/ul). Reactions were incubated in thermal cyclers with
initial denaturation forl min at 96°C followed by 50 cycles of 96°C for 10°s, 43°C for 15 s
and 60°C for 1 min. Reactions were then heated to 96°C for 30s, cooled on ice, purified and
spotted in matrix on Sequenom DNA chips. Samples were subjected to MALDI-TOF mass
spectrographic analyses with automatic allele detection and manual allele confirmation. The
performance of each SNP assay was validated using DNA from 24 CEPH individuals prior
to use with “unknown” samples.

Linkage disequilibrium mapping, haplotype generation and statistical analysis

Results

Linkage disequilibrium between SNPs was calculated by the program Ldmax (EH)
embedded in the Genetic Analysis of Linkage Disequilibrium program (GOLD) (Abecasis
and Cookson 2000). Haplotypes were reconstructed from individual genotypes. Most likely
haplotype assignment was performed by a partition-ligation algorithm (HAPLOTYPER)
(Niu and others 2002) and haplotype frequencies estimated using the EH algorithm
(Trewilliger and Ott 1994; Xie and Ott 1993) obtained from http://linkage.rockefeller.edu/
ott/eh.htm. SNP and haplotype associations were analyzed using x?2 statistics. Power analysis
was performed using the program PS v2.1.3.1 (Dupont and Plummer 1997).

The 140 kb on chromosome 4p12 that contains the GABRAZ2 gene contains over 300
annotated SNPs. Coding SNPs (cSNPs) include only the relatively low-frequency non-
synonymous rs519972 and the more frequent synonymous rs270858 (http://
www.nchi.nlm.nih.gov/SNP/). This paucity of cSNPs is consistent with the idea that
common allelic variants at this locus are more likely to provide functional effects by altering
gene expression and/or regulation through influences on transcription, mMRNA stability,
MRNA processing and/or translation.

We constructed a linkage disequilibrium map (fig. 2) of the region that includes GABRA2
and GABRGL1. A block of restricted haplotype diversity and high linkage disequilibrium
spans the 3’end of GABRAZ2 and the 5" end of GABRG1, with haplotypes defined by alleles
of SNPs rs1391168, rs573400, rs505474, rs279871 and rs279867 (Fig. 2). Five haplotypes
with frequencies above 5% are found; thirty-two would be expected in the absence of
linkage disequilibrium [Table I11]. Linkage disequilibrium patterns do appear to differ
between European- and African-Americans. Linkage disequilibrium between the rs1391168
and rs279871 SNPs was higher in NIDA African American [D’=0.76 (p=5x107°)] than in
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NIDA European-American [D’=0.52 (p=107°)] or COGA samples [D’=0.666; (p=107°)]
(Table V).

In unrelated European-American alcohol-dependent and control individuals sampled from
COGA Wave | pedigrees, these haplotypes failed to display significant association with
alcohol dependence (p=0.27 [haplotyper] and p=0.76 [EH] for the overall association).
Frequencies of alleles and genotypes of twelve SNPs, including those that define the
haplotypes, were also assessed (Fig. 1, Table I). No SNP displayed allele frequency
differences between alcohol dependent and control individuals that reached significance.
rs1391168, located in the adjacent GABRG1 gene, displayed nominally-significant
genotypic association (p=0.04) (Table II). Allelic association for this SNP did not reach
significance (p=0.75), but this SNP’s alleles do display strong departure from Hardy-
Weinberg equilibrium in COGA control individuals (data not shown).

We tested the haplotypes defined by SNPs rs1391168 and rs279871 in African-American
polysubstance abusers and controls (Table 1V). The three common haplotypes identified in
African-American samples displayed trends toward association with polysubstance abuse
with borderline statistical significance (p=0.052 [haplotyper] and 0.11 [EH]). The haplotype
defined by rs1391168 = G and rs279871 =A displayed nominally-significant differences
between abuser and control groups (nominal p=0.017 [haplotyper] and p=0.012 [EH]; after
Bonferroni correction for multiple comparisons p = 0.051 [haplotyper] and p=0.048 [EH]).
The AA haplotype displayed a trend that did not reach nominal significance (p=0.08
[haplotyper] and 0.07 [EH]) (Table V1). rs1391168 displayed trends toward genotypic and
allelic associations in this sample (p =0.079 and p= 0.063, respectively). However, rs279871
revealed no trends toward either genotypic or allelic association (p=0.55 and p=0.73).

When we tested these markers in European-American NIDA polysubstance abusers and
controls, we found that these samples displayed the same four common haplotypes found in
COGA European-American samples. There were no significant associations between any
haplotype and substance abuse in these samples (Table V1). There were neither genotypic
nor allelic associations for rs1391168 in European-American polysubstance abuser/control
comparisons (p=0.31 and p=0.27) There was a robust association of rs279871 genotypes
with addiction in the NIDA European-American samples (p < 10713), although no particular
allele displayed nominally significant association. There was also a strong departure from
Hardy-Weinberg equilibrium in the European-American polysubstance abuser sample,
although not in the control sample, possibly providing evidence for association (Luo and
others 2005; Nielsen and Zaykin 1999).

Discussion

We discuss the current results in the context of the a priori chances that variations in
inotrophic GABAA, receptors might influence vulnerability to addictions, the patterns of
linkage disequilibrium and Hardy-Weinberg disequilibrium that are present for markers in
this chromosome 4 GABA receptor gene cluster, the failure of current results to support
any large and consistent role for variants at this locus in human addiction vulnerability, and
the evidence from the present data that modest influences on addiction vulnerability appear
likely to come from variants in this genomic region.

A priori, this region was an attractive candidate region to harbor addiction vulnerability
alleles. Positional cloning data from a number of linkage and association studies repeatedly
identify the chromosomal region that contains this GABA receptor gene cluster. The
GABA receptor subunits encoded by this region are expressed in brain regions that include
many that are implicated in drug reward and/or mnemonic processes likely to lie at the core
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of the genetic influences on human addiction vulnerability (Uhl 2004; Uhl 2004). Studies in
mice that express point mutations that alter drug affinities for different GABA receptor
subunits implicate GABRAZ receptors in modulating anxiety phenotypes (Low and others
2000), possibly providing one mechanism for effects on addiction vulnerability.

As this work was unfolding, additional data also increased interest in this locus. Markers at
this locus were strongly associated with EEG power in the B1 segment of the spectrum.
Association between alcohol dependence and with similar SNPs were described in work
from others (Covault and others 2004; Edenberg and others 2004; Lappalainen and others
2005). As we elucidated the patterns of linkage disequilibrium across this locus, they were
confirmed by HapMap data obtained in different populations. These results each
demonstrate a relatively strong block of restricted haplotype diversity that encompasses both
the 3’end of the GABRAZ gene and the 5’GABRGL1 gene.

The current results provide evidence for effects of variants at this locus, though no strong
association is reproducibly present in the multiple samples studied here. These data contrast
with results for markers in the chromosome 4 alcohol dehydrogenase/acetaldehyde
dehydrogenase gene cluster region, which are more consistently linked to and associated
with differential vulnerability to addictions in numerous European- and African-American
samples that include each of the samples studied here. Our findings in unrelated individuals
sampled from COGA, wave | populations of alcohol dependent and control individuals
provide modest support for the haplotype associations with alcohol dependence reported by
Edenberg et al as the current work was being written (Covault and others 2004; Edenberg
and others 2004; Lappalainen and others 2005) (Table I11). There was a robust (p < 10713)
association of rs279871 genotypes with addiction vulnerability in a large European-
American sample of polysubstance abusers and controls. The G/A haplotype defined using
this rs279871 SNP and the nearby rs1391168 SNP is present at significantly-different
frequencies in African-American polysubstance abusers and controls. The rs1391168 SNP
did display significant differences in allelic frequencies between COGA Wave | alcohol
dependent individuals and controls. Each of these observations needs to be tempered by the
failure to identify a consistent pattern of significant association across these distinct samples.
Conceivably, effects of selection acting on variants at this locus might have helped to
produce some of the difficulties in identifying consistent allelic, genotypic and haplotypic
association patterns across these three samples. Alternatively, these variable results might
come from the modest effect sizes whose magnitudes provide none of the samples with
sufficient power to display significant associations in allelic, genotypic and haplotype
analyses.

Vulnerability to substance abuse in humans is likely to result from complex genetic
influences, multifactorial environmental influences, and both gene x gene and gene x
environment interactions. Most of the results from genome scanning studies available to
date, taken together, support polygenic contributions from allelic variants at most of the
gene loci that these studies nominate. Our current data, along with other work, appears to
support modest contributions of variations at the GABRA2 locus on human addiction
vulnerability in individuals sampled from two distinct ethnic/racial groups and from studies
using two distinct methods for ascertainment of substance dependent individuals. As we
identify locus-specific phenotypes relevant to GABRA2-locus variants and as we identify
more and more of the other, potentially-interacting genetic and environmental features that
provide noise for the current analyses, the specific roles played by specific GABRA2-locus
variation in addiction vulnerability are likely to become clearer.
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Figure 1. Genomic view of the GABA receptor cluster on chromosome 4
The SNPs used to construct haplotypes in this study are in boldface.
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Figure 2. GOLD plot of linkage disequilibrium in the region of the GABA receptor cluster
constructed from COGA population
A region of high linkage disequilibrium spans the 3’ end of GABRAZ2. The color-code for

strength of linkage disequilibrium (D’) is displayed in the figure. Numbers on the X and Y
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Table |
SNPs assessed
SNP Genomic location gene variant comment
rs1547526 44615272 FLJ13220 CIG intron
rs1111980 44877021 AIC
1s1497567 45956280 AlIG
rs1979773 45965363 GABRG1 AlC intron
rs1391168 46030701 GABRG1 AIG intron
rs573400 46167608 GABRA2 AIG untranslated
rs505474 46176129 GABRA2 G/IA intron
rs279871 46221275 GABRA2 AIG intron
rs279867 46223845 GABRA2 T/G intron
rs1442061 46286762 GABRA2 CIG intron
rs3756007 46306606 GABRA2 T/IC untranslated
rs6284 47237761 GABRB1 CIA synonymous
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Table llla

Page 13

Association of haplotypes based on rs1391168, rs573400, rs505474, rs279871 and rs279867 with alcoholism
in COGA samples (HAPLOTYPER)

haplotypes  Alcoholic n=122  control n=201  p=0.27
GTGAT 0.33 0.36
GCAGG 0.12 0.11
ATGAT 0.25 0.18
ACAAG 0.03 0.08
ACAGG 0.26 0.27
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Association of haplotypes based on rs1391168 and rs279871 with alcoholism in COGA samples (EH)

haplotypes  Alcoholic N=122  Control N=201 P=0.76
AA 0.16 0.13
AG 0.37 0.38
GA 0.26 0.31
GG 0.20 0.17
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List of genotyping oligonucleotides.

Table VI

Page 18

SNP rs#

Forward PCR primer

Reverse PCR primer

Extension primer

rs573400
rs279867
rs3756007
rs1391168
s1442061
rs505474
rs6284
rs1547526
rs1111980
rs1979773
rs279871
rs1497567

GCAGACAGAAAGCACTCCAT
TAACTGGGATGCTATGAATGTG
CTGCCAGGAACGTCCCCC
GATCACTATTTGCTCTTCTATCCAA
CAGCACAGTACTTCCTGGTCAA
GATTCTCTGCCAGAGTTCAGAGT
CTATCAGAATCACAACCACAGCT
CAGCGGCATCAGTACAACCT
GCGGGAGTTGCTAGTCTTAT
GCATGAGAAATTATTCATCTAATTGT
ACTCATGCTATGCTAAGGAG
AGCTGTATTTGATTTCTTGAGAA

GGTTGTACAGGATCCCCATT
TAACGCTATACTTGCATCAAGT
CCTTTCCAGCTGCTATGCC
CTCAGTCTTGGGCAGTTCTTTATA
CCAATGACAGTAGCTCAATGAAATT
GTGAGAATCACGCAGTGAATACT
CCTGTCCAAGTAACTCACAACTTT
GAAGACAGTAAAATTAGATCTG
GATACTTAAATCTTTTTGTTG
AGGGATGATTACATCCAGTTGTG
GAAGGGATCAGAGGTAGAACA
ATATACCATCAAGCAAGCACTT

AGAATAGGAAATTAATCAGGTCA
GATATCTGTGTGCATTGATTCAT
CTGTTTTGCGCACACGTAATAA
ATTCCACACCTCCTTGCCC
CATACACTGGATAGATCTCTG
GTTCTTGTTTATCCCTAAAGAC
CAGAACTGCACCCTGGAGAT
CAACCATACCAAATTATTATC
ATATAATGTCCTTCTCTGACT
GTTTAATTTTGATCTTTATCTTGGA
TCCTGACATGTATGTGATATATT
TAAATGTGTGATCAGAAAGAATGG
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