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Abstract
Animal and human studies of addiction indicate that the D2 dopamine receptor (DRD2) plays a
critical role in the mechanism of drug reward. D2 receptor density in the brains of alcoholics has
been shown to be reduced relative to controls. Previous studies of DRD2 in association with
alcohol dependence using variation in the TaqI A locus were highly controversial. Recently, a
synonymous mutation, C957T, in the coding region of the human DRD2 gene has been identified
which appears to have functional effects including alteration in receptor availability. In order to
determine if susceptibility to alcohol dependence (AD) within multiplex alcohol dependence
families would be altered by the C957T in the coding region of the D2 gene, within-family
association was studied in members of Caucasian multiplex alcohol dependence families.
Members of control families with no personal alcohol or substance dependence history were
included for case/control comparisons. Analyses performed to detect within-family association
showed evidence favoring an association for the C957T polymorphism (P = 0.038). Linkage
analyses of polymorphisms in this region showed that only the C957T locus remained of interest
(P = 0.015). Evidence for the C957T T allele having a role in AD susceptibility at the population
level using a case/control comparison was statistically marginal (P = 0.062), but was consistent
with the family data results. These results support a role for DRD2 as a susceptibility gene for
alcohol dependence within multiplex families at high risk for developing alcohol dependence.
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INTRODUCTION
Twin, adoption and family studies have provided ample evidence for genetic mediation of
alcohol dependence susceptibility within families [Goodwin et al., 1973; Pickens et al.,
1991; Heath et al., 1999]. Twin studies tend to show greater concordance for alcohol
dependence in MZ than in DZ twins [Kendler et al., 1992; McGue et al., 1992], providing
estimates of heritability in the range of 0.54 to 0.58 in males [Prescott, 2001]. The search for
genes that may confer increased susceptibility to alcohol dependence has included a number
of genes that influence neurotransmitter regulation including the dopamine pathway.

One gene that has been studied extensively in both animal and human studies of addiction is
the dopamine D2 receptor system because of its apparent importance in the reward capacity
of ethanol and other drugs of abuse [Volkow et al., 2002a, 2003]. DRD2 is a G-protein
coupled receptor located on postsynaptic neurons, that is, centrally involved in reward-
mediating mesocorticolimbic pathways. The dopamine DRD2 gene has been mapped to
11q22-23 (Fig. 1). The gene is composed of 8 exons and spans 65.8 kilobases (kb) of
genomic DNA. Relative to controls, subjects with alcohol [Hietala et al., 1994; Volkow et
al., 2002b], cocaine [Volkow et al., 1993], and opioid dependence [Wang et al., 1997] have
been reported to have lower levels of D2 dopamine receptors.

One polymorphic locus that shows evidence of being in linkage disequilibrium with the
DRD2 gene is a restriction fragment length polymorphism (RFLP) known as TaqI A. Much
of the early work on alcohol dependence and the DRD2 gene was based on this single
nucleotide polymorphism (SNP) (TaqI A) located 9.5 kb distal to the 3′ end of the gene
[Grandy et al., 1989]. The A1 allele has been hypothesized to be associated with alcohol
dependence. Several case/control studies have investigated allelic variation in the TaqI A
polymorphism but with controversial results. Several negative results were reported in
comparisons of alcohol dependent and control individuals [Bolos et al., 1990; Gelernter et
al., 1991; Cook et al., 1992; Turner et al., 1992; Arinami et al., 1993; Suarez et al., 1994]
though many studies did obtain positive results for alcohol dependent individuals [Amadeo
et al., 1993; Noble et al., 1994; Neiswanger et al., 1995] and for polysubstance abusers
[Smith et al., 1992; Lawford et al., 1997]. Averaging of A1 frequencies across 21 studies
that included alcoholics and controls revealed greater frequency among alcoholics [Noble,
2003].

Because of these associations between D2 receptors and addiction, evidence that receptor
density in brain might be associated with variation in the TaqI A polymorphism provides an
important line of investigation. Using postmortem caudate nucleus samples from alcoholics
and controls, presence of the A1 allele was reported to lower D2 receptor binding [Blum et
al., 1990], a finding later confirmed in additional brain samples in which lower Bmax was
found for samples with the A1 allele [Noble et al., 1991]. Using autopsy striatum samples
including the caudate, Thompson et al. [1997] found a reduction in the density of D2
dopamine receptors that was associated with the presence of the A1 allele.

Investigation of possible in vivo differences in volunteers [Pohjalainen et al., 1998] has also
revealed a relationship between the presence of the A1 allele and low D2 dopamine receptor
binding (Bmax), affinity (Kd) and availability (Bmax/Kd) in the striatum using positron
emission tomography (PET) with [11C] raclopride. A significant decrease in D2 dopamine
receptor availability, reflecting a reduction in receptor density, was observed with the A1/A2
genotype in contrast to the A2/A2 genotype. These in vivo results appear to have been
confirmed in another sample of healthy controls in which a relationship between A1 allele
status and binding potential was found [Laruelle et al., 1998]. Finally, Jönsson et al. [1999]
using [11C] raclopride and PET technology examined DRD2 polymorphisms and striatal D2
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dopamine receptor density in healthy Swedish volunteers and found a positive association
between the TaqI A1 allele and lower D2 dopamine receptor density. This group also found
an association between the D2 promoter -141C Ins/Del and receptor density. A relationship
between the A1 allele of the D2 receptor and striatal dopamine transporter (DAT) density
has also been examined and found to be much higher in alcoholics with the A1/A2
genotypes than in those homozygous for the A2 allele [Laine et al., 2001].

There has been increased concern regarding the functional significance of the TaqI A
polymorphism, previously reported to be associated with alcohol dependence, because it is
located approximately 10 kb downstream from the DRD2 gene (GenBank database entry
AF050737.1; Fig. 1). Although linkage disequilibrium (LD) has been reported to extend
from the DRD2 gene to 25 kb beyond the TaqI A locus [Kidd et al., 1998], TaqI A may fall
within a different coding region than the DRD2 gene. If this is correct, it would suggest that
it is unlikely that the TaqI A polymorphism directly affects activity, and further suggests that
the TaqI A may fall within a regulatory region downstream of the DRD2 gene.

Recently, a novel kinase gene, named ankyrin repeat kinase domain containing 1 (ANKK1)
was identified that contains a single serine/threonine kinase domain and is expressed in
placenta and whole spinal cord RNA [Neville et al., 2004]. The gene is a member of an
extensive family of proteins involved in signal transduction pathways. Identification and
characterization of the ANKK1 gene by this group suggest that the TaqI A SNP causes an
amino acid substitution within the 11th ankyrin repeat of ANKK1 that may affect substrate-
binding specificity. Such changes in ANKK1 activity might provide an explanation for
previously observed relationships between the TaqI A locus and addictive disorders. Of
some interest is the fact that ANKK1 is not expressed in brain though carriers of the A1
allele appear to show associated functional activation using fMRI in the anterior cingulate
gyrus [Fosella et al., 2006]. These results suggest that while TaqI A is now known to not be
within the DRD2 gene and has been mapped to the ANKK1 gene [Neville et al., 2004], TaqI
A may have a role in DRD2 functioning.

Although the D2 dopamine receptor system is clearly associated with addiction
susceptibility, the absence of reported mutations in the human DRD2 gene had tempered
interest in clinical studies of D2. Gejman et al. [1994] reported finding no structural
mutations in the coding region of the D2 receptor gene in alcoholic and schizophrenic
subjects. Duan et al. [2003] did identify a mutation in the human D2 receptor gene and
studied six synonymous changes in the gene. One of these SNPs, the C957T polymorphism,
rather than being silent, alters mRNA folding leading to decreased mRNA stability and
translation, and as a consequence dramatically changes dopamine-induced up-regulation of
DRD2 expression. To date, this polymorphism has been studied in schizophrenics [Lawford
et al., 2005], drug dependent individuals [Xu et al., 2004; Gelernter et al., 2006] and in
nicotine dependent participants [Gelernter et al., 2006; Jacobsen et al., 2006; Lerman et al.,
2006]. To our knowledge, this mutation has not previously been studied in samples
specifically recruited for multiplex alcohol dependent family status though alcohol
dependence has been studied in the context of polysubstance abuse [Gelernter et al., 2006].

Functional polymorphisms in the 5′ promoter region of the DRD2 gene have also been
identified (A-241G and -141C Ins/Del) [Arinami et al., 1997] that could affect gene
regulation or expression. Elevation in D2 receptor density in postmortem brains of
schizophrenics who were free of neuroleptic medication for many years [Seeman, 1992] has
been reported. Additionally, a decrease in the frequency of the -141C Ins/Del allele has been
reported in schizophrenics [Arinami et al., 1997]. Together these findings suggest that
elevated D2 receptor density reported in schizophrenics might be the result of a reduced
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frequency of the -141C Ins/Del allele and further suggests a possible role of this allele in
schizophrenia and other psychiatric illnesses such as alcohol dependence.

The present study was undertaken primarily to assess variation in the C957T polymorphism
in multiplex alcohol dependence families by genotyping members of these multiplex
families. A secondary hypothesis was that if no association between C957T and alcohol
dependence were found, it might be the case that genetic variation in the 5′ promoter region
of the DRD2 gene might be present. To investigate this hypothesis the A-241G and -141C
Ins/Del polymorphisms were genotyped in the same set of families. Because these families
had been included in a genome-wide linkage analysis [Hill et al., 2004], genotypes for
microsatellites were available for further analyses. Also, previous genotyping had been done
for the TaqI A and CA repeat polymorphisms from earlier work in our laboratory
[Neiswanger et al., 1995; Hill et al., 1999] for a subset of individuals for whom the C957T,
A-241G, and -141C Ins/Del genotyping was performed.

SUBJECTS AND METHODS
Ascertainment and Diagnostic Assessment

All members of the multiplex families and control families who participated in the study
gave their written consent to do so after the nature and purpose of the study was fully
explained to them. (Consent forms were approved by the University of Pittsburgh
Institutional Review Board.)

Multiplex Families—Multiplex families were selected on the basis of the presence of a
pair of alcohol dependent brothers or sisters. The probands were selected from among
individuals in treatment for alcohol dependence in the Pittsburgh area. All proband pairs
were personally interviewed using structured psychiatric interviews (Diagnostic Interview
Schedule [DIS]). The DIS, though a less commonly used diagnostic instrument, has good
reliability and validity [Helzer et al., 1985]. Use of this instrument made it possible to obtain
diagnoses of alcohol dependence and alcohol abuse by DSM-III and IIIR criteria [American
Psychiatric Association, 1982, 1987] and alcoholism by Feighner Criteria [Feighner et al.,
1972]. Because the majority of individuals were assessed before the release of DSM-IV, no
attempt was made to re-diagnose the sample to conform to currently prevailing
nomenclature. Nevertheless, the use of more than one diagnostic system, Feighner and
DSM-III, allows for comparison with other studies using these criteria in major genome
searches for alcoholism susceptibility loci (e.g., Collaborative Study on the Genetics of
Alcoholism). The DIS was administered to all living and cooperative participants (probands,
siblings, parents). Using the DIS information, a second clinician’s information, and family
history report of all other participating relatives, a best estimate diagnosis was made using
Feighner criteria and DSM-III and IIIR. All symptoms were retained in computer files also
allowing for use as quantitative phenotypes. The present report is based on the dichotomous
phenotype in which alcoholism or alcohol dependence is coded as affected and the absence
of these conditions is considered unaffected.

As noted, inclusion criteria required that a pair of same-sex adult siblings were present in the
family with an alcohol dependence diagnosis. Families were excluded if the probands or any
first-degree relative were considered to be primary for drug dependence (preceded alcohol
dependence onset by at least 1 year), or the proband or first-degree relative met criteria for
schizophrenia, or a recurrent major depressive disorder. Probands and relatives with mental
retardation or physical illness precluding participation were excluded. Complete details
regarding participant selection may be seen in Hill et al. [2004].
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The majority of probands (80%) have three or more siblings who have contributed DNA,
consented to a clinical interview, and provided family history. One or both parents have
been genotyped in 86% of the families. An average of 5.1 individuals per family have been
genotyped. Our rationale for having initiated the study through a double proband sampling
scheme was based on the observation that restricting family ascertainment to multiplex
families increases the likelihood of finding genes related to the disease of interest [Morton
and Mi, 1968; Anderson et al., 1986]. This is largely due to the fact that the likelihood of
finding a severe form of any particular disorder segregating within families is increased
where multiple cases are found.

A total of 63 Caucasian multiplex pedigrees were available for genotyping and within-
family analyses. A total of 201 males and 171 females were included. Of these participants,
226 individuals were affected and 146 were unaffected.

Case/Control Selection—Cases were chosen from among probands in the family study
and supplemented with other unrelated alcohol dependent cases (spouses). No family was
included more than once. A total of 63 unrelated Caucasian alcohol dependent individuals
from multiplex families were chosen along with 8 additional unrelated alcohol dependent
individuals. Importantly, controls were not chosen from among the multiplex families. A
separate set of controls ascertained as part of a study of control families was utilized for this
purpose. A total of 78 Caucasian individuals, free of alcohol dependence and other DSM-III
diagnoses, served as controls.

Genotyping
STR genotyping—Blood was drawn from multiplex family members with one aliquot
being used to extract DNA from whole blood and the second aliquot prepared for EBV
transformation and cryopreservation. PCR conditions were as described in Hill et al. [2004].
Genotypes available for the present set of subjects included 25 STRs on Chromosome 11
that had been completed for a genome wide linkage study previously published [Hill et al.,
2004]. Although significant IBD sharing had not been found in that effort, these genotypes
were included with the present initiative to provide an opportunity for conducting a
multipoint linkage analysis. DNA samples that had been used in this mapping effort were
amplified with the ABI Linkage Marker Set Version 2 (LMSV2) primers. PCR products
were analyzed on a Perkin Elmer Model 377 Automated Sequencer and electrophoresis data
transferred to a Power Mac G3 and tracked as batches using GeneScan 3.1.2. This allowed
for manual tracking of each gel before analysis. Each gel included two CEPH DNA
(1347-02) samples to control for gel to gel allele-calling variability. Also included on each
gel were allelic ladders that were created by pooling 90 DNA aliquots from the sample
population. Fluorescent size markers (GeneScan 400HD Applied Biosystems, Foster City,
CA) were placed in the same lanes as each sample and used to assign integer values (bins) to
each peak in the allelic ladder. These bins were then used to assign allele sizes to the sample
peaks.

STR allele calling was first performed using TrueAllele™ (Cybergenetics, Pittsburgh, PA)
automated allele-calling software [Perlin et al., 1995], followed by checking by two
experienced readers blind to family membership status. The TrueAllele™ software tracks
each gel lane and measures the intensity and size of each peak profile. Using size standard
and allelic ladder data, TrueAllele™ then assigns integer values to each measured peak to
generate a genotype.

SNP genotyping—SNP genotyping was performed by polymerase chain reaction (PCR)
amplification of SNP containing genomic sequences by restriction fragment length
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polymorphism (RFLP) analysis using radiolabeled primers. For all PCR reactions, 20 μg of
genomic DNA were amplified in a 7.5 μl reaction mixture containing 15 mM Tris-HCl (pH
8.4), 5 mM KCl, 2 mM MgCl2, 0.2 mM of each deoxynucleotide-5′-triphosphate, 10 pmol
of each primer, and 30 units of Taq polymerase (AmpliTaq Gold, Perkin-Elmer, Waltham,
MA). The reaction was performed at 95°C for 10 min followed by 10 cycles of 95°C for 15
sec, at the specific annealing temperature for 30 sec and 72°C for 1 min. The remaining 20
cycles were performed at 89°C for 15 sec, at the specific annealing temperature for 30 sec
and at 72°C for 1 min. Five microliters of PCR products were digested by the appropriate
restriction enzyme according to the recommendations provided by the manufacturer and
electrophoresed on a 5% acrylamide gel.

A-241G polymorphism—The A-241G polymorphism was analyzed by PCR
amplification of a 304 bp genomic fragment using the forward primer 5′-
TGCGCGCGTGAGGCTGCCGGTTCGG-3′ and the reverse primer 5′-
ACTGGCGAGCAGACGGTGAGGACCC-3′. Reaction conditions included 2.5 mM deaza-
GTP and an annealing temperature of 68°C. PCR products were digested with Mae III (New
England Biolabs, Ipswich, MA). The variant allele was identified by the presence of 260 and
44 bp digestion fragments. The wild-type allele was detected by the presence of a 304 bp
undigested PCR product.

-141C insertion/deletion polymorphism—The -141C Ins/Del polymorphism was
analyzed by PCR amplification of a 275 bp genomic fragment using the forward primer, 5′-
CGGTTCGGCACTGAAGCTGGAC-3′, and the reverse primer, 5′-
GACGGTGAGGACCCAGCCTGC-3′. Reaction conditions included 0.8 M betaine and an
annealing temperature of 62°C for the initial 10 cycles and 60°C for the remaining 25
cycles. PCR products were digested with Bst NI (New England Biolabs). The wild-type
insertion allele was detected by the presence of 133 bp and 143 bp digestion products. The
variant deletion allele was identified by the presence of a 275 bp undigested DNA fragment.

C957T polymorphism—The C957T polymorphism was analyzed by amplification of a
196 bp genomic fragment using a forward primer mix 5′-
ACCAYGGTCTCCACAGCACTC-3′, and the reverse primer, 5′-
ATGGCGAGCATCTGAGTGGCT-3′. Reaction conditions included 10% DMSO and an
annealing temperature of 62°C for the initial 10 cycles and 60°C for the remaining 25
cycles. PCR products were digested with Taq I (New England Biolabs). The variant allele
was identified by the presence of 174 and 22 bp digestion products. The wild-type allele was
detected by the presence of a 196 bp undigested DNA fragment.

TaqI A and DRD2-C (CA repeat)—Genotypes were available for the subjects analyzed
in the present study for the TaqI A and DRD2-C CA repeat polymorphisms. Genotyping was
accomplished using methods previously described [Hill et al., 1999].

STATISTICAL METHODS
Mendelian Inconsistency—PedCheck

A total of 30 markers were evaluated using PedCheck to identify Mendelian inconsistencies
[O’Connell and Weeks, 1998]. Eight pedigrees had inconsistencies involving either the four
SNPs or the CA repeat polymorphism. If only one child was inconsistent with their parents,
the child was recoded as missing and if more than one, the entire family was dropped for the
analysis of that marker.
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Allele Frequency Estimation
Allele frequencies for the family data used in the linkage analyses were determined using
MENDEL (version 5.0) [Lange et al., 2001], a software package that estimates population
frequencies from family data using files generated through use of Mega2 [Mukhopadhyay et
al., 2005]. Allele frequencies for the C957T locus were tested for Hardy–Weinberg
equilibrium in controls (P = 0.637) and in cases (P = 0.377; R Genetics package, 2005; The
R Foundation for Statistical Computing Version 2.1.1, 2005).

Case/Control Analyses
The first goal of the statistical analysis was to determine if evidence for association at the
C957T locus could be found using independent cases and unrelated controls from an
independent set of pedigrees. A contingency table for C957T in which 0, 1, or 2 T alleles
were cross-tabulated by affection status (affected or unaffected) allowed for testing an
additive model. A collapsed two by two contingency table allowed for testing dominant and
recessive models. Both were tested using a Chi square distribution. Simulated p-values were
obtained based on 10,000 replicates. In order to test the magnitude and direction of the
association between the mutant genotypes and alcohol dependence, logistic regression
analyses were performed. Three genetic models were again tested (dominant, recessive, and
additive).

Within-Family Association
In order to determine if within-family association in the C957T polymorphism would be
found in these multiplex alcohol dependence families, the Pedigree Disequilibrium Test
(PDT) [Martin et al., 2000, 2001] was used. This approach was chosen because it is robust
to population substructure. The allele-based sum-PDT is an extension of the TDT test
[Spielman et al., 1993] that allows for testing the transmission of disease alleles from parent
to offspring by including extended pedigree members, thereby increasing the power to detect
association. Specifically, the PDT utilizes a composite statistic to capture differential allele
transmission in case-parent trios and differential allele frequencies in discordant sib pairs
[Martin et al., 2000, 2001].

A secondary hypothesis was that within-family association in the functional polymorphisms
A-241G and -141C Ins/Del located in the 5′ promoter region of the dopamine D2 receptor
gene might be found. Because of the close proximity of the CA repeat locus and the TaqI A
polymorphisms, it was also of interest to determine if within-family association might be
apparent in the CA repeat and TaqI A, markers that had previously been investigated in this
sample.

Linkage Analyses
The third goal was to determine if evidence for linkage was present at the C957T locus.
Genotyping was available for a total of 21 STRs that had been part of our genome-wide
analysis [Hill et al., 2004] and the 4 SNPs on Chromosome 11 that were the focus of
interest. In order to eliminate markers in statistically significant LD with those within the
DRD2 gene, all markers were evaluated for pair-wise LD using the ldmax routine from the
GOLD software package [Abecasis and Cookson, 2000]. GOLD uses the expectation-
maximization algorithm to estimate the maximum likelihood of the pair-wise disequilibrium
using only founders. The estimated measure linkage disequilibrium, denoted as D′, varies
between 0 and 1 with larger values indicating greater disequilibrium.

Linkage analyses of the genotyping data were performed using the nonrandom sharing of
alleles identical by descent (IBD) in relation to affection status as implemented in the SAGE
routine SIBPAL [SAGE Version 5.0.1, 2004]. The program separately evaluates the
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proportion of alleles shared IBD for concordantly affected and unaffected pairs as well as
discordant pairs. Two-point and multipoint IBD sharing probabilities were estimated using
the GENIBD routine [SAGE Version 5.0.1, 2004]. Estimates of population allele
frequencies were obtained using MENDEL (Version 5) [Lange et al., 2001]. Map locations
of STRs and SNPs were obtained from the current builds of UniSTS and dbSNP,
respectively (NCBI).

Two-point and multipoint LODPAL analyses were performed to determine linkage
estimates. These analyses were used as a complement to the SIBPAL analyses because
LODPAL allows for specification of a genetic model. LODPAL is routinely used to evaluate
the contribution of affected pairs in comparison to discordant pairs. However, since greater
evidence favoring increased IBD sharing occurred in the unaffected pairs, the present
analysis focused on a comparison of the unaffected pairs and the discordants. We considered
three modes of inheritance: additive (default option), dominant and recessive.

RESULTS
Case/Control Analyses

Analysis of the three by two contingency table representing the binary disease status
(affected or unaffected) and variation at the C957T locus allowed for testing an additive
genetic model. A two by two contingency table was used to test dominant and recessive
models. Results were evaluated using a Chi square distribution to test both allelic and
genotypic frequencies among the cases and controls. Among the 81 cases the frequency of
the T allele was 48% (77/162) while the frequency of the C allele was 52% (85/162). For the
78 controls the frequency of the T allele was 39% (61/156) and the frequency of the C allele
61% (95/156). Genotype frequency was used to test dominant and recessive models. Among
the cases, 16 individuals carried the TT genotype, 20 were CC, and 45 were CT. For
controls, 13 individuals carried the TT genotype, 30 were CC, and 35 were CT. The additive
model tested whether the frequency of particular alleles covaried with affection status. These
analyses showed no significant difference for the additive model (χ2 = 3.51, df = 2, P =
0.173) [simulated P = 0.181] or the recessive model (χ2 = 0.25, df = 1, P = 0.614) [simulated
P = 0.690]. The dominant model showed a marginal P-value (χ2 = 3.50, df = 1, P = 0.062)
[simulated P = 0.085]. Although the dominant model showed only marginal significance, it
is noteworthy that the T allele was more often transmitted with alcohol dependence.

Logistic regression analyses were performed to test the magnitude and direction of the
association between the mutant genotypes and alcohol dependence. As expected, evidence
favoring the dominant model was again seen with an odds ratio of 1.91 (95% CI: 0.97–3.76,
P = 0.06). Interestingly, the additive models indicate that the presence of the mutant allele
(T) increases the odds of having alcohol dependence approximately twofold. However,
relative to the CC genotype, the odds ratios were approximately equivalent for one (CT) or
both (TT) copies being a mutant T allele (OR = 1.93 for heterozygotes and 1.85 for
homozygous mutant).

Within-Family Association Results
Results for the A-241G, -141C Ins/Del, CA repeat and TaqI A were all nonsignificant. In
contrast, results for C957T were significant (χ2 = 4.29, df = 1, P = 0.038). Parent to affected
offspring transmission of a T allele, or risk allele, was 1.36 times more frequent than
transmission of a C allele. Similarly, the affected member of the discordant sib pair showed
an increase in the frequency of the T allele (52%) compared to that seen in the unaffected
member (41%). Differing allelic transmission patterns within multiplex families at the
C957T polymorphism appear to confer phenotypic variation. Because the PDT results are
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most powerful in the presence of linkage, the next goal was to determine if linkage might be
found.

Linkage Analyses Results
A GOLD analysis was used to estimate linkage disequilibrium for all 25 markers. An LD
plot for the 19 markers used in the linkage analyses may be seen in Figure 2. The micro-
satellites were designed to be approximately 9 cM apart while SNPs were chosen to be
within the DRD2 gene (Fig. 1). Markers were eliminated from the set of 25 polymorphisms
based on two criteria: (1) significant LD with the targeted SNP of interest, C957T; and (2)
significant LD with DRD2 polymorphisms and those within 70 cM of those loci. The latter
criterion was used to avoid elimination of markers that were only spuriously significant.
Three STRs (D11S935, D11S901, CA repeat) and two SNPs (TaqI A and -141C Ins/Del)
were excluded because of significant LD with C957T. D11S898 was eliminated because it
was in significant LD with a DRD2 locus (A-241G) and was within 70 cM of the locus. For
those markers in LD with C957T, we found the LD for TaqI A highly significant (D′ = 0.77,
χ2 = 20.61, P = 0.00001) as was the LD between C957T and the CA repeat (D′ = 0.49, χ2 =
20.57, P = 0.0001), but less so for C957T and -141C Ins/Del (D′ = 0.74, χ2 = 4.25, P =
0.04).

Linkage analysis was performed on the remaining 19 markers found to not be in significant
LD. The following microsatellites were analyzed: D11S4046, D11S1338, D11S902,
D11S904, D11S905, D11S4191, D11S987, D11S1314, D11S937, D11S4175, D11S4090,
D11S908, D11S4127, D11S925, D11S4151, D11S1320, and D11S968. The remaining
SNPs, C957T, and A-241G, were analyzed along with the STRs.

The only marker to show evidence favoring linkage (two-point) was the C957T locus
(Tables I and II). An adjustment for multiple comparisons was not appropriate since
hypothesis testing was restricted to this locus. In the SIBPAL analysis significance was
obtained for the 43 unaffected pairs with no evidence being found for the 199 affected pairs,
or 168 discordant pairs. SIBPAL results were further tested by performing simulations of the
data set (1,000 replicates). Simulations of the SIBPAL data confirmed the C957T results (P
= 0.035 for the unaffected pairs). These SIBPAL findings showing that the 43 unaffected sib
pairs shared alleles significantly more often than by chance are intriguing. Moreover, the
association analysis shows that the T allele or risk allele is less frequently observed in the
unaffected sibs. Also, as may be seen in Table II, two-point LOD scores for all three models
show a maximum peak at C957T for the unaffected pairs, when contrasted with discordant
pairs. The peak value was (LOD = 1.64) under a recessive model. Because linkage analysis
of the multiplex families was performed for unaffected pairs (affected pair analysis is more
typical), finding evidence for a recessive model is consistent with those obtained for the
case/control regression analyses performed in which a dominant mode of inheritance was
indicated as the best fitting model.

DISCUSSION
In summary, the present study points to a mutation in the DRD2 gene, C957T, that confers
greater likelihood of developing alcohol dependence in families selected for multiple cases
of AD. The Pedigree Disequilibrium Test (PDT) was used to evaluate evidence for within-
family association between AD and the C957T locus. Confirmation of our within-family
association result was tested using linkage analysis of polymorphisms in the vicinity of the
DRD2 gene, including those in the promoter region, but C957T remained the only
polymorphism of interest. At the population level, C957T showed a trend toward differences
between the cases and controls with a twofold increase in likelihood of carrying the T allele
among the alcohol dependent subjects. Because these results in multiplex alcohol dependent
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families and in case/control comparisons are consistent with previous studies showing a
reduced number of DRD2 receptors in alcohol dependent individuals, we conclude that
alterations in C957T may be, at least in part, responsible for this reduction in receptors. If
so, these findings may have important clinical significance in suggesting targets for
pharmacological intervention in alcohol dependence.

Limitations of the present study include the rather modest SIBPAL and LODPAL linkage
results, especially for the multipoint analyses. However, a pattern of results was obtained
suggesting non-random variation. Without available estimates of population frequency for
C957T, MENDEL was used to estimate population frequencies for the markers studied. The
present results may have been biased toward the null hypothesis because multiplex families
were used to estimate these population frequencies.

A further limitation was the resource available for evaluating C957T variation at the
population level. A total of 159 Caucasian cases and controls were analyzed using a
regression model that evaluated recessive, dominant and additive models. These analyses
suggested only marginally significant results under a dominant model. Nevertheless,
evidence supporting the within-family PDT results was obtained. Specifically, the T allele
had a frequency of 39% in control subjects who had been screened for absence of alcohol
dependence. Unselected Caucasians without screening for absence of psychiatric disorder
appear to have a higher frequency (48%) (NCBI, dbSNP, build 126). This suggests that
reduction in T allele frequency may be a protective factor for alcohol dependence. This
observation is also consistent with our results showing that unaffected members of multiplex
alcohol dependence families are less likely to carry a T allele and presumably are more
likely to have greater D2 receptor availability than their affected relatives.

The greater significance of linkage findings for the unaffected pairs deserves comment. It
has been our observation that in multiplex families where greater genetic susceptibility
occurs, there is an accompanying increase in environmental pressures to begin drinking
early and to drink to the point of intoxication in part because older siblings or parents drink
excessively. This would mean that some alcohol dependent individuals might be sporadic
cases from the standpoint of genetic variation. If so, both genetically based and sporadic
affecteds can be expected in these families. In contrast, unaffecteds in a multiplex family
environment are extreme for their family type in having escaped this environmental pressure
to drink excessively. For this reason, there is less heterogeneity among unaffected
individuals resulting in greater capacity to discern non-random assortment within unaffected
pairs from these multiplex families when applying linkage analysis.

It may be worthwhile to speculate regarding the differing pattern of results seen in the
within-family analysis and those seen in the case/control comparison. First, we recognize
that our case/control comparison was probably underpowered for detection of a true
difference if it exists at the population level. However, evidence for greater odds of carrying
the T allele was seen in the regression models tested with almost a twofold greater
likelihood in cases than in controls. The additive model showed approximately equal odds
whether one or both were T alleles. This finding is in agreement with PET studies in normal
volunteers showing T carriers having lower binding activity than CC volunteers and
approximately equal pharmacological striatal DRD2 binding activity if the individual carried
one or both T alleles [Hirvonen et al. 2004].

Variation in the C957T mutation appears to confer greater or lesser mRNA stability and
translation [Duan et al., 2003]. This variation may be most salient in individuals with greater
genetic loading for alcohol dependence. The behavioral importance of this genetic variation
at the population level may be less because multiple environmental influences may have
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greater weight in individuals without a family history of alcohol dependence. Results from
other clinical populations suggest the importance of DRD2 variants. Recently, Volkow et al.
[2006] demonstrated that unaffected members of alcoholic families exhibit higher than
normal D2 receptor availability than do unaffected individuals from control families without
any alcohol dependent relatives. These results are consistent with the present findings in
which the unaffected members of our multiplex alcohol dependent families were more often
carriers of the C allele, the variant that is presumed to be associated with greater D2 receptor
availability.

Lerman et al. [2006] evaluated response to nicotine replacement therapy (NRT), finding that
individuals homozygous for the C957T T allele who presumably have reduced receptor
availability exhibit a better response to NRT. In accordance with results presented by Duan
et al. [2003] which had been confirmed by Hirvonen et al. [2004] and Lerman et al. [2006]
interpreted their findings to indicate that those individuals homozygous for the T allele, and
presumably with decreased mRNA stability and translation, exhibited a better response to
NRT. Recently, Jacobsen et al. [2006] found that nicotine administration worsened verbal
working memory (VBM) and processing efficiency in brain regions supporting VBM in
carriers of the 957T allele.

Although some controversy surrounds the direction of the effects of allelic variation
[Hirvonen et al., 2004, 2005], results of all studies taken together do suggest that allelic
variation confers a functional effect. This effect may be most apparent in those who have
already developed the phenotype of interest as in the case of smokers with known
susceptibility to nicotine dependence. Similarly, multiplex alcohol dependence families may
be most likely to reveal phenotypic/genotypic variation because of the selected nature of
these families that results in greater susceptibility than seen in the general population.

Additionally, the role of genetic variation in the 5′ promoter region of the DRD2 gene was
determined by genotyping members of these multiplex families for the A-241G and -141C
Ins/Del polymorphisms. These genotypes were evaluated using PDT to determine if within-
family association between alcohol dependence status and allele status might be found. A
significant PDT result was not found for either of these mutations in the promoter region of
the gene. Because the A-241G and -141C Ins/Del results were not statistically significant,
case/control genotyping and analyses were not undertaken. The absence of a significant PDT
result for these promoter region polymorphisms may have been the result of far fewer
parents being heterozygous at the A-241G and -141C Ins/Del loci than was the case for the
C957T locus. At any rate, the present results are not in agreement with previous reports that
have used case/control comparisons. A positive result for promoter region variants has been
found in a comparison of 130 Mexican-American alcoholic men and 251 nonalcoholic
controls [Konishi et al., 2004]. Also, Lerman et al. [2006] found that nicotine dependent
individuals homozygous for the -141C Ins/Del showed an improved treatment response to
buproprion. A significant case/control association between heroin dependence and allelic
variation in both -141C Ins/Del and A-241G has been reported in a Chinese sample [Xu et
al., 2004] though the results were not seen in a German sample studied by this group of
investigators.

Finally, it should be noted that the current analyses did not test for linkage of the
controversial TaqI A locus due to the statistically significant LD between TaqI A and
C957T. Previously, we reported an absence of a within-family association of the TaqI A
polymorphism and alcohol dependence, though a significant case/control variation was seen
[Neiswanger et al., 1995]. Of interest is the fact that Neville et al. [2004] have localized the
TaqI A polymorphism to a region approximately 9.5 kb upstream from the DRD2 gene in
the Ankyrin (ANKK1) gene. Two studies found evidence for linkage disequilibrium
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between the TaqI A and the C957T polymorphisms [Duan et al., 2003; Xu et al., 2004] as
was found in the present study. This suggests those previously reported positive associations
between various addictions (e.g., alcohol dependence and nicotine dependence) and the TaqI
A polymorphism may have been the result of variations in the C957T polymorphism which
is known to have functional effects on dopaminergic availability. The present demonstration
of within-family association between variation in this mutation and likelihood of developing
alcohol dependence in multiplex alcohol dependence families suggests opportunities for
pharmacological intervention for alcohol dependence.
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Fig. 1.
The figure depicts a 2.21 cM region of Chromosome 11q23 that includes the human DRD2
receptor gene structure and single nucleotide polymorphism (SNP) sites included in the
present analyses. The total coverage for this study is 131.4 cM. Distances are based on
physical maps obtained from current NCBI databases.
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Fig. 2.
Evaluation of linkage disequilibrium (LD) in the 19 markers considered in the linkage
analysis. These markers are D11S4046 (1), D11S1338 (2), D11S902 (3), D11S904 (4),
D11S905 (5), D11S4191 (6), D11S987 (7), D11S1314 (8), D11S937 (9), D11S4175 (10),
D11S4090 (11), C957T (12), A-241G (13), D11S908 (14), D11S4127 (15), D11S925 (16),
D11S4151 (17), D11S1320 (18), D11S968 (19). D11S905 (5) and A-241G (13) exhibit
strong LD, but they are over 70 cM apart and the LD was not statistically significant (P =
0.27). The intense LD between D11S4090 (11) and A-241G (13) is also not statistically
significant (P = 0.39).
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TABLE I

Proportion of Allele Sharing IBD From SIBPAL Analysis

Markers P(IBD)UU P(IBD)AU P(IBD)AA

D11S4046 0.48 0.50 0.49

D11S1338 0.49 0.52 0.49

D11S902 0.54 0.50 0.52

D11S904 0.54 0.48 0.50

D11S905 0.53 0.53 0.49

D11S4191 0.51 0.52 0.51

D11S987 0.52 0.49 0.52

D11S1314 0.47 0.49 0.51

D11S937 0.55 0.49 0.51

D11S4175 0.51 0.47 0.53

D11S4090 0.50 0.49 0.50

C957T 0.57a 0.49 0.50

A-241G 0.49 0.50 0.50

D11S908 0.52 0.50 0.49

D11S4127 0.53 0.51 0.48

D11S925 0.53 0.49 0.52

D11S4151 0.49 0.54 0.49

D11S1320 0.46 0.52 0.50

D11S968 0.48 0.54 0.46

P(IBD) scores shown in the table are estimates of the average proportion of alleles shared identical by descent by concordantly unaffected sib pairs
(UU), discordant pairs (AU) pairs, and concordantly affected (AA) pairs.

a
Only C957T was significant (P = 0.015) Only Caucasian families were used in these analyses.
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