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Abstract
Ample data suggest alcohol dependence represents a heritable condition, and several research
groups have performed linkage analysis to identify genomic regions influencing this disorder. In
the present study, a genome-wide linkage scan for alcohol dependence was conducted in a
community sample of 565 probands and 1080 first-degree relatives recruited through the UCSF
Family Alcoholism Study. The Semi-Structured Assessment for the Genetics of Alcoholism
(SSAGA) was used to derive DSM-IV alcohol dependence diagnoses. Although no loci achieved
genome-wide significance (i.e., LOD score > 3.0), several linkage peaks of interest (i.e., LOD
score > 1.0) were identified. When the strict DSM-IV alcohol dependence diagnosis requiring the
temporal clustering of symptoms served as the phenotype, linkage peaks were identified on
chromosomes 1p36.31–p36.22, 2q37.3, 8q24.3, and 18p11.21–p11.2. When the temporal
clustering of symptoms was not required, linkage peaks were again identified on chromosomes
1p36.31–p36.22 and 8q24.3 as well as novel loci on chromosomes 1p22.3, 2p24.3–p24.1, 9p24.1–
p23, and 22q12.3–q13.1. Follow-up analyses were conducted by performing linkage analysis for
the 12 alcohol dependence symptoms assessed by the SSAGA across the support intervals for the
observed linkage peaks. These analyses demonstrated that different collections of symptoms often
assessing distinct aspects of alcohol dependence (e.g., uncontrollable drinking and withdrawal vs.
tolerance and drinking despite health problems) contributed to each linkage peak and often yielded
LOD scores exceeding that reported for the alcohol dependence diagnosis. Such findings provide
insight into how specific genomic regions may influence distinct aspects of alcohol dependence.
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1. Introduction
The lifetime prevalence rate of alcohol dependence has been estimated at 12.5% to 13.2%
(American Psychiatric Association, 1994; Hasin et al., 2007). Numerous family, twin, and
adoption studies (e.g., Allgulander et al., 1991; Goodwin et al., 1973; Heath et al., 1997;
Kendler et al., 1997; Reich et al., 1988) have suggested that alcohol dependence represents a
heritable condition, and a growing number of studies have performed linkage analysis to
identify genomic regions associated with the disorder (e.g., Bergen et al., 2003; Gelernter et
al., 2008; Hill et al., 2004; Prescott et al., 2006). Nonetheless, few loci have shown
replicable evidence of association with alcohol use phenotypes across studies (Dick and
Bierut, 2006; Edenberg and Foroud, 2006). Thus, further studies are needed to identify
genomic regions that confer risk for alcohol dependence.

The most widely replicated linkage finding for alcohol dependence has been to a region on
chromosome 4q containing the alcohol dehydrogenase (ADH) gene cluster. This region was
originally implicated in the Collaborative Studies on the Genetics of Alcoholism (COGA)
sample (Reich et al., 1998) and was replicated in two subsequent studies (Ehlers et al., 2004;
Prescott et al., 2006). A second linkage region has been reported on chromosome 4p that
contains a GABAA receptor subunit gene cluster (Long et al., 1998; Porjesz et al., 2002;
Reich et al., 1998). Notably, candidate gene studies of the ADH and GABAA gene clusters
have yielded significant evidence of association to alcohol dependence (Edenberg et al.,
2004; Mulligan et al., 2003) further validating these linkage findings. Finally, linkage to a
region of chromosome 1p has been reported in multiple studies (Hill et al., 2004; Reich et
al., 1998). These results represent important progress in understanding the genetic influences
that contribute to alcohol dependence, but it is important to note the difficulties in
identifying such relations as there have been failures to replicate the evidence for linkage to
each of these regions as noted in several reviews (e.g., Dick and Bierut, 2006; Gelernter and
Kranzler, 2009).

The most commonly used definitions of alcohol dependence are delineated in the Diagnostic
and Statistical Manual of Mental Disorders, 4th edition (American Psychiatric Association,
1994) (DSM-IV) and International Classification of Disease and Related Health Problems,
10th edition (World Health Organization, 1992) (ICD-10), which require endorsement of 3
out of 6 to 7 symptom groups. Importantly, this allows two individuals with non-overlapping
symptoms to meet criteria for alcohol dependence and can result in significant phenotypic
heterogeneity. It is likely that such heterogeneity is responsible in part for the difficulties in
detecting susceptibility loci for alcohol dependence. Notably, Prescott and colleagues (2006)
utilized an approach to linkage with the potential to explain such heterogeneity. Specifically,
they evaluated which alcohol dependence symptoms were contributing to the each of the
linkage signals reported in their sample. For example, they noted that the symptoms of
tolerance, binge drinking, and inability to quit drinking provided the strongest contributions
to an observed linkage peak on chromosome 4.

The current study conducted a genome-wide linkage scan for alcohol dependence in the
UCSF Family Alcoholism Study to support and extend previous findings of genetic linkage.
First, we report the results of a linkage scan for alcohol dependence using DSM-IV
diagnoses requiring a participant exhibit 3 out of 7 alcohol dependence symptom clusters
during the same 12 month period. Second, we report the results of a linkage scan allowing

Gizer et al. Page 2

Drug Alcohol Depend. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for a broader alcohol dependence phenotype in which the same DSM-IV criteria were used
but without requiring that the symptom clusters exhibit temporal clustering or overlap. The
latter definition corresponds more closely to the DSM-III-R criteria (APA, 1987), which
provides a more inclusive definition of alcohol dependence relative to DSM-IV (e.g.,
Schuckit et al., 1994). This approach is justified by previous studies that have used
alternative definitions of alcohol dependence (Reich et al., 1998; Saccone et al., 2000;
Wilhelmsen et al., 2003) to more fully test for susceptibility loci contributing to alcohol
misuse. We then conducted follow-up analyses for identified linkage peaks by conducting
linkage analysis for each of the 12 alcohol dependence symptoms assessed by the Semi-
Structured Assessment for the Genetics of Alcoholism (SSAGA) (Bucholz et al., 1994) to
determine which symptoms were responsible for the linkage signal. Finally, exploratory
linkage analyses were conducted for symptom clusters assessing withdrawal, severe
drinking, and medical/mental health problems.

2. Methods
2.1 Participants

Data for this report were obtained from the UCSF Family Alcoholism Study, a nationwide
study on the genetics of alcoholism and other substance dependence (Seaton et al., 2004;
Vieten et al., 2004). In brief, probands were sampled from the community through semi-
targeted direct mail, a web site, press releases, advertisements and from alumni of treatment
centers across the nation. Probands were invited to participate if they met screening criteria
for alcohol dependence at some point in their lifetime and had at least one sibling or both
parents available to participate in the study. With the permission of the proband, relatives
were invited by mail to participate.

A modified version of the SSAGA (Bucholz et al., 1994), an interview developed by
COGA, was used to make DSM-IV alcohol and other substance misuse and psychiatric
diagnoses. Probands with serious drug addictions (e.g., stimulants, cocaine, or opiates) and
those who reported any history of intravenous substance use were excluded. Probands were
excluded if, upon screening, they reported a current or past diagnosis of schizophrenia,
bipolar disorder, or other psychiatric illness involving psychotic symptoms (those with
depressive and anxiety disorders were accepted); a life-threatening illness; or an inability to
speak and read English.

Two thousand five hundred and twenty-four individuals were enrolled in the UCSF Family
Alcoholism Study of which 1647 were included in the reported linkage analysis. These
participants had a mean age of 49.9 ± 12.8 years, a mean educational level of 14.6 ± 2.9
years, and a mean annual income of $59,663 ± $55,542 (median, $45,000). Racial
distribution was 93% Caucasian, 3% Hispanic American, 2% African-American, and 1%
each Native American and other. No attempt was made to exclude or over sample
minorities. Probands were 62% female. Relatives of probands were 37% alcohol dependent.

An unselected general population sample of 147 individuals with similar demographic
characteristics to the family sample (58% female, 92% Caucasian) was recruited to assess
phenotype base rates. Letters were sent to residents of the same geographical areas as the
family samples, requesting participation in a study on “health behaviors and characteristics”
to avoid a sample biased toward participation in a study on alcoholism. No inclusion/
exclusion criteria were applied. Twenty-four (16%) control participants met criteria for
DSM-IV alcohol dependence, which is similar to the prevalence rate for the disorder
reported in larger epidemiological studies (e.g., Hasin et al., 2007).
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2.2 DNA Collection and Gentoyping
The DNA extraction procedure and genotyping protocol have been previously described
(Wilhelmsen et al., 2003). Briefly, DNA was isolated from whole blood using a commercial
kit (Gentra, Minneapolis, MN), and genotypes for a panel of microsatellite polymorphisms
were generated using fluorescently labeled polymerase chain reaction (PCR) primers (HD5,
version 2.0; Applied Biosystems, Foster City, CA). The HD5 panel set consisted of 811
markers with an average marker-to-marker distance of 4.6 cM (maximum, 14 cM) and an
average heterozygosity of greater than 77%. A small subset of markers was omitted from the
panel because of null alleles, irregular allele spacing or other problems with reproducibility.
None of the omitted markers were adjacent to other omitted markers.

The sizes of marker amplimers were determined (blinded to pedigree structure and subject
characteristics) from electropherograms produced with an ABI 3700 (Applied Biosystems,
Foster City, CA) using the Genotyper software package (ABI). All electropherograms were
visually inspected and exported from Genotyper in base pair sizes relative to the standard
measured to one hundredth of a base pair. Fragment sizes were binned to alleles by using an
automated algorithm developed by one of the authors (KCW) which assumes that the
distribution of allele sizes will have a sine-squared distribution with a fitted periodicity near
two base pairs. The program determines the best periodicity and phase for the modeled
distribution relative to the observed distribution. Fragments that are distributed between
minimums of the modeled distribution are assumed to be the same allele. Allele frequencies
observed in the full sample were used for all analysis. The sex-averaged marker map order
obtained from the manufacturer was used and verified with the family data from the current
sample.

The genotypes for all of the autosomal markers were analyzed using Pedigree Relationship
Statistical Test (PREST) (McPeek and Sun, 2000) to detect sample and pedigree structure
errors. DNA was reisolated from a stored frozen blood specimen and the genotyping
repeated for any individual with a probable error. If re-genotyping failed to resolve the error,
the problematic genotype was subsequently treated as missing. Fifteen families were
identified with pedigree structure errors. Five were resolved following re-genotyping. The
program Pedcheck was used to detect non-Mendelian inheritance (O’Connell and Weeks,
1998). Markers with a high frequency of Mendelian segregation errors were excluded from
analysis, and for isolated Mendelian errors, the genotypes for the entire family were
excluded for the specific marker that yielded the error. Pedcheck identified 3104 Mendelian
errors resulting in 7714 lost genotypes and the exclusion of one marker. To further reduce
errors, the probability that each genotype was correct was assessed using the error-checking
algorithm implemented in MERLIN, and as suggested by the authors, genotypes that had a
probability of less than 0.025 of being correct were removed from further consideration.
(Abecasis et al., 2002). A total of 1867 problematic genotypes were identified and removed
by MERLIN. Following these quality control procedures, a total of 1,269,708 genotypes
were accepted with a success rate of 99.6%.

2.3 Analysis
Both genotype and phenotype data were available for 1647 individuals, and phenotype but
not genotype data was available for an additional 875 individuals. Seven hundred and
thirteen families were considered genetically informative for linkage analysis. Families that
contained sibling, half-sibling, avuncular or cousin pairs were included as being potentially
genetically informative. When considering all participants, these families ranged in size
from 3 to 20 subjects (average 2.90±2.44). The data includes: 1085 sibling, 40 half sibling,
17 grandparent-grandchild, 238 avuncular, and 32 cousin genetically-informative relative
pairs. An additional 177 families contained only a single individual with phenotype data.
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These individuals were included within some analyses to the extent that they contribute
information about trait means and variance and the impact of covariates.

Initial analyses were conducted using SOLAR (Almasy and Blangero, 1998) to test the
alcohol dependence diagnosis with and without the temporal clustering of symptoms for
evidence of familial resemblance that would be consistent with genetic transmission. Similar
analyses were conducted for the 12 alcohol dependence symptoms assessed by the SSAGA
(see Table 1 for list of symptoms). SOLAR estimates an h2 parameter by partitioning the
trait relative pair covariance into additive genetic and environmental contributions while
correcting for any covariates included in the model. Participant’s age at the time of
evaluation and sex were evaluated as potential covariates and retained if they accounted for
at least 5% of the total variance. The probability that h2 was greater than zero was
determined using a Student’s t-test for each scale. This test of significance was used to
evaluate the potential genetic transmission of the alcohol dependence phenotypes and
constituent symptoms. Corrections for multiple testing were not made given the correlated
nature of the alcohol dependence symptoms.

The variance components method implemented in SOLAR was then used to calculate
multipoint LOD scores across the genome at 1 cM intervals for alcohol dependence
diagnoses with and without the clustering criterion. Linkage peaks exceeding a LOD score
of 2.2 were reported as yielding suggestive evidence for linkage as described by Lander and
Kruglyak (1995). In addition, linkage peaks exceeding a LOD score of 1.0 were reported as
regions of interest. While these latter peaks represent weaker evidence for linkage, reporting
such findings may aid future studies and meta-analytic reviews. To ensure that identified
linkage peaks were not the result of a small subset of pedigrees, homogeneity tests were
performed using the HLOD (Goring, 2002) function available in SOLAR. Specifically, this
test contrasts a null model in which families belong to a single distribution exhibiting
genetic linkage to the tested locus against an alternative model in which families belong to
one of two distributions only one of which shows evidence of genetic linkage to the tested
locus.

Follow-up analyses were then conducted for 8 identified linkage peaks by conducting
linkage analysis for each of the 12 alcohol dependence symptoms assessed by the SSAGA
across the support intervals for the identified peaks with each symptom at each peak
representing a unique statistical test. Support intervals were defined as the region
surrounding a linkage peak yielding a LOD score that was greater than the maximum LOD –
1 in each direction. As a final step, exploratory linkage analyses were conducted for the
presence of one or more withdrawal symptoms (“experienced uncontrollable shaking due to
drinking” or “experienced withdrawal symptoms”), one or more symptoms of severe
drinking (“unable to reduce drinking,” “wanted to quit drinking 3 or more times,” “little
time for non-drinking related activities,” or “drinking interfered with work or social
responsibilities”), and one or more symptoms related to medical or mental health problems
(“continued drinking despite psychological problems” or “Continued drinking despite
physical health problem”). These symptom grouping were used previously to identify
genetic loci that confer risk to alcohol dependence in a Native American population (Ehlers
et al., 2004). The follow-up and exploratory analyses were considered exploratory and
descriptive in nature, LOD scores were only provided as a measure of magnitude and were
not used to determine significance. Because the current sample was selected for alcohol
dependence, it should be noted that prevalence rates for the alcohol dependence diagnoses
and respective symptoms in the unselected control sample were estimated and included in
the tested models to correct for ascertainment bias when calculating h2 and linkage.
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3. Results
The h2 estimate for the alcohol dependence diagnosis was significant whether or not the
temporal clustering of symptoms was required (h2 = .278 ± .068, p<.001 and h2 = .173 ± .
058, p=.007, respectively). In addition, the h2 estimates for 11 of the 12 alcohol dependence
symptoms were also significant (p<.05). The 12th symptom (Continued drinking despite
psychological problems) did not reach significance (p = .18). Despite the nonsignificant
result, this final symptom was included in the follow-up linkage analyses to provide a
complete examination of the symptom-level linkage data in relation to the observed linkage
peaks for alcohol dependence (see Table 1 for complete results).

Alcohol Dependence with Temporal Clustering of Symptoms
Linkage analysis of the alcohol dependence diagnosis requiring the temporal clustering of
symptoms failed to yield any peaks that achieved genome-wide significance, but four peaks
of interest were identified (see Table 2 and Figure 1). The first peak was located on
chromosome 1 at approximately 11 cM (LOD = 1.41) with a support interval that extended
from the p terminus of the chromosome to 39 cM. The second peak was located on
chromosome 2 at 287 cM (LOD = 1.15) with a support interval that extended from 248 cM
to the q terminus. The third peak was located on chromosome 8 at 163 cM (LOD = 1.47)
with a support interval that extended from 158 cM to the q terminus at 175 cM. The fourth
peak was located on chromosome 18 at approximately 48 cM (LOD = 1.27) with a support
interval that extended from 26 – 60 cM. Notably, there was no evidence of heterogeneity in
LOD scores between families as each pedigree had an estimated alpha, which can be
interpreted as the probability of linkage for a given family, that was >0.99 for each peak as
estimated by HLOD (Goring, 2002).

Linkage analysis of the 12 alcohol dependence symptoms assessed by the SSAGA was then
conducted for the support intervals of the 4 linkage peaks. Both the chromosomes 1 and 2
peaks showed evidence of linkage to a broad range of symptoms from 4 of the 7 DSM-IV
symptom clusters. In contrast, the chromosomes 8 and 18 peaks showed evidence of linkage
to a much narrower range of symptoms with only 2 DSM-IV symptom clusters represented
for each peak. The linked symptoms and the associated LOD scores for each peak are shown
in Table 3.

Alcohol Dependence without Temporal Clustering of Symptoms
Linkage analysis of the alcohol dependence diagnosis when the temporal clustering of
symptoms was not required also failed to yield any peaks that achieved genome-wide
significance, but six peaks did exceed a LOD score of 1.0 (see Table 2 and Figure 1). The
first peak overlapped with that described for the alcohol dependence diagnosis when the
temporal clustering criterion was used (chromosome 1 at 12 cM, LOD = 1.24). The second
peak was also located on chromosome 1 though closer to the centromere at 114 cM (LOD =
1.19) with a support interval that extended from 103 – 127 cM. The third peak was found on
chromosome 2 at approximately 32 cM (LOD = 2.42) with a support interval that extended
from 17 – 36 cM. The fourth peak overlapped with the peak on chromosome 8 described for
the alcohol dependence diagnosis when the temporal clustering criterion was used (LOD =
1.11). The fifth peak was located on chromosome 9 at 18 cM (LOD = 1.70) with a support
interval that extended from 6 – 27 cM, and the sixth peak was located on chromosome 22 at
approximately 36 cM (LOD = 1.78) with a support interval that extended from 29 – 47 cM.
Notably, there was no evidence of locus heterogeneity as each pedigree had an estimated
alpha of >0.99 for each peak as estimated by HLOD (Goring, 2002).
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Follow-up linkage analyses of the 12 alcohol dependence symptoms assessed by the
SSAGA were then conducted for the reported linkage peaks. For the chromosome 1 peak at
114 cM, a broad range of symptoms assessing 4 of the 7 DSM-IV symptom clusters yielded
evidence of linkage within the support interval. Both the chromosome 2 peak at 32 cM and
the chromosome 22 peak showed evidence of linkage with symptoms that fell into 3 of the 7
symptom clusters. Finally, the chromosome 9 region yielded evidence for linkage with a
narrower range of symptoms with only 2 of the 7 DSM-IV symptom clusters represented.
The symptom-specific LOD scores are shown in Table 3.

To investigate potential explanations for the limited overlap in linkage findings when the
temporal clustering of symptoms was and was not required for the alcohol dependence
diagnosis, we conducted a post hoc analysis comparing the average age-of-onset of those
symptoms associated with linkage peaks for the alcohol dependence diagnosis when the
temporal clustering of symptoms was and was not required. Regions that showed linkage to
both phenotypes (i.e., chromosome 1 at 12 cM and chromosome 8 at 163 cM) were
attributed to the phenotype that showed the higher LOD score. A nonparametric, rank-order
Mann-Whitney U test suggested that symptoms linked to peaks for the alcohol diagnosis
when the temporal clustering of symptoms was required showed a later age-of-onset than
symptoms linked to peaks when the temporal clustering of symptoms was not required (U =
48.50, p = .038).

3.1 Exploratory Analysis of Alcohol Dependence Symptoms
The full results of the exploratory linkage analysis of withdrawal, severe drinking, and
medical/mental health symptoms are presented in Table 4. The strongest result was observed
for symptoms of severe drinking on chromosome 1 at 20 cM (LOD = 3.08). LOD scores
greater than 2.0 were also observed for severe drinking symptoms on chromosome 2 at 41
cM (LOD = 2.12) and chromosome 19 at 33 cM (LOD = 2.62) and for withdrawal
symptoms on chromosome 9 at 161 cM (LOD = 2.06).

4. Discussion
The primary aim of the current study was to conduct a genome-wide linkage scan of alcohol
dependence in the UCSF Family Alcoholism Study to support and extend the findings of
previous linkage studies. When alcohol diagnoses were derived from the SSAGA using the
full DSM-IV criteria including the requirement that presentation of symptoms overlap or
cluster temporally, the strongest linkage peak was identified at chromosome 8q24.3. Though
somewhat distant from the present peak, a region of chromosome 8 (60 cM centromeric) has
been implicated in alcohol dependence in two previous studies (Bergen et al., 2003; Corbett
et al., 2005). A novel locus was identified at chromosome 1p36.31–p36.22. Although no
previous linkage studies of alcohol dependence have identified this region as a susceptibility
locus, previous studies have linked this region to depression (McGuffin et al., 2005; Nash et
al., 2004) and conduct disorder (Dick et al., 2004), which are highly co-morbid with alcohol
dependence (Hasin et al., 2007). A third locus was identified at chromosome 18p11.21–
p11.2, and notably, multiple studies from four independent samples have linked this region
to alcohol dependence-related phenotypes (Hill et al., 2004; Kuo et al., 2006; Prescott et al.,
2006; Schuckit et al., 2001; Schuckit et al., 2005; Wilhelmsen et al., 2005).

In a second linkage analysis, alcohol diagnoses were derived from the SSAGA using the
DSM-IV criteria with the exception of the criterion requiring the temporal overlap or
clustering of symptoms to provide a broader alcohol misuse phenotype as suggested by
previous studies (Reich et al., 1998; Saccone et al., 2000; Wilhelmsen et al., 2003). Four
additional linkage peaks were identified in this analysis. The strongest peak was identified at
chromosome 2p24.3-p24.1. This region has been implicated in alcohol misuse phenotypes in
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a previous study (Wilhelmsen et al., 2005), and two additional studies identified a region
approximately 60 cM centromeric of the current locus (Foroud et al., 2000; Reich et al.,
1998). Further, previous linkage studies have suggested this region is involved in aspects of
antisocial behavior (Ehlers et al., 2008; Kendler et al., 2006) and reward dependence
(Cloninger et al., 1998), which are thought to influence drinking behavior. The three
additional loci identified in the present study, 1p22.3 (Corbett et al., 2005; Foroud et al.,
2000; Guerrini et al., 2005; Hill et al., 2004; Kuo et al., 2006; Reich et al., 1998), 9p24.1-
p23 (Gelernter et al., 2008; Long et al., 1998; Prescott et al., 2006) and 22q12.3-13.1
(Bergen et al., 2003; Foroud et al., 2000; Prescott et al., 2006), have all been previously
identified in linkage studies of alcohol misuse phenotypes. Thus, the findings reported in the
present study provide further evidence supporting several genomic regions as harboring
susceptibility loci for alcohol dependence.

The limited overlap in linkage findings when the temporal clustering of symptoms was and
was not required for the alcohol dependence diagnosis was somewhat unexpected, and
merits further investigation. In a previous study, we estimated the average age-of-onset of
the 36 ‘alcohol related life events’ assessed by the SSAGA, including the 12 alcohol
dependence symptoms described in the present study, in the UCSF Family Study (Ehlers et
al., 2010). Applying those data to the present study, we observed that linkage evidence for
the alcohol dependence diagnosis when the temporal clustering of symptoms was required
was driven by symptoms with a later age-of-onset that were more characteristic of the long-
term consequences of persistent drinking, whereas linkage evidence for the alcohol
dependence diagnosis when the temporal clustering of symptoms was not required was
driven by symptoms with an earlier age-of-onset that were more characteristic of the short-
term consequences of drinking. This provides a demonstration of how differences in
ascertainment or phenotyping strategies can result in biases toward specific genetic
liabilities involved in alcohol misuse and away from others.

Linkage analysis of the 12 alcohol dependence symptoms also provided insights into the
relations between specific genomic regions and the alcohol dependence diagnosis. For
example, the linkage evidence for the chromosome 1 locus at 11 cM was driven by a broad
range of symptoms including spending significant time drinking, an inability to reduce
drinking, experiencing withdrawal symptoms, and reduced social and occupational
functioning due to drinking. In contrast, the linkage evidence for the chromosome 8 locus
was driven by a much narrower range of symptoms including an inability to reduce drinking
and experiencing withdrawal symptoms. Further, several of the individual symptoms
showed higher LOD scores at a given locus than the alcohol dependence diagnosis itself
(max LOD score for either alcohol dependence diagnosis = 2.42 vs. max LOD score among
alcohol dependence symptoms = 4.22).

Similar results were obtained for the exploratory analysis of withdrawal, severe drinking,
and medical/mental health symptoms. For example, both the withdrawal and severe drinking
symptoms showed evidence of linkage to chromosome 1p, and the linkage evidence for the
severe drinking symptoms was stronger than that observed for the alcohol dependence
diagnosis (LOD = 3.08 vs. 1.41). Additionally, the exploratory analyses also yielded novel
evidence for linkage not detected for alcohol dependence such as the evidence of linkage to
chromosome 19 for the severe drinking symptoms and chromosome 9 for the withdrawal
symptoms.

The results of these follow-up and exploratory analyses are not surprising given that alcohol
dependence is hypothesized to represent a multi-faceted disorder that is likely due to the
convergence of partially distinct biological mechanisms (e.g., sensitivity to alcohol and
personality characteristics related to addiction), which may be measured to differing degrees
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by each of the DSM-IV alcohol dependence symptoms (Schuckit, 1994). While it is
important to emphasize that these analyses were conducted in an exploratory manner thus
requiring replication before substantive conclusions can be made, these findings provide an
important illustration of how a subset of symptoms may show increased evidence for linkage
relative to the overarching diagnostic category. As a result, it is an important empirical
question to ask which collection of symptoms within a diagnosis is responsible for the
observed genetic linkage or association. This approach to linkage analysis of alcohol
dependence was previously utilized by Prescott et al. (2006), and together with the findings
reported herein, provide important insights for future studies seeking to further our
understanding of the genetic influences underlying alcohol dependence.

The findings reported in the present study have important implications for molecular genetic
studies of alcohol dependence, but there are limitations that should be noted. First, the
present study was designed to detect loci with moderate effects, and a power analysis
suggested reasonable power (0.50–0.60) to detect (logarithm of odds score ≥ 1) a locus that
accounts for 20% of the phenotypic variation in the sample. Thus, it is likely that additional
genetic loci that exhibited only a small effect on alcohol dependence in the UCSF sample
were missed, and it may also explain the lack of support in the present study for loci
previously linked to alcohol dependence such as chromosome 4q (Ehlers et al., 2004;
Prescott et al., 2006; Reich et al., 1998). Second, multiple statistical tests were conducted in
the present study given that we evaluated evidence for linkage using each of the 12 alcohol
dependence symptoms assessed by the SSAGA. Corrections were not made to the reported
LOD scores to account for multiple testing, but we attempted to control for this in two ways.
First, we conducted follow-up analyses of the 12 symptoms only in those regions identified
by the initial genome scans of the alcohol dependence diagnoses and limited the exploratory
analyses to 3 symptoms clusters. Second, we interpreted the results of these analyses in a
descriptive manner rather than using them to determine statistical significance. It is
important to note that while this approach significantly reduced the number of statistical
tests conducted, we likely missed some potentially interesting linkage findings between
individual symptoms and genomic regions that fall outside of the initial linkage peaks.

In conclusion, the current study adds to the literature by supporting evidence of genetic
linkage to alcohol dependence for several chromosomal regions. This study also provides
evidence suggesting that different chromosomal regions may be associated with alcohol
dependence when using the full DSM-IV criteria versus a broader definition of the
diagnosis. Finally, the present study provides insight into how distinct genomic regions may
underlie different alcohol dependence symptoms and how such data might be used to inform
future molecular genetic studies of alcohol dependence.
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Figure 1.
Multipoint linkage analysis for Alcohol Dependence with and without the clustering
criterion for the entire genome. Chromosome numbers are represented on the x-axis, and
LOD scores are represented on the y-axis. Results for each chromosome are aligned end to
end with the p terminus on the left. Vertical lines indicate the boundaries between
chromosomes.
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Table 4

Results from Linkage Analysis of Withdrawal, Severe Drinking, and Medical/Mental Health Symptoms
yielding LOD Scores >1.

Symptom Group Chromosomal Region Position (cM) Nearest Marker LOD Score

Drank despite health problem 12p13.31 14 D12S99 1.10

Exhibited severe drinking symptoms 1p36.22 20 D1S2667 3.08

2p23.2 41 D2S165 2.12

2q37.1 247 D2S206 1.14

3q21.3 137 D3S3606 1.50

8q24.3 171 D8S1836 1.37

9q34.3 178 D9S1838 1.06

10p15.3 3 D10S1745 1.59

12q24.33 160 D12S1659/D12S367 1.77

19p13.2 33 D19S865 2.62

20p12.1 38 D20S112 1.44

22q12.3 36 D22S283 1.11

Exhibited withdrawal symptoms 1p36.12-11 47 D1S2864/D1S234 1.07

6p22.3 35 D6S1660/D6S276 1.40

Abbreviations: cM - centimorgans.
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