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ABSTRACT

Longitudinal analyses allow us to understand how genetic risk unfolds across development, in a way that is not possible
with cross-sectional analyses of individuals at different ages. This has received little attention in genetic association
analyses. In this study, we test for genetic effects of GABRA2, a gene previously associated with alcohol dependence, on
trajectories of drunkenness from age 14 to 25. We use data from 1070 individuals who participated in the prospective
sample of the Collaborative Study on the Genetics of Alcoholism, in order to better understand the unfolding of genetic
risk across development. Piecewise linear growth models were fit to model the influence of genotype on rate of increase
in drunkenness from early adolescence to young adulthood (14–18 years), the change in drunkenness during the
transition to adulthood (18–19 years) and the rate of change in drunkenness across young adulthood (� 19 years).
Variation in GABRA2 was associated with an increase in drunkenness that occurred at the transition between adoles-
cence and adulthood. The genotypic effect was more pronounced in females. These analyses illustrate the importance
of longitudinal data to characterize how genetic effects unfold across development. The findings suggest that transi-
tions across important developmental periods may alter the relative importance of genetic effects on patterns of alcohol
use. The findings also suggest the importance of considering gender when evaluating genetic effects on drinking
patterns in males and females.
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INTRODUCTION

Most large-scale genetic association studies have tested
for genetic effects on lifetime clinical diagnoses of sub-
stance use and psychiatric disorders. For example, there
are large-scale efforts underway to identify genes involved
in alcohol dependence (Bierut et al. 2010; Edenberg
et al. 2010), schizophrenia (Schizophrenia Psychiatric
Genome-Wide Association Study Consortium 2011; Lee
et al. 2012), major depression (Major Depressive Disorder
Working Group of the Psychiatric GWAS Consortium
2012; Wray et al. 2012), bipolar disorder (Chen et al.
2011), autism (Chahrour et al. 2012; Sanders et al.
2012) and attention-deficit hyperactivity disorder (Elia

et al. 2012; Stergiakouli et al. 2012; Williams et al.
2012). There has also been interest in expanding gene
identification efforts to include phenotypes additional to
clinical diagnoses. This has involved studying behavioral
components related to psychiatric and substance use dis-
orders (e.g. drinking patterns) (Dick et al. 2006c); sub-
types that may have more homogeneous etiologies (e.g.
early onset alcohol dependence) (Edenberg et al. 2007);
and broader phenotypes that may jointly reflect a shared
etiology (e.g. by studying general externalizing or inter-
nalizing disorders) (Hettema et al. 2006; Dick et al.
2008). The study of endophenotypes, or intermediary
phenotypes thought to be closer to the underlying genetic
architecture than clinical diagnoses, has also received
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great attention (Almasy & Blangero 2001; Gottesman
& Gould 2003; Cannon & Keller 2006; Dick et al. 2006b).
However, one area that has remained relatively neglected
is the evaluation of longitudinal phenotypes, that is,
patterns of change in behavior and physiology over
specified time periods. Here, we report analyses that use
longitudinal measures of alcohol-related outcomes to
characterize how genetic risk unfolds across developmen-
tal stages.

We focus on GABRA2, because polymorphisms in
GABRA2 have been associated with adult alcohol
dependence across multiple independent studies (Covault
et al. 2004; Edenberg et al. 2004; Fehr et al. 2006; Enoch
2008; Soyka et al. 2008). However, the two reports that
have tested for association with alcohol dependence in
younger samples have not found evidence for this asso-
ciation (Dick et al. 2006a; Sakai et al. 2010). These find-
ings are consistent with twin data in which there is
significant heritability for alcohol dependence in adult-
hood (in the range of 50–60%) (Dick et al. 2009); but
little evidence of genetic influence on alcohol dependence
symptoms in early adolescence (< age 15) (Rose et al.
2004; Knopik et al. 2009). A major limitation of the lit-
erature on GABRA2 is that no studies of which we are
aware of have used longitudinal data to explicitly test the
unfolding of risk associated with GABRA2 across devel-
opment. In the current analyses, we used longitudinal
data from individuals with up to three assessments
between the ages of 14 and 25 in order to examine the
effects of GABRA2 on trajectories of drunkenness from
adolescence to young adulthood. We used drunkenness
as an index of risky drinking behavior, as we hypoth-
esized that genetic effects may be evident for drinking
patterns/subclinical indices of drinking problems earlier
in the developmental history than for diagnostic level
alcohol dependence problems. Accordingly, understand-
ing how genetic influences impact changes in drunken-
ness across adolescence and into young adulthood may
help us understand the unfolding of risk across this criti-
cal transitional period.

METHODS

Sample

The data presented here are from the Phase IV Prospec-
tive Study of the subjects in the Collaborative Study of the
Genetics of Alcoholism (COGA) sample. COGA is a large
family study with the goal of identifying genes affecting
alcohol dependence and related phenotypes; the Prospec-
tive Study is focused on understanding how genetic risk
unfolds across adolescence into young adulthood. COGA
families were identified through probands in inpatient or
outpatient alcohol treatment programs at six sites across

the United States. The institutional review boards of all
participating centers approved the study and written
consents were obtained from all study participants. Addi-
tional ‘community comparison’ families were obtained
through a variety of sources such as driver’s license reg-
istries and dental clinics; alcohol dependence and other
psychiatric disorders were not exclusionary criteria for
the comparison families. More details about the basic
COGA study have been published previously (Begleiter
et al. 1995; Foroud et al. 2000).

Recruitment for the Prospective Study began in
December 2004 among adolescents (age between 12
and 17 years) and young adults (age between 18 and 21
years) who were part of a current COGA family. Recruited
participants had at least one parent who was interviewed
in one of the previous phases of COGA. Individuals were
interviewed using the Semi-Structured Assessment for
the Genetics of Alcoholism (SSAGA-IV), for adults 18
years or older, and using its adolescent version (C-
SSAGA-IV) for subjects under 18 years (Reich et al.
1982). Here, we focus on responses to the item ‘How
often did you get drunk during the last 12 months?’
Responses are grouped into 13 categories, from ‘never’
to ‘every day’, and the responses were converted into
numeric values by taking the midpoint of each response
category. For example, the category ‘everyday’ corre-
sponds to 365/year, and the category ‘2 days per week
(100–149 days)’ corresponds to 124.5/year in the
converted variable.

After the initial assessment, the participants are fol-
lowed up at approximately biennial intervals. To avoid
potential effects associated with population stratification,
we limited our analyses here to the European American
subset of the sample. Individuals who answered ‘No’ to
the screening question about lifetime drinking at all
assessments were excluded from the analysis, as were
individuals who had missing information on drunken-
ness at all assessments. We used data from ages 14 to
25 due to sparseness of data at earlier/later timepoints.
This yielded a final N of 1070 individuals (49% male).
Because data collection remains ongoing, 545 individu-
als had three assessments (51%) at the time analyses
were conducted, 378 had two assessments (35%) and
147 had one assessment. Individuals contribute to the
mean and trajectory parameters that encompass the age
period for which their data are available; this allows all
individuals to contribute to the analyses.

Genotyping

We tested six SNPs in GABRA2 (major and minor alleles,
respectively, shown in parentheses, along with minor
allele frequencies): rs497068 (T-C; 0.42), rs279871
(A-G; 0.43), rs279867 (T-G; 0.43), rs279858 (A-G;
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0.43), rs279845 (T-A; 0.45), and rs279836 (T-A; 0.43).
These SNPs were selected for being among the most sig-
nificantly associated with alcohol dependence in previous
COGA analyses (Edenberg et al. 2004). The SNPs are
highly correlated with each other, with r2 values ranging
from 0.82 to 0.99, mean = 0.89; accordingly, we expect
consistency of results across SNPs. Genotyping was per-
formed at the Genome Technology Access Center at
Washington University School of Medicine in St. Louis
(http://gtac.wustl.edu/) using an Illumina GoldenGate
custom array as part of a larger set of 384 SNPs. All six
SNPs had a genotyping rate greater than 98% and were
in Hardy-Weinberg equilibrium. Because of the relatively
few number of SNPs genotyped, we used both PLINK and
PREST to examine IBD relationship.

Statistical model

We fit a piecewise linear growth model to evaluate differ-
ent growth trajectories for the adolescent (� 18 years)
and adult (� 19 years) periods by estimating different
intercepts and slopes for each period. The transition from
adolescence to adulthood is a period of considerable theo-
retical interest with important developmental changes
associated with the attainment of adult status. Therefore,
we modeled the transition from adolescence to adulthood
as the discrepancy between the expected values at 19
based on the growth trajectories of adolescence (data
from 14 to 18 years) and young adulthood (data from 19
to 25 years). As seen in Fig. 1, the mean trajectory of

drunkenness shows a steadily increasing trend up to
age 18, a substantial increase in the average response
between 18 and 19 (referred to here as the ‘jump’), and a
leveling off in drunkenness that occurs after that period.
Differences in each of these parameters [slope of drunk-
enness across adolescence, transition point (‘jump’), and
slope of drunkenness across young adulthood] were
tested by genotype. The model was fit in the framework of
hierarchical linear modeling (Byrk & Raudenbush 1992)
given varying numbers and times of assessments across
individuals. Unlike conventional growth curve models
using a structural equation modeling approach, hierar-
chical linear modeling does not have equality assump-
tions on the numbers and times of follow-up assessments
of individuals (Mehta & West 2000). Model fitting and
parameter estimation were conducted using the mixed
procedure, Version 9.3 of SAS software (SAS Institute
Inc., Cary, NC, USA).

Genotype was coded as a categorical covariate with
minor allele count 1 as the reference category. This is a
model-free approach that does not assume a linear, reces-
sive or dominant effect of genotype, and was chosen
because different genetic models have been indicated
across different samples (Dick et al. 2006a).

A P-value of 0.025 was used to indicate study-wide
significance. This is based on a multiple testing correction
performed using the web-based software SNPSpD (Nyholt
2004), which takes into account the number of SNPs
genotyped and linkage disequilibrium (LD) structure
between them. Based on this test, the effective number
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Figure 1 Means and standard deviations of drunkenness (days per year)

Age 14 15 16 17 18 19 20 21 22 23 24 25
Na 84 141 171 224 283 246 302 291 228 168 111 82
Mean 0.63 6.55 8.21 18.33 18.91 32.49 33.36 29.59 27.99 27.29 27.22 19.05
SD 2.44 21.27 24.56 38.45 40.63 55.64 56.54 48.50 45.63 47.23 51.83 34.03

aNumber of subjects contributing data at each age; due to the longitudinal nature of the study design, these are not independent
observations.
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of independent marker loci for our analyses was 2.0,
resulting in the adjusted significance level of 0.05/
2.0 = 0.025.

RESULTS

Table 1 shows the P-values for each of the six SNPs for
the different growth trajectories. After correcting for mul-
tiple testing, the only consistently significant difference
across the six SNPs is the difference in the jump between
minor allele count 0 and 1, with all SNPs yielding
P < 0.005. None of the differences between minor allele
count 1 and 2 were significant.

In order to test whether the jump in drunkenness was
specific to the transition between ages 18 and 19, we also
tested whether the genotypic effect was significant if the
transition point was moved forward or backward 1 year in
time. This allowed us to define the window across which
the observed genotypic effect was evident. The effect was
found to be specific to age 18–19; the genotypic effect
associated with the homozygous major allele was not sig-
nificant at age 17–18 (P = 0.14) or age 19–20 (P = 0.61).

The pattern of results was similar across all SNPs. We
present in Fig. 2 results for rs279858 since it has been
one of the most widely studied and replicated SNPs in
GABRA2 (Covault et al. 2004; Edenberg et al. 2004;
Lappalainen et al. 2005; Lind et al. 2008; Bierut et al.
2010). Figure 2 shows the estimated growth trajectories
for each of the different genotypes. As illustrated in the
figure, the trajectory of the A-A genotype (the major
allele homozygote) is characterized by a significantly
greater jump in drunkenness between 18 to 19 years of
age. None of the slope differences for rs279858 were sig-
nificant after correction for multiple testing.

Post hoc analyses were run to test for potential sex
effects by fitting the models to the data for females and
males separately (Tables 2 and 3). Although similar
trends are observed for both females and males, the
effect of genotype on the jump in drunkenness observed
between adolescence and adulthood was significant only
in females. Only those females who were homozygous for
the major allele showed a large jump in drunkenness
from 18 to 19 years (Fig. 3a). Males who were homozy-
gous for the major allele also showed the highest levels of

Table 1 P-values of the tests of genotype effects for GABRA2 SNPs.

Parameters Comparisons rs497068 rs279871 rs279867 rs279858 rs279845 rs279836

Slope before 19 Minor allele count 0 versus 1 0.42 0.33 0.33 0.32 0.19 0.22
Minor allele count 2 versus 1 0.33 0.30 0.30 0.30 0.70 0.33

Jump Minor allele count 0 versus 1 0.0032* 0.0017* 0.0017* 0.0017* 0.0012* 0.0002*
Minor allele count 2 versus 1 0.75 0.36 0.36 0.36 0.65 0.23

Slope after 19 Minor allele count 0 versus 1 0.13 0.11 0.12 0.14 0.28 0.07
Minor allele count 2 versus 1 0.78 0.79 0.80 0.83 0.95 0.74

*P-values significant after correction for multiple testing (Nyholt 2004).
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drunkenness (Table 3; Fig. 3b), but it was only significant
with one SNP. Males overall showed higher levels of
drunkenness, contributing to the lack of significant dif-
ferences by genotype.

DISCUSSION

This study assesses the longitudinal, developmental
trajectory of risk associated with a specific genotype in a
large prospective cohort of adolescents with drinking
patterns characterized from adolescence to young
adulthood. Understanding risk across this period is a

particularly critical area of study in the alcohol field, as
there has been a discrepancy between genetic findings for
alcohol related outcomes in adolescent and adult samples
(Dick et al. 2006a; Sakai et al. 2010). With longitudinal
data, we demonstrate that genotype effects are associated
with the transition to adulthood: genetic differences
emerge as a jump in drunkenness between age 18 and
19. This is obviously a rich developmental phase that is
associated with a number of milestones, such as leaving
home, entering college and building new social net-
works (White et al. 2001; Borsari, Murphy & Barnett
2007). These milestones reflect enhanced independence

Table 2 P-values of the tests of genotype effects for GABRA2 SNPs in females.

Parameters Comparisons rs497068 rs279871 rs279867 rs279858 rs279845 rs279836

Slope before 19 Minor allele count 0 versus 1 0.34 0.25 0.25 0.24 0.44 0.35
Minor allele count 2 versus 1 0.13 0.22 0.22 0.22 0.91 0.35

Jump Minor allele count 0 versus 1 0.0044* 0.0028* 0.0026* 0.0027* 0.0040* 0.0022*
Minor allele count 2 versus 1 0.49 0.43 0.42 0.42 0.81 0.32

Slope after 19 Minor allele count 0 versus 1 0.13 0.10 0.10 0.10 0.12 0.10
Minor allele count 2 versus 1 0.95 0.61 0.62 0.61 0.48 0.51

*P-values significant after correction for multiple testing (Nyholt 2004).

Table 3 P-values of the tests of genotype effects for GABRA2 SNPs in males.

Parameters Comparisons rs497068 rs279871 rs279867 rs279858 rs279845 rs279836

Slope before 19 Minor allele count 0 versus 1 0.31 0.27 0.27 0.27 0.06 0.12
Minor allele count 2 versus 1 0.93 0.73 0.71 0.73 0.45 0.62

Jump Minor allele count 0 versus 1 0.16 0.06 0.06 0.07 0.04 0.0124*
Minor allele count 2 versus 1 0.66 0.66 0.64 0.68 0.78 0.53

Slope after 19 Minor allele count 0 versus 1 0.93 0.54 0.51 0.65 1.00 0.36
Minor allele count 2 versus 1 0.57 0.85 0.97 0.77 0.47 0.85

*P-values significant after correction for multiple testing (Nyholt 2004).
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Figure 3a Observed mean trajectories of
drunkenness by genotype (rs279858) for
females
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associated with the attainment of adult status. Twin data
have indicated that environments that exert less social
control and/or provide greater opportunity to engage in
alcohol use allow for greater expression of genetic predis-
positions (Dick & Kendler 2012). This has been shown,
for example, with respect to low parental monitoring
(Dick et al. 2006d), higher peer deviance (Dick et al.
2007; Harden et al. 2008; Button et al. 2009) and com-
munities with higher alcohol sales and less stability (Dick
et al. 2001), all of which are associated with greater
genetic variance. Here, we demonstrate that the effect of
a specific gene on high risk alcohol use becomes evident
during the transition to adulthood. Although we did not
directly measure environmental characteristics in this
study, this transition is generally associated with the
attainment of greater autonomy and fits in the broader
theoretical mechanism suggested by the gene environ-
ment interaction literature (Shanahan & Hofer 2005;
Dick & Kendler 2012).

Secondary analyses reveal that the findings are more
significant in females. All males, irrespective of genotype,
showed a greater increase in drunkenness associated
with the transition to adulthood. A number of previous
studies have documented higher rates of risky drinking
behaviors in males as compared to females at this
age (White, Kraus & Swartzwelder 2006; White &
Swartzwelder 2009), and our data support this. It is pos-
sible that this leads to a heightened culture of accepted
drunken behavior in males, and that under these envi-
ronmental pressures, genotypic effects are attenuated.
None of the twin studies, reviewed above, showing that
genetic effects are more evident in environments with less
social control, have tested for sex differences. Our study
illustrates the complexity of understanding how genetic
predispositions interact with contextual influences and

suggests that examining environmental circumstances
and pressures that may differ for males and females at the
transition to adulthood is an important area to pursue.

Our findings also complement other studies that have
tested for genetic effects across adolescents/young adults
of different ages. In at least two independent studies
examining other genes thought to be involved in alcohol
related outcomes, genetic effects that were present at later
ages were not evident earlier in adolescence. Using data
from the Add Health study on individuals ages 13–26,
genetic effects associated with five monoamine genes and
patterns of alcohol consumption were only evident
among individuals age 19 or older, not among younger
individuals (Guo, Wilhelmsen & Hamilton 2007). Simi-
larly, associations between ALDH2 and alcohol consump-
tion among Asian-Americans also showed a parallel
pattern with genetic effects becoming evident late in
adolescence/young adulthood (Irons et al. 2012). These
studies together point toward a more global picture of
genetic effects on alcohol related outcomes emerging
in young adulthood. However, we note that the increase
in drunkenness observed at the transition to adulthood in
our sample is not sustained. There are no significant dif-
ferences in rate of change in drunkenness after age 19,
and mean levels of drunkenness do not differ significantly
by genotype by the mid-20s, as illustrated by the overlap-
ping error bars in the figures. Other analyses exploring
the association between GABRA2 and a variety of impul-
sivity phenotypes in this sample show that this gene is
associated with subclinical levels of externalizing behav-
ior, as measured by the Achenbach Externalizing Scale,
but not with clinical-level Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV,
APA 2000) symptom counts of alcohol dependence,
other drug dependence or antisocial behavior, as in the
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older adult COGA samples (Dick et al. 2013). These find-
ings illustrate that genes can impact different outcomes
across different developmental stages and underscore the
importance of understanding the longitudinal pathways
of risk associated with particular genes.

There has been inconsistency in the genetic model
associated with GABRA2 in different studies and in differ-
ent age groups (Dick et al. 2006a); accordingly, we coded
the genotypes so as to not assume a specific genetic
model. In these analyses, we found a greater jump in
drunkenness during the transition from adolescence to
adulthood among individuals carrying 0 copies of the
minor allele, with no difference observed among individu-
als heterozygous or homozygous for the minor allele. This
is the same genetic model (risk associated with carrying 0
copies of the minor allele, alternately referred to as two
copies of the major allele) that was associated with
elevated alcohol problems in our previous cross-sectional
studies of adults. In other words, the genotype originally
associated with adult alcohol dependence in the parental
generation of COGA is the same genotype associated with
the sharper increase in drunkenness from 18 to 19 found
among these prospectively followed children of COGA
families.

Although we have focused these analyses on self-
reports of drunkenness, as an index of high risk drinking
behavior, we note that this measure correlated highly
with other indices of drinking that were assessed, includ-
ing frequency of drinking any alcoholic beverages
(r = 0.69) and frequency of drinking five or more drinks
in a 24-hour period (r = 0.83). The trajectory analyses of
GABRA2 yielded parallel results with these other indices
of drinking, providing further support for the robustness
of the effect, and alleviating concern that may exist about
the subjective nature of what constitutes ‘drunkenness’.

Our study should be interpreted in the context of
several limitations. Although the age range covered
encompassed 14 to 25 years, participants did not have
data across this entire range. Since data collection was
not age-standardized, each participant contributes to the
portion of the overall trajectory for which they have data,
but different timepoints have somewhat different indi-
viduals contributing. The number of individuals contrib-
uting to each age point is included in Fig. 1. In addition,
although we assume that the jump in drunkenness found
between ages 18 and 19 is attributable to changing envi-
ronmental circumstances associated with the transition
to adulthood, we have not explicitly included any meas-
ured aspects of the environment in the model. Finally, the
analyses reported here are limited to the European
American subset of a study that selected families rich in
alcohol dependent subjects, and it is not clear if similar
results would be seen in other subgroups. There are
known allele frequency differences between populations

and we did not want this to lead to spurious findings;
however, we note that the overall pattern of results was
similar when the entire sample (of which European
Americans were 62%) was analyzed jointly.

In summary, our analyses illustrate the importance of
longitudinal data to characterize how genetic effects
unfold across development. This allows us to go beyond
simple studies of means and characterize genetic effects
on patterns of use across time. By modeling patterns of
high risk drinking behavior across time, our analyses
suggest that the effect of this gene becomes evident
during the transition to young adulthood, as evidenced
by a jump in drunkenness evident between age 18 and 19
that is associated with GABRA2 genotype. These findings
fit within the broader literature suggesting that environ-
ments that exert less social control and/or allow greater
opportunity to engage in alcohol use also allow for
increased expression of genetic effects (Shanahan &
Hofer 2005). Interestingly, our findings are more signifi-
cant in females. Males overall showed larger increases in
drunkenness from 18 to 19 years; accordingly, the effect
of genotype were attenuated. This underscores the poten-
tial importance of studying how etiological factors may
differentially impact alcohol use in males and females at
this important developmental juncture. Understanding
how genetic risk unfolds across development has impor-
tant implications for prevention and intervention efforts.
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