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The dopamine D4 receptor gene contains a
polymorphic sequence consisting of a vari-
able number of 48-base-pair (bp) repeats, and
there have been a number of reports that this
polymorphism is associated with variation
in novelty seeking or in substance abuse and
addictive behaviors. In this study we have
assessed the linkage and association of
DRD4 genotype with novelty seeking, alco-
hol use, and smoking in a sample of 377
dizygotic twin pairs and 15 single twins
recruited from the Australian Twin Registry
(ATR). We found no evidence of linkage or
association of the DRD4 locus with any of the
phenotypes. We made use of repeated mea-
sures for some phenotypes to increase power
by multivariate genetic analysis, but allelic
effects were still non-significant. Specifi-
cally, it has been suggested that the DRD4
7-repeat allele is associated with increased
novelty seeking in males but we found no
evidence for this, despite considerable
power to do so. We conclude that DRD4 vari-
ation does not have an effect on use of alcohol
and the problems that arise from it, on
smoking, or on novelty seeking behavior.
� 2003 Wiley-Liss, Inc.
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INTRODUCTION

Interest in a possible relationship between the dopa-
mine receptor D4 (DRD4) exon III polymorphism and
aspects of personality was sparked by Ebstein et al.
[1996] and Benjamin et al. [1996], who reported a
significant association between the long repeats of the
DRD4 polymorphism and the trait of novelty seeking.
Since that time, a number of studies have sought to
replicate these results, with mixed but mainly negative
outcomes [Malhotra et al., 1996; Ebstein et al., 1997;
Gelernter et al., 1997;Ono et al., 1997;Noble et al., 1998;
Sullivan et al., 1998; Ekelund et al., 1999; Kuhn et al.,
1999; Paterson et al., 1999; Strobel et al., 1999;
Tomitaka et al., 1999; Gebhardt et al., 2000; Mitsuyasu
et al., 2001; Soyka et al., 2002]. The basis for these
conflicting findingsmay stem fromdifferences in the age
range of the subjects since novelty seeking decreases
with age and those studies using young subjects report
positive associations. Other factors may be (1) differ-
ences in the scale used to measure novelty seeking such
as the Tridimensional Personality Questionnaire [Clo-
ninger, 1987], Temperament and Character Inventory
[Cloninger et al., 1994],KarolinskaScales of Personality
[af Klinteberg et al., 1988], and NEO Personality
Inventory [Costa and McCrae, 1985], (2) ethnicity of
the sample (with association typically non-significant in
Continental Europeans), and (3) differences in the
gender ratio of samples [see Lusher et al., 2001; Kluger
et al., 2002].

In relation to the gender composition of the samples,
there have been positive findings of association between
DRD4andnovelty seeking in female samples [Ono et al.,
1997; Tomitaka et al., 1999] but not in male samples

Grant sponsor: NIAAA (USA); Grant numbers: AA07535,
AA13326; Grant sponsor: NHMRC (Australia); Grant numbers:
941177, 951023, 981351.

*Correspondence to: Michelle Luciano, Queensland Institute of
Medical Research, Herston, Brisbane, QLD, 4029, Australia.
E-mail: michelLu@qimr.edu.au

Received 23 January 2003; Accepted 5 May 2003

DOI 10.1002/ajmg.b.20077

� 2003 Wiley-Liss, Inc.



[Malhotra et al., 1996; Kuhn et al., 1999], although
these studies were potentially confounded in that they
sampled different ethnic groups. Working under the
assumption that the DRD4 7-repeat allele influences
novelty seeking, Harpending and Cochran [2002] have
recently proposed that the 7-repeat allele has been
positively selected as its apparent phenotypic charac-
teristic of increased impulsiveness and nonconformity
mayhave encouraged humanmigration or alternatively
may have enhanced reproductive success in male-
competitive societies. As men tend to display more
pronounced novelty seeking (and related behavior) than
women, this suggests the potential for gender specific
allelic associations.

A meta-analysis of 20 studies (N¼3,907) provided no
support for anassociationbetweenDRD4polymorphism
and novelty seeking asmeasured by the Tridimensional
Personality Questionnaire [Kluger et al., 2002], while
another meta-analysis of 21 samples indicated a lack of
association between the 7-repeat allele of the DRD4
genotype and novelty seeking [Schinka et al., 2002].
However, in an analysis of 12 samples comparing the
presence or absence of long repeat alleles (>5), Schinka
and colleagues detected a slight effect. The authors
recommended further exploration of theDRD4genotype
and novelty seeking in relation to other personality
dimensions and disorders. A number of characteristics
such as substance abuse and addictive behaviors have
been found to correlatewith novelty seeking [Pomerleau
et al., 1992; Cloninger et al., 1995; Heath et al., 1995,
1997; Vukov et al., 1995; Howard et al., 1997]. Various
researchers have investigated the possibility of DRD4
being associated with alcoholism [George et al., 1993;
Sander et al., 1997; Ishiguro et al., 2000], smoking
[George et al., 1993; Lerman et al., 1998; Shields et al.,
1998], opioid and methamphetamine dependence
[Kotler et al., 1997; Li et al., 2000; Tsai et al., 2002],
and pathological gambling [Perez de Castro et al., 1997;
Comings et al., 1999, 2001].

The mixed history of positive and negative findings of
association with DRD4 illustrates the difficulties inher-
ent in gene-hunting in polygenic diseases or quantita-
tive traits, and the need for more powerful methods.
Various improvements in methodology are now avail-
able. One approach is to analyze linkage and association
simultaneously, which enables one to test whether the
quantitative trait locus (QTL) is the functional gene or a
locus in disequilibriumwith the trait locus [Fulker et al.,
1999]. In sib-pair designs, if apparently significant
associations are found, within-family comparisons can
be performed in order to eliminate the possibility that
the observed effects are due to population stratification
[Fulker et al., 1999; Abecasis et al., 2000]. Also, the use
of a replicated or multivariate phenotype may increase
power to detect a QTL by reducing errors in pheno-
type characterization, provided measures are not too
strongly positively correlated [Allison et al., 1998;
Boomsma and Dolan, 2000; Amos et al., 2001]. This
study takes advantage of these improved methods to
investigate the linkage and association of the DRD4
genotype to novelty seeking, alcohol-related, and smok-
ing behaviors, thus ensuring maximum confidence in

the validity of the results. In light of the suggestion that
gender effects should be present for the DRD4 7-repeat
allelic association with novelty seeking, a gender�
allele interaction effect is tested. The sample includes a
large group of dizygotic twin pairs, for many of whom
longitudinal data on smoking and drinking habits are
available.

METHODS

Sample and Measures

Subjects for this study were originally recruited from
the Australian Twin Registry (ATR), a volunteer re-
gister begun in 1978. In 1980–1982 a ‘‘Health and
Lifestyle’’ surveywasmailed to 5,867 twin pairs over the
age of 18 years [Jardine and Martin, 1984; Heath et al.,
1995], with responses received from 3,808 pairs of twins
and 567 single twins. Included in this questionnaire
were itemsregarding smokingandalcohol consumption.
If the respondent indicated that they had ever been a
smoker, theywere askedwhether theyhadquit smoking
and howmany cigarettes, cigars, or pipes of tobacco they
usually smoke/d per day. Alcohol consumption items
included frequency of having consumed alcoholic drinks
in the past year, and a table for respondents to complete
indicating how many glasses of each of beer, wine,
spirits, sherry, and other alcoholic drinks the respon-
dent had consumed in the past week. Glass volumes
werequoted (7 oz for beer, 4 oz forwine, 1 oz for spirits) in
order to standardize quantities of alcohol.

The next wave of data collection occurred in 1988–
1989 when a follow-up questionnaire was mailed to all
twin pairs who completed the 1980–1982 survey [Heath
et al., 1994]. Responses were obtained from 6,327
individuals, including 2,995 twin pairs. Questionnaire
items similar to those in the 1980–1982 survey were
included, although the frequency of alcohol consump-
tion item included two extra categories: ‘‘more than once
per day’’ and ‘‘not at all.’’ Additional items included
information on current smoking status and average
daily cigarette consumption, and a checklist of 14 po-
tential problems associatedwith alcohol consumption. A
short form (54 items) of the Tridimensional Personality
Questionnaire [Cloninger, 1987] was also incorporated,
from which an 18 item score for the novelty seeking
dimension was computed [Heath et al., 1994].

A telephone interview based study using a modified
version of the Semi-Structured Assessment for the
Genetics of Alcoholism (SSAGA) instrument was con-
ductedduring 1992and1993with5,995 individualswho
had participated in the earlier studies outlined above.
Details of the interview procedure and instrument are
described comprehensively elsewhere [Heath et al.,
1997; Statham et al., 1998]. In addition to items similar
to those in the mailed questionnaires regarding alcohol
use, the interview also enabled diagnosis of alcohol
dependence according to DSM-IIIR criteria.

During 1993–1996, blood was collected from 3,300
subjects who had participated in the telephone inter-
views. In order to obtain further longitudinal data on
smoking behavior (which was not covered as part of the
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telephone interview) and alcohol consumption in the
pastweek, a questionnairewas filled out by participants
on the day that the blood samples were collected.
However, the information on smoking behavior is
incomplete, with responses not being available formany
of the subjects in this study. Where possible, data on
smoking behavior for those individuals have been
augmented by their responses to a third Health and
LifestyleQuestionnaire, whichwasmailed to twins over
the age of 50 between 1993 and 1996 [Kirk et al., 1999].
There was some selection of samples for DRD4 genotyp-
ing so that samples were prioritized for analysis if one
or both twins had a diagnosis of alcohol dependence or
if samples were available from both members of a DZ
twin pair.

DRD4 and Flanking Marker Genotyping

DNA extracted from white blood cells was used for
the determination of DRD4 48-base-pair (bp) repeat
polymorphism status for 377 pairs of DZ twins and 15
single twins (464 women, 305 men). DNAwas amplified
using the primers 50GCGACTACGTGGTCTACTCG30

and 50AGGACCCTCCATGGCCTTG30 as described by
Ebstein et al. [1996], and the amplified products were
separatedby electrophoresis in 10%polyacrylamide gels
with ethidium bromide detection. The product sizes
ranged from 379 bp for the 2-repeat allele to 667 bp for
the 8-repeat allele, and repeat numbers were confirmed
by sequencing of selected samples. To increase sib-pair
identity-by-descent (IBD) information at DRD4 we
also typed a flanking marker D11S1984, which had
12alleles andapolymorphic information content of 0.76.
The average meiotic information content of the marker
region was estimated at 0.43 in Genehunter 2.1
[Kruglyak et al., 1996].

Zygosity

As we only intended to include DZ twin pairs in the
linkage analysis, it was important to confirm twin
zygosity in same-sex twin pairs (N¼217 pairs). The
zygosity assessment included: (1) a partial 10 cM
genome scan of ten chromosomes (1, 2, 6–8, 11, 15–17,
19) which was available for part of the sample. Identity-
by-state (IBS) status for the 117 availablemicrosatellite
markerswas assessed, (2) ninehighly polymorphicDNA
markers and a segment of the X-Y homologous gene
Amelogenin using a commercial kit (AmpFLRSTR Pro-
filer Plus, ABI), which co-amplified the repeat regions of
the following STR loci: D3S1358, vWA, FGA, D8S1179,
D21S11, D18S51, D5S818, D13S317, and D7S820, (3)
the multipoint IBD probabilities for DRD4 (using the
flanking marker, D11S1984); those pairs for whom P
(IBD¼ 2) was less than 0.05 were classified as DZ, (4)
blood group results for the ABO, MNS, and Rh systems
(AustralianRedCross Blood Service), and (5) self-report
questionnaireusing itemswhichhavebeen found to give
at least 95% agreement with zygosity assignment by
genotyping [Eaves et al., 1989]. Of these criteria, 83
pairs were classified using the partial genome scan, 31
pairs were classified using the ABI Profiler Kit, 69 pairs

were assigned dizygosity based on their DRD4/
D11S1984 IBD probabilities, 28 pairs were assigned
dizygosity based on their blood groups, and 7 pairs were
classified by self-report.

Statistical Methods

Data. The response categories used in some of the
longitudinal measures varied slightly between studies,
so in somecases itwasnecessary to collapse categories in
order to obtain consistency. The categories used for the
analysis of each item are shown in Table I, with the
endorsement frequencies at eachwaveof data collection.
All measures were converted to normal weights scores
for use in the Quantitative Transmission Disequili-
brium Test (QTDT) program [Abecasis et al., 2000] and
for consistency weremaintained for data analysis inMx
1.50 [Neale, 1999], although the raw ordinal method in
Mx was found to produce similar estimates of allelic
deviations (exemplified for the trait of novelty seeking
see ‘‘Results’’).

Linkage and Association Analysis

Sib-pair IBD probabilities were estimated in Gene-
hunter 2.1 [Kruglyak et al., 1996] by using the DRD4
marker and a flanking marker (D11S1984) which was
approximated to lie 1 cM from DRD4. Linkage and
association analyzes of each of the phenotypes at each
available time point were performed on the genotyped
sample of DZ twins using Mx and QTDT programs.

Mx Analyses

In Mx, a maximum likelihood (ML) procedure was
used to simultaneously estimate parameters in ameans
model (to test association effect) and variance compo-
nents model (to test linkage effect). The means model
included thefixed effects of age and sex in addition to the
allelic effects for which six deviations (alleles 3 through
8) were estimated as free parameters with allele 2
serving as the baseline. The variance componentsmodel
included familial (F; combined polygenic and shared
environmental effects), unique environmental (E) and
QTL (Q) effects. The sib-pair covariance included F
andQ effects, whereQwas conditioned by the estimated
proportion of alleles shared IBD (p); the variance–
covariance matrix was evaluated in the absence of fixed
effects on the mean [see Fulker et al., 1999; Zhu et al.,
1999]. This model was fitted to raw continuous data.

The significance of the QTL was tested by comparing
the fit of the FEQ and FE models by the likelihood ratio
chi-square (w2) test (the difference in�2� log likelihood
between these models is a w2 test against one degree of
freedom (df )). The joint effect of allelic variation on the
trait was similarly tested by fixing the six allelic
deviations to zero and comparing this model to one in
which all allelic deviations were estimated. We could
also estimate the effects of individual alleles (specifically
the 7-repeat allele) by fixing all others to zero, and this
was further modified to test the effect in only one sex
(males).
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For repeated measures analyses, an FEQ model was
parameterized to explain the covariance among the
variables (see Fig. 1).While F andE factors assumed the
form of a triangular (Cholesky) decomposition with all
parameters free to vary, the effect of the QTL was
confined to a single factor in which the path coefficients
were constrained equal across the time points. Hence,
the significance of the QTL was tested against 1 df. Age,
sex, and allelic effects in the means model were equated
at each time point, although themean at each time point
was free to vary.

Amultivariate analysis of usual frequency of drinking
and alcohol consumption in the past week, which are
strongly related measures, was performed including all
time points. In this model the QTL effect was equated
across measures and time points and the allelic devia-
tions were similarly constrained equal. However, the
fixed effects of age and sex, although equated over time,
were free to vary between measures.

QTDT Analyses

TheQTDT test of linkage for each of the phenotypes to
the DRD4 marker was performed within a model
encompassing allelic association [Abecasis et al., 2000].
The Total Association model was also tested. In this
model the gene effect on sib-pair differences (or within
family component) and the gene effect on the sib-pair
means (or between family component) is estimated.
Hence, evidence for association will be positively biased
in the presence of population stratification. As the
population frequencies of the 3-, 5-, 6-, and 8-repeat
alleles were <5% they were combined so that the test of
associationwasbasedon3df (i.e., effects of the combined
low frequency alleles, the 2-, and 7-repeat allele) against
the baseline 4-repeat allele, which was the most
frequently occurring allele.

RESULTS

Sample Characteristics

The distribution of age at each of the data collection
waves was similar for females and males, with a higher
frequency of younger than older participants. On

occasion one the mean age of the sample was approxi-
mately 30 years with a standard deviation of 11 years
(range: 18–70). On occasions two and three the re-
spective means (and range) were 38 (26–78) and 42
(30–82) years with a standard deviation of 11. For the
392 families in this study there are 4� 392¼1,568
grandparents, forwhomwehad reported ancestry (8.1%
of data were missing). Of those grandparents where
ancestry was reported, 85% were from the British Isles
and the remainder were from elsewhere in Europe (73%
fromNorthernEurope including France andRussia and
17.3% fromSouthernEurope including theMiddle East;
10.7% of this sample did not have European country of
origin specified), with 0.21% originating from either
USA or Canada.

Table I shows the frequency of responses for each of
the measures. As the genotyped sample was somewhat
selected for individuals with alcohol dependence, a com-
parison of themean responses (frequencies converted to
normal weights) between the full sample (N ranging
from 384 to 7,614) and genotyped sample (N ranging
from 76 to 752) was performed using a ML procedure in
Mx, which accounted for the covariation between twin
pairs, separately for MZ and DZ groups. The results
confirmed differences between the genotyped subsam-
ple and the full sample for all alcohol measures at every
time point and for both smoking measures at the first
two time points, varying between 0.10 (smoking status
at 2nd wave) and 0.25 (alcohol related problems at 3rd
wave) of a standard deviation higher than the mean of
the full sample. Any such bias would exaggerate the
significance of genotypic effects on alcohol and smok-
ing, but since none were even remotely significant
(see below) we did not consider that more elaborate
analyticalmethods to allow for such ascertainmentwere
warranted.

The 4- and 7-repeat alleles were by far the most
common in this sample, with allele frequencies of 0.66
and 0.17, respectively. Allele frequencies for the 5-, 6-,
and 8-repeat alleleswere less than 0.01, while the 2- and
3-repeat alleles showed respective frequencies of 0.10
and 0.05.

Linkage and Association Tests

Results of the univariate and multivariate linkage
and association tests for each phenotype are shown in
Table II. With the exception of the univariate test of
association between the 7-repeat allele and smoking
status (2nd wave), P-values for all linkage and associa-
tion tests were non-significant, indicating no evidence
for linkage or association of DRD4 with any of the
phenotypes. The QTDT test of total association showed
P-values approaching significance for smoking status
(1st and 2nd waves) and symptoms of alcohol related
problems (2nd wave), but only in the latter variable was
this near significance level supported by the Mx asso-
ciation analysis. Although not reported here, the tests of
population stratification were in agreement with the
total association tests. To examine the robustness of our
ML estimates using normal weights (continuous raw
datamodel)we repeated the test for association ofDRD4

Fig. 1. Path diagram representing familial (F), environmental (E), and
QTL (Q) components of variance in the multivariate linkage model for a
variable measured on three occasions.
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to novelty seeking using categorical data (multifactorial
threshold model). The goodness of fit for the test of
association in the threshold model (w26¼9.17, P¼0.16)
was not substantially different from that in which
normal weights were used (see Table II).

ML estimates of the percentage of variance accounted
for byF,E, andQ factors from theunivariatemodels and
the estimate of Q from the multivariate analyses are
displayed in Table III. Note that F and Q represents an
upper limit to the heritability, although it is also con-
founded with shared environment. This value is lower
for most variables than estimates from much larger
samples including MZ twins, and probably reflects the
large error variance consequent on relatively small
sample size and suboptimal design. However, the
sample size is quite large enough to obtain powerful
estimates of any association effects, which are the focus
of our attention.Also included inTable III is the percent-
age of variance explained by the joint effect of alleles 3
through 8. To calculate this, the difference in the
estimated residual variance of the phenotype from the
Mx models in which allelic effects were free to vary and
then set to zero, was divided by the residual variance in
the lattermodel and thenmultiplied by 100. InTable IV,
the means and standard errors for the phenotypes,
grouped by presence/absence of the 7-repeat allele, are
shown. Smoking status at the 2nd wave showed a
significant main effect of the 7-repeat allele.

To investigate previous trends of significant associa-
tion between novelty seeking and DRD4 in young

samples only (perhaps because novelty seeking de-
creases with age), we selected participants on first test
occasion who were younger than 40 years (N¼212 twin
pairs). The test of association was still not significant,
(w26¼ 7.35, P¼0.29).

DISCUSSION

Smoking and alcohol dependence are strongly asso-
ciated, partly because they are affected by some of the
same genes [Bierut et al., 1998; Bergen et al., 1999; True
et al., 1999], this effect has further been confirmed in a
sample from which participants in the present study
were drawn [Madden et al., 2000]. Many authors have
proposed that the genes which affect both these attri-
butes do so through an association with some aspect of
personality, such as the novelty seeking or harm avoid-
ance. One of the most extensively studied genes in this
area is the dopamineD4 receptor gene, and in particular
the polymorphism in which the number of 48-bp repeats
in the DNA leads to variation in the length of the third
intracytoplasmic loop.

However, multiple previous reports on associations
between the DRD4 48-bp repeat number and novelty
seeking, alcoholism and smoking, or other health-
related behaviors, have given inconsistent results. This
may in part be because the number of subjects in each
study has been small, or because the effect size is small.
Our results have been obtained on a comparatively large
number of subjects, are based on combined linkage and

TABLE III. Mx Estimates of the Percentage of Variance Explained by Familial (F), Unique
Environmental (E), and QTL (Q) Effects

F% E% Q%
Joint allelic
effects %

TPQ novelty seeking (1988–1989) 19.3 80.7 0 1.51
Smoking status

1980–1982 15.1 79.8 5.1 1.30
1988–1989 20.9 70 9.1 1.29
1993–1996 19.1 80.9 0 4.80
Multivariatea 10.2

Cigarette consumption
1980–1982 6.9 68.2 24.9 0.96
1988–1989 14.1 69.7 16.2 1.45
1993–1996 5.7 16.8 77.5 7.94
Multivariatea 9.3

Frequency of drinking alcohol
1980–1982 24.1 67.5 8.4 0.92
1988–1989 32.4 67.6 0 0.53
1992–1993 6.9 68.2 24.9 1.05
Multivariatea 7.7

Alcohol dependence (1993–1995) 10.9 89.1 0 0.39
Symptoms of alcohol-related problems

1988–1989 3.5 78 18.5 1.78
1992–1993 20.5 72.6 6.9 2.04
Multivariatea 21.4

Alcohol consumption in past week
1980–1982 24.5 70.4 5.1 1.37
1988–1989 20.5 79.5 0 0.74
1992–1993 26.2 73.8 0 1.37
Multivariatea 0

The percentage of variance accounted for by the repeat polymorphism under the FEQ model is also shown for
univariate models, as a percentage of total residual variance.
aAnalysis comprises phenotype at each data wave.
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association analyses [Fulker et al., 1999; Zhu et al.,
1999], and estimates are confirmed using two statis-
tical programs with somewhat different approaches.
Furthermore, multivariate methods were used to give a
more accurate assessment of the phenotype and to
increase the power of linkage. Gender specific effects of
the 7-repeat allele were also investigated.

The findings of our study, one of the largest samples
analyzed to date (N¼ 769), provided no evidence for
association of the DRD4 locus with any of the novelty
seeking, alcohol use, and smoking measures. Previous
association studies of DRD4 and novelty seeking typi-
cally sampled around 100 individuals; the maximum
sample size formerly reported was 587 individuals
and no association was found [Herbst et al., 2000]. In a
recent family study of DRD4 and novelty seek-
ing (measured by the Multidimensional Personality
Questionnaire), which controlled for population strati-
fication, again no association was detected [Burt et al.,
2002]. Our results further concur with two meta-
analyses [Kluger et al., 2002; Schinka et al., 2002] each
including around 20 studies and indicating no associa-
tion between DRD4 polymorphism and novelty seeking.
Association studies [e.g., Chang et al., 1997; Parsian
and Zhang, 1999] of DRD4 with alcoholism, typically
diagnosed using DSM-III-R criteria, have also predomi-
nantly reported negative findings [e.g., Adamson et al.,
1995]. As smoking is strongly related to alcohol use, it
too was expected to show an association with DRD4, but
this was not supported. A main effect of the 7-repeat
allele on smoking status at the 2ndwavewas significant,
but considering the number of statistical tests per-
formed and the inconsistency of the effect over time, this

effect must be attributed to chance. One study has
reported an association between smoking indices and
presence of a long allele in African-Americans, but in a
sample size of only 72 individuals [Shields et al., 1998].
In addition to our main findings, there was no evidence
to support the hypothesis of gender differences in the
association of the 7-repeat allele to novelty seeking (or
any of the related phenotypes).

The percentage of variance explained by the joint
allelic effects—although non-significant—was usually
less than1.5% for each individualmeasure.As therewas
a slight selection for alcohol dependence in our sample,
the true proportion of variance in smoking and alcohol-
related behaviors in the populationmay be even smaller
still.

There have been no linkage studies of DRD4 with the
measures used in the present study, althoughLong et al.
[1998] have showed highly suggestive linkage (LOD
score of 3.1) of D11S1984 to alcohol dependence in a
sample of 172South-westernAmerican Indian sib-pairs.
Our negative findings of linkage may be a result of
insufficient power to detectQTLs of small effect (e.g., 2%
of variance), which DRD4 is likely to be [Comings et al.,
1999]. With our full sample size we had 80% power to
detect a QTL explaining around 40% of the variance
against background familial variation of 30%; indeed
the upper limit of the confidence interval on Q for the
range of measures was typically around 20 or 40%. The
low information content of the marker data would
have further contributed to the negative linkage results.
It was our intention to increase the power for linkage by
performing multivariate analyses (i.e., multiple time
points&multiplemeasures), although the gain in power

TABLE IV. Means (SE) of Phenotypic Normal Weights Grouped by Genotypes Where 0, 1, or
2 Copies of the 7-Repeat Allele Are Present

Genotype

�/� (N¼53–529) 7R/� (N¼22–210) 7R/7R (N¼ 24–28)

TPQ novelty seeking (1988–1989) 0.01 (0.04) �0.03 (0.07) �0.08 (0.18)
Smoking status
1980–1982 0.06 (0.03) �0.07 (0.05) 0.01 (0.14)
1988–1989 0.08 (0.03) �0.07 (0.05) �0.07 (0.14)
1993–1996 0.08 (0.06) �0.11 (0.10) �0.12 (0.40)a

Cigarette consumption
1980–1982 0.05 (0.03) �0.04 (0.05) 0.04 (0.15)
1988–1989 0.05 (0.03) �0.04 (0.05) �0.06 (0.16)
1993–1996 0.06 (0.10) �0.09 (0.17) �0.76 (NE)b

Frequency of drinking alcohol
1980–1982 0.03 (0.04) �0.04 (0.06) 0.17 (0.17)
1988–1989 0.01 (0.04) 0.00 (0.06) 0.11 (0.17)
1992–1993 0.00 (0.04) 0.04 (0.06) �0.01 (0.18)

Symptoms of alcohol-related problems
1988–1989 0.02 (0.04) 0.03 (0.07) 0.02 (0.15)
1992–1993 0.01 (0.03) 0.01 (0.06) 0.04 (0.16)

Alcohol dependence (1993–1995) 0.21 (0.02) 0.23 (0.03) 0.21 (0.08)
Alcohol consumption in past week
1980–1982 �0.01 (0.04) �0.04 (0.07) 0.08 (0.15)
1988–1989 0.02 (0.04) 0.00 (0.06) 0.05 (0.18)
1992–1993 0.01 (0.04) 0.04 (0.06) 0.19 (0.18)

Alleles other than 7R are denoted ‘‘�.’’
NE, no estimation.
aN¼ 5.
bN¼ 1.
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appearedminimal, with only a slight increase in the chi-
square value observed for some measures; there was
possibly no genuine linkage to detect.

It has been suggested that the absence of a positive
association between novelty seeking (and presumably
its related phenotypes) and DRD4 is largely due to
methodological differences between studies [Lusher
et al., 2001]. However, our study did not differ ex-
tensively from others in methodology. For instance, we
measured novelty seeking, alcohol dependence, and
alcohol use with widely accepted scales that have been
used in most previous studies. Although a short form
(54 items) of the novelty seeking (TPQ) scale was used
in preference to the full 100 item scale, the two forms
have similar psychometric properties [see Heath et al.,
1994], so it is unlikely that our negative findings are due
to use of the shortened version of the TPQ. We control-
led for age effects so that decreased novelty seeking in
older individuals would not attenuate the association;
further, a separate analysis of novelty seeking in par-
ticipants younger than 40 confirmed that age was not
biasing the results. As well, we partialled out the effect
of gender, furthermore testing the effect of the 7-
repeat allele in males only. Our sample comprised indi-
viduals mostly descended from the British Isles, so the
results were not negatively biased by the inclusion of
Continental Europeanswhowhen sampled usually show
a negative association between novelty seeking and
DRD4 [e.g., Malhotra et al., 1996; Jönsson et al., 1997].

By using DZ twin pairs and a variance components
approach to data analysis we were able to estimate the
locus effect, familial effects, and random environmental
effects. Another advantage of this approach compared to
a population based case-control design is that the effects
of population stratification can be tested. Although the
total association test results were negative, under cer-
tain circumstances population stratification can mask
genuine associations [Posthuma et al., in press]. For this
reasonwealso performed the betweenandwithin family
association tests recommended byAbecasis et al. [2000],
and found no evidence for genuine association. Other
features of our statistical methods included a joint
linkage and association analysis using Mx, and com-
plementary linkage and association tests using QTDT.
In contrast to the linkage analyses, tests of association
were in general sufficiently powered to detect evidence
of association for all measures. Mx andQTDT estimates
were consistent.

In future analyses, the possibility of other genes in the
region of chromosome 11 affecting novelty seeking,
alcohol use, or smokingwill be investigated. Association
studies are likely to increase in importance with the
development anduse of single-nucleotide polymorphism
(SNP) genotyping. For instance, a recent association
between a �521C/T SNP within the promoter region of
DRD4 with novelty seeking has been replicated in
various ethnic samples [Okuyama et al., 2000; Ronai
et al., 2001; Bookman et al., 2002], although negative
associationshavealsobeenreported [e.g.,Ekelundetal.,
2001; Jönsson et al., 2002; Strobel et al., 2002]. Asso-
ciation analyses can localize relevant genes to smaller
regions than linkage analyses, and have greater power

to detect small effects using reasonable numbers of
subjects. The disadvantage of requiring very large
numbers of association markers for whole of genome
studies [Risch andMerikangas, 1996] may be alleviated
by analysis of haplotypes if recent suggestions of a
limited range of common human haplotypes [Daly et al.,
2001; Johnson et al., 2001] are confirmed and extended.
Both association and linkage studieswill be improvedby
removal of ‘noise’ (suchasmeasurement error and short-
term biological variation) from the analysis, for exam-
ple, by using repeated or multiple measures of the same
phenotype as was demonstrated in the present study.
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