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      Introduction 
 The human central dopamingeric system is widely considered 
to play an important role in substance use and the development 
of subsequent dependence. Evidence of a role for this system 
extends to a range of psychoactive substances, including opi-
ates, cocaine, nicotine, and alcohol ( Koob & Le Moal, 2001 ; 
 Lingford-Hughes & Nutt, 2003 ;  M. R. Munafò, Johnstone, Murphy, 
& Walton, 2001 ). As a result, a great deal of attention has been 
devoted to determining whether variation in genes with a dop-
aminergic function could account for the heritable variation in 
susceptibility to substance abuse. In particular, the dopamine 
type-2 receptor ( DRD2 ) gene on chromosome 11 (q22 – q23) has 
been studied widely ( Blum et al., 1995 ). 

 Following a report ( Blum et al., 1990 ) that the A1 allele of the 
Taq1A polymorphism (rs1800497) of the  DRD2  gene, a C-T sub-
stitution located in a noncoding region of the  DRD2  locus, was 
associated with alcoholism, several studies have investigated the as-
sociation of this polymorphism with substance use behavior, in-
cluding tobacco ( Noble et al., 1994 ), opioid ( Lawford et al., 2000 ), 
and cocaine ( Noble et al., 1993 ) use. Despite the large number of 
individual studies investigating smoking behavior, however, results 
have been equivocal, and a recent meta-analysis suggested no evi-
dence of association with cigarette smoking behavior ( M. Munafò, 
Clark, Johnstone, Murphy, & Walton, 2004 ), although another 
meta-analysis did suggest evidence of association with risk of alco-
hol dependence ( M. R. Munafò, Matheson, & Flint, 2007 ). 

 A number of pharmacogenetic studies have suggested an as-
sociation between the  DRD2  gene and response to smoking ces-
sation pharmacotherapy. Reduced-function alleles (i.e., those 
associated with, e.g., reduced mRNA expression) of polymor-
phisms in the  DRD2  gene (e.g., Taq1A1) generally have been 
shown to predict better response to nicotine replacement 
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therapy (NRT) ( Johnstone, Yudkin, Hey, et al., 2004 ;  Lerman et 
al., 2006 ;  Yudkin et al., 2004 ), whereas increased-function alleles 
(e.g., Taq1A2) have been reported to predict better response to 
bupropion ( David et al., 2007 ;  Lerman et al., 2006 ;  Swan et al., 
2005 ). Nevertheless, some studies have failed to demonstrate an 
effect of  DRD2  genotype on smoking cessation ( Berlin, Covey, 
Jiang, & Hamer, 2005 ). To be able to interpret these fi ndings, we 
need to know whether the  DRD2  gene is associated with smok-
ing behavior variables. If it is, the gene may simply be acting as a 
proxy for tobacco dependence or some other characteristic in 
pharmacogenetic studies (as opposed to a more direct modera-
tor of treatment response). 

 One reason for the lack of association observed in studies of 
smoking behaviors may be that other factors moderate this as-
sociation, so that an association is present in some subpopula-
tions but not others. A possible moderating factor is sex, since 
growing evidence indicates differences between males and fe-
males in response to nicotine and in the factors that motivate 
smoking behaviors. For example, nicotine reinforcement has 
been observed to control smoking to a greater degree in men 
than in women ( Perkins, 1999 ;  Perkins et al., 1996 ;  Perkins, 
Donny, & Caggiula, 1999 ), and sex differences exist in nicotine 
metabolism ( Zeman, Hiraki, & Sellers, 2002 ) and the develop-
ment of psychomotor reactivity to environmental smoking cues 
( Niaura et al., 1998 ). Although research has suggested that NRT 
is less effective in women than in men ( Perkins, 2001 ), evidence 
remains equivocal ( M. Munafò, Bradburn, Bowes, & David, 2004 ). 
We have reported evidence that the association of the  DRD2  
Taq1 polymorphism with response to NRT differs between 
males and females ( Yudkin et al., 2004 ), with the association 
present only in females. On this basis, it might be expected 
that any association of the  DRD2  Taq1A polymorphism with 
smoking behavior may be present only in females. 

 We therefore investigated the strength of evidence for an 
association between the  DRD2  Taq1A polymorphism and 
smoking behavior in a large sample of females and used meta-
analytic techniques to synthesize existing published data and 
explore the hypothesis that between-study heterogeneity was 
related to differences in the sex distribution within studies. The 
large number studies of  DRD2  Taq1A polymorphism allowed 
us to apply a formal test of publication bias, as well as investigate 
(albeit indirectly) the impact of potential moderating factors 
such as sex through the use of metaregression. We included 
studies that reported data on categorical smoking status by gen-
otype and those that reported data on continuously distributed 
smoking rate by genotype. Although it has been shown that the 
Taq1A variant alters an amino acid in a protein kinase gene 
( ANKK1 ) near the  DRD2  locus ( Neville, Johnstone, & Walton, 
2004 ), we refer to the variant throughout as the  DRD2  Taq1A 
polymorphism, as this is the nomenclature used in the majority 
of published studies to date.   

 Methods  
 Participants 
 Participants were originally recruited into the British Women’s 
Heart and Health Study (BWHHS). Between 1999 and 2001, a 
total of 4,286 women aged 60 – 79 years were randomly selected 
from 23 British towns, interviewed and examined, and com-

pleted a series of medical questionnaires. The original study 
design and materials have been reported elsewhere ( Lawlor, 
Bedford, Taylor, & Ebrahim, 2003 ;  Lawlor, Ebrahim, & Davey 
Smith, 2002 ). Individuals for whom the ethnicity variable was 
recorded as  “ non-White ”  ( n  = 9) were removed from all analy-
ses to avoid potential population stratifi cation effects. The re-
sulting sample for the purposes of the present study were 
analysis dependent and consisted of individuals for whom com-
plete data were available for the analysis of genotypic data on the 
Taq1A variant ( n  = 3,648), and covariate data on alcohol con-
sumption ( n  = 2,940), body mass index ( n  = 3,957), socioeco-
nomic status (SES) score ( n  = 2,638), and age ( n  = 4,285). This 
provided a working dataset of 2,437 individuals with complete 
data, from which specifi c data were available on smoking initia-
tion ( n  = 2,409), smoking persistence ( n  = 1,376), and current 
smoking rate ( n  = 256).   

 Measures 
 Smoking status variables used in the present study included self-
report of whether or not the participant had ever smoked ciga-
rettes ( “ Have you ever smoked cigarettes? ” ), current smoking 
status ( “ Do you smoke at present? ” ), and among current smok-
ers, the number of cigarettes smoked per day. Other variables 
used in the present study included age in years, body mass index 
(BMI) in kg/m 2 , SES using a composite measure (described in 
detail below), and alcohol consumption using frequency of con-
sumption. BMI and alcohol consumption have been reported to 
be associated with both  DRD2  Taq1A genotype and smoking sta-
tus and were included to adjust for potential confounding. Age 
may be related to genotype and was included to control for pos-
sible survivor bias. SES is unlikely to be related to genotype but is 
a strong predictor of smoking behavior; therefore, adjustment 
would provide greater precision to any estimate of association. 

 In the BWHHS, the assessment of SES was a composite pro-
cedure that involved an extensive series of questionnaire-based, 
self-reported observations. To incorporate the SES components 
into working analysis, a single variable, a SES score, was derived 
from 10 of the component information points. This approach 
has been described in detail elsewhere ( Lawlor, Davey Smith, 
Rumley, Lowe, & Ebrahim, 2005 ;  Timpson et al., 2005 ). In gen-
eral, dichotomized measures of SES in the BWHHS included (a) 
father had manual social class, (b) no bathroom as a child, (c) 
no hot water as a child, (d) shared bedrooms as a child, (e) no 
family car as a child, (f) left school before leaving age, (g) adult 
manual social class, (h) currently in local housing authority 
housing, (i) provision for state pension only on retirement, and 
(j) currently no car access. These variables were assessed as rep-
resentative of cumulative measures of SES over the life course 
for the women of the BWHHS. A simple score of the number of 
life course indicators that each woman was exposed to was cre-
ated as an ordered categorical variable from 0/1 (most advan-
taged) to 9/10 (least advantaged). Participants in the two lowest 
and the two highest scoring categories were combined due to 
small numbers.   

 Genotyping 
 Single nicleotide polymorphisms (SNPs) were genotyped using 
the KASPar chemistry, which is a competitive allele-specifi c 
polymerase chain reaction SNP    genotyping system using FRET 
quencher cassette oligos. All genotyping was performed by 
KBioscience ( www.kbioscience.co.uk ). Three stages of internal 

http://www.kbioscience.co.uk
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quality control were used during genotyping. Known locations 
of non-DNA test controls were used to assure unique plate 
identity, a small sample of duplicate DNAs were genotyped for 
all SNPs, and initial assay validations were performed on a sub-
sample of 96 chromosomes before genotyping the whole sample 
set.   

 Selection of studies for inclusion 
 Studies in our meta-analysis included studies of the  DRD2  
Taq1A polymorphism that reported data on categorical smok-
ing status by genotype and those which reported data on con-
tinuously distributed smoking rate by genotype. Studies 
reporting data on either single-sex or both male and female par-
ticipants of any ethnic origin were included. Studies using with-
in-subjects repeated measures designs that employed an 
experimental manipulation (e.g., pharmacogenetic studies) 
were excluded, as were family-based studies that only reported 
transmission disequilibrium to affected offspring. 

 The principal outcome measures were the genotypic odds 
ratio ( OR ) for the Taq1A polymorphism and smoking status, 
coded as ever-smoker versus never-smoker and current smoker 
versus nonsmoker, and the standardized mean difference 
(Cohen’s  d ) for the Taq1A polymorphism and cigarettes per day 
in current smokers, to allow the inclusion of data from the 
BWHHS, assuming a dominant model of genetic action for the 
A1 allele.   

 Search strategy 
 The search was performed on two databases: PubMed and 
PsycINFO. These databases were searched from the fi rst date 
available in each database up to July 31, 2007, using the search 
terms  smok$ ,  nicotine ,  tobacco ,  DRD2 ,  dopamine$ ,  D2 ,  Taq1A , 
and  ANKK1 . Once articles had been collected, bibliographies 
were hand searched for additional references. 

 The abstracts of studies identifi ed by these search strategies 
were examined with reference to the inclusion and exclusion 
criteria. Duplications were deleted, and the whole text of each 
reference was checked to further establish whether the study 
met the inclusion criteria. Where studies reported previously 
published data (i.e., duplicate publications), we included 
only one of the publications, most commonly the original one 
or the one reporting the largest sample.   

 Data extraction 
 For each study, the following data were extracted independently 
by two authors (MM and SD) using standard forms: (a) authors 
and year of publication, (b) methods (country of origin, domi-
nant ancestry of sample, case and control sample size, diagnos-
tic criteria or classifi cation of smoking status, statement of 
Hardy – Weinberg equilibrium (HWE), and method of genotyp-
ing), and (c) data (number of participants in control and case 
groups,  M  and  SD  of cigarettes per day in genotype groups, 
mean age, and sex ratio). Genotype frequencies were used to 
calculate whether or not these variables deviated signifi cantly 
from HWE among controls. Ancestry was coded as European, 
East Asian, or Other (which included cases in which ancestry 
was stated as mixed, or when it was not stated). Additional in-
formation, including presentation of results in a consistent 
format, was obtained through contact with study authors 

(see Acknowledgments). Discrepancies between the two data 
abstractors were resolved by mutual consent.   

 Data analyses 
 Primary data from the BWHHS were analyzed using logistic 
and linear regression models, for categorical and continuous 
smoking behavior variables, respectively. For categorical vari-
ables (i.e., smoking status),  OR s were calculated per DRD2 
Taq1A allele assuming linearity and also were grouped as pres-
ence (A1A1 and A1A2) or absence (A2A2) or the A1 (T) allele. 
For continuous variables (i.e., smoking rate), the effect of num-
ber of DRD2 Taq1A alleles was assessed using linear regression 
and genotype also grouped as presence (A1A1 and A1A2) or ab-
sence (A2A2) or the A1 (T) allele. This grouping assumes a 
dominant model of genetic action of the A1 allele, consistent 
with existing functional data and the majority of studies to date. 
We repeated all analyses adjusting for the effects of age, BMI, 
SES, and alcohol consumption. Unadjusted and adjusted results 
are reported in the text. 

 Secondary data (studies identifi ed from our systematic 
search), together with data from our primary study, were ana-
lyzed within both a fi xed-effects and a random-effects framework. 
For the fi xed-effects analyses, individual study effect sizes were 
pooled using inverse variance methods to generate a summary 
effect size and 95%  CI . A fi xed-effects framework assumes that 
the effect of genotype is constant across studies, and between-
study variation is considered to be due to chance or random vari-
ation. For the random-effects analyses, effect sizes were pooled 
using DerSimonian and Laird methods. A random-effects frame-
work assumes that between-study variation is due to both chance 
or random variation and an individual study effect. Random-ef-
fects models are more conservative than fi xed-effects models and 
generate a wider  CI . The signifi cance of the pooled effect sizes was 
determined using a Z test. We used a chi-square and  I 2   to test be-
tween-study heterogeneity, with the latter providing a measure of 
the proportion of variation that is explained by between-study 
variation ( Higgins, Thompson, Deeks, & Altman, 2003 ). 

 Results from both models are presented because, although 
random-effects models are used when between-study heteroge-
neity is apparent (and this was likely among the included studies 
given our expectation of sex differences), they do not  “ fi x ”  the 
problem. A random-effects framework, compared with a fi xed-
effects framework, reduces the weight for each individual study 
proportional to the difference in effect size of an individual 
study from the pooled effect size estimate for all other studies. 
Because heterogeneity may be the result of ascertainment bias, a 
random-effects model combining several small positive studies 
(and an absence of small negative studies, e.g., due to publica-
tion bias) with a large null study will tend to underweight the 
latter, resulting in overestimation of the true effect. 

 The effect size of the fi rst published study was compared with 
the pooled effect size of the remaining studies using a Z test, be-
cause evidence indicated a substantially greater estimate of effect 
size in the fi rst published study ( Trikalinos, Ntzani, Contopoulos-
Ioannidis, & Ioannidis, 2004 ). Metaregression of individual study 
effect size against year of publication also was conducted. 

 Stratifi ed analyses by sample ancestry were conducted to as-
sess the potential moderating effect of this variable. Studies with 
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samples of predominantly European or East Asian ancestry were 
combined separately, and the difference in pooled effect size was 
determined using a Z test. 

 A metaregression of individual study effect size against the 
proportion of male participants in individual study samples was 
conducted to assess the potential moderating effect of sex. The 
signifi cance of the effect size of proportion of male participants 
was determined using a Z test. 

 Funnel plots were created to assess potential ascertainment 
bias by plotting the natural logarithm of individual study effect 
size against the  SE  of the natural logarithm of individual study 
effect size. Ascertainment bias also was assessed using the Egger 
test ( Egger, Davey Smith, Schneider, & Minder, 1997 ). 

 Data were analyzed with Stata Statistical Software version 
9.2 and Comprehensive Meta-Analysis version 2 statistical soft-
ware. Exact  p  values are given throughout.    

 Results  
 Characteristics of participants in new 
sample 
 Participants were, on average, aged 68 years ( SD  = 5, range = 59 –
 80), had a BMI of 27.6 kg/m 2  ( SD  = 5.0, range = 15.2 – 58.8), had a 
median SES score of 4 (interquartile range = 3 – 6, range = 0/1 – 9/10), 
and consumed alcohol once or twice a month. The distribution of 
 DRD2  Taq1 genotypes (A1A1:  n  = 1,608, 66%; A1A2:  n  = 735, 
30%; A2A2:  n  = 103, 4%) did not deviate signifi cantly from HWE 
( p  = .10). Participant characteristics are presented in  Table 1 .       

 Association of  DRD2  genotype with 
smoking behavior in new sample 
 Data on smoking status and smoking rate grouped by  DRD2  
Taq1A genotype are presented in  Table 2 .      

 Smoking initiation  .   Logistic regression indicated no associa-
tion between A1 allele frequency and the likelihood of being an 
ever-smoker (unadjusted  OR  = 1.01, 95%  CI  = 0.88 – 1.22, 
 p  = .88; adjusted  OR  = 1.01, 95%  CI  = 0.88 – 1.17,  p  = .85). 
Grouping the genotypes containing the minor A1 (T) allele 

(A2A2 vs. A2A1 + A1A1) did not alter these results substantially 
(unadjusted:  p  = .86; adjusted:  p  = .89).   

 Smoking persistence  .   Logistic regression indicated no associa-
tion between A1 allele frequency and the likelihood of being a cur-
rent smoker (unadjusted  OR  = 0.97, 95%  CI  = 0.76 – 1.24,  p  = .80; 
adjusted  OR  = 0.97, 95%  CI  = 0.75 – 1.25,  p  = .83). Grouping the 
genotypes containing the minor A1 (T) allele (A2A2 vs. A2A1 + 
A1A1) did not alter these results substantially (unadjusted:  p  = .60; 
adjusted:  p  = .61).   

 Smoking rate  .   Linear regression among current smokers indi-
cated no association between A1 allele frequency and mean 
number of cigarettes per day (unadjusted  b  =  − 1.19, 95%  CI  = 
 − 2.71 to 0.34,  p  = .12; adjusted  b  =  − 0.81, 95%  CI  =  − 2.29 to 
0.66,  p  = .28). Grouping the genotypes containing the minor A1 
(T) allele (A2A2 vs. A2A1 + A1A1) did not alter these results 
substantially (unadjusted:  p  = .31; adjusted:  p  = .64).    

 Description of studies in meta-analysis 
 A total of 28 studies published between 1994 and 2007, compris-
ing  k  = 34 independent samples, were identifi ed by the search 
strategy, met the inclusion criteria, and contributed to the meta-
analysis ( Bierut et al., 2000 ;  Comings et al., 1996 ,  1997 ;  Connor 
et al., 2007 ;  Costa-Mallen et al., 2000 ;  David et al., 2007 ;  Erblich, 
Lerman, Self, Diaz, & Bovbjerg, 2004 ,  2005 ;  Freire, Marques, 
Hutz, & Bau, 2006 ;  Hamajima et al., 2002 ;  Johnstone, Yudkin, 
Griffi ths, et al., 2004 ;  Johnstone, Yudkin, Hey, et al., 2004 ;  Lee, 
2003 ;  Lerman et al., 1999 ,  2003 ;  Morton et al., 2006 ;  Noble et al., 
1994 ;  Preuss, Zill, Koller, Bondy, & Sokya, 2007 ; 
 Qi, Tan, Xing, Miao, & Lin, 2002 ;  Robinson et al., 2006 ;  Sabol 
et al., 1999 ;  Singleton et al., 1998 ;  Spitz et al., 1998 ;  Swan et al., 
2005 ;  Timberlake et al., 2007 ;  Ton et al., 2007 ;  Wu, Hudmon, 
Detry, Chamberlain, & Spitz, 2000 ;  Yoshida et al., 2001 ). Data 
from the present study also were included in the meta-analysis. 
Study characteristics are described in  Table 3 .     

 A total of 20 samples reported data on participants of pre-
dominantly European ancestry, 5 on participants of predomi-
nantly East Asian ancestry, and 9 on participants of  “ Other ”  
ancestry. Two samples reported  DRD2  genotype frequencies for 
control subjects that deviated signifi cantly from HWE ( Lee, 
2003 ;  Timberlake et al., 2006 ).   

 Table 1.      Characteristics of participants  

  Never-smokers 
( n  = 1,380)

Ever-smokers 
( n  = 1,029)

Nonsmokers 
( n  = 1,124)

Current smoker 
( n  = 252)  

  Characteristic  M  SD  M  SD  M  SD  M  SD  

 Age, years 69 6 69 6 69 6 67 5 
 Body mass index, kg/m 2 27.52 4.82 27.61 5.05 27.99 5.06 26.26 4.67 
 socioeconomic status score 4 2 5 2 5 2 5 2 
 No. of cigarettes per day  –  – 12 7  –  – 12 7 
 Alcohol  n %  n %  n %  n % 
     Daily 259 25 205 14 242 21 54 21 
     Weekends 207 20 262 19 212 19 51 21 
     Monthly 89 9 165 12 110 10 12 5 
     Occasionally 335 33 505 37 395 35 89 35 
     Never 139 13 243 18 165 15 46 18  

    Note . SES, socioeconomic status.   
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 Meta-analysis 
 Separate analyses were performed for smoking initiation (ever 
vs. never), smoking persistence (current vs. nonsmoker), and 
smoking rate (cigarettes per day).  

 Smoking initiation  .   When all samples with relevant data 
( k  = 21) were pooled using a fi xed-effects model, we found evi-
dence for an association between the  DRD2  Taq1A genotype 
and likelihood of being an ever-smoker ( OR  = 1.09, 95% 
 CI  = 1.01 – 1.17, Z = 2.18,  p  = .030). We found strong evidence of 
between-study heterogeneity ( I  2  = 76.68,  c   2 [20] = 85.74, 
 p  < .001), however. When these data were analyzed within a 
random-effects framework, the point estimate (indicating a 9% 
greater odds of smoking per A1 allele) remained identical to that 
in the fi xed-effects analyses but the  p  value was consistent with 
the null hypothesis ( Figure 1 ).     

 When the fi rst published study ( Noble et al., 1994 ) was re-
moved from the analysis ( k  = 20), these results were not altered 
substantially, although the statistical evidence for association 
within a fi xed-effects framework was marginal ( p  = .081). 
Metaregression indicated a signifi cant association between ef-
fect size estimate and year of publication (Z =  − 5.09,  p  < .001), 
suggesting decreasing effect size with increasing year of publica-
tion ( Figure 2 ).     

 When studies that recruited samples of predominantly Eu-
ropean ancestry were analyzed separately ( k  = 11), we found evi-
dence of association, with a 20% greater odds of ever smoking 
per A1 allele ( OR  = 1.20,  p  = .001), although there was strong 
statistical evidence of between-study heterogeneity ( I  2  = 82.33,  p  
< .001). When these data were analyzed within a random-effects 
framework, the odds of ever smoking per A1 allele remained in-
creased (23%), but the  p  value was consistent with the null hy-
pothesis ( OR  = 1.23,  p  = .19). Consistent with the main analysis, 
metaregression indicated a signifi cant association between effect 
size estimate and year of publication (Z =  − 5.29,  p  < .001), sug-
gesting decreasing effect size with increasing year of publication. 
When studies that recruited samples of predominantly East 
Asian ancestry were analyzed separately ( k  = 5), we found no 
strong evidence of association in either the fi xed-effects ( OR  = 
0.89,  p  = .23) or the random-effects ( OR  = 0.86,  p  = .49) model. 

 Metaregression, excluding two studies ( Comings et al., 1997 ; 
 Wu et al., 2000 ) comprising three samples in which data were not 
available, indicated a positive association between effect size and 
proportion of male participants (Z = 3.71,  p  < .001), suggesting 
increasing effect size with increasing proportion of male partici-
pants (<50% male:  k  = 7,  OR  = 0.93, 95%  CI  = 0.84 – 1.03, 
Z = 1.38,  p  = .17; >50% male:  k  = 11,  OR  = 1.32, 95% 

 CI  = 1.17 – 1.48, Z = 4.60,  p  < .001;  Figure 3 ). Excluding the data 
from the present study did not alter these results substantially.     

 A visual inspection of a funnel plot of 1/ SE  against effect size 
estimate did not indicate any evidence of ascertainment bias 
among the entire sample of studies that contributed to the anal-
ysis of smoking initiation. Egger’s test also did not indicate any 
evidence of ascertainment bias,  t (19) = 0.16,  p  = .87.   

 Smoking persistence  .   When all samples ( k  = 23) with rele-
vant data were included, we found evidence for an association 
between the  DRD2  Taq1A genotype and the odds of being a cur-
rent smoker ( OR  = 1.13, 95%  CI  = 1.05 – 1.22, Z = 3.32,  p  = .001) 
in the fi xed-effects model. We found strong statistical evidence 
of between-study heterogeneity ( I  2  = 74.64,  c  2 [22] = 87.76, 
 p  < .001), however. When these data were analyzed within a 
random- effects framework the point estimate (indicating an 11% 
greater odds of current smoking per A1 allele) remained similar 
to that in the fi xed-effects model but the  p  value was consistent 
with the null hypothesis ( OR  = 1.11, 95%  CI  = 0.94 – 1.33, Z = 1.21, 
 p  = .23). These results are presented graphically in  Figure 1 . 

 When the fi rst published study ( Noble et al., 1994 ) was re-
moved from the analysis ( k  = 22), these results were not altered 
substantially. Metaregression indicated a negative association 
between effect size estimate and year of publication (Z =  − 5.50, 
 p  < .001), suggesting decreasing effect size with increasing year 
of publication. These data are presented graphically in  Figure 2 . 

 When studies that recruited samples of predominantly 
European ancestry were analyzed separately ( k  = 13), we found 
evidence for an association ( OR  = 1.26,  p  < .001), although there 
was evidence of signifi cant between-study heterogeneity ( I  2  = 
76.97,  p  < .001). When these data were analyzed within a ran-
dom-effects framework, the  p  value was consistent with the null 
hypothesis ( OR  = 1.25,  p  = .11). Consistent with the main analy-
sis, metaregression indicated a signifi cant association between 
effect size estimate and year of publication (Z =  − 4.12,  p  < .001), 
suggesting decreasing effect size with increasing year of publica-
tion. When studies that recruited samples of predominantly 
East Asian ancestry were analyzed separately ( k  = 5), we found 
no evidence of association in either the fi xed-effects ( OR  = 0.88, 
 p  = .19) or the random-effects ( OR  = 0.88,  p  = .26) model. 

 Metaregression, excluding two studies ( Comings et al., 
1997 ;  Wu et al., 2000 ) comprising three samples in which data 
were not available, indicated a positive association between 
effect size and proportion of male participants (Z = 2.42, 
 p  = .015), suggesting increasing effect size with increasing pro-
portion of male participants (<50% male:  k  = 8,  OR  = 0.96, 95% 

 Table 2.      Smoking status and smoking rate by  DRD2  Taq1A genotype  

   DRD2  Taq1A genotype

 A1A1 A1A2 A2A2    OR / b 95%  CI  p  value 

  Ever smoked ( n  = 2,409) 43/101 307/723 679/1,585 Unadjusted 1.01 0.88 – 1.17 0.88 
 43% 43% 43% Adjusted 1.01 0.88 – 1.17 0.85 

 Smoke at present ( n  = 1,376) 11/52 69/404 172/920 Unadjusted 0.97 0.76 – 1.24 0.80 
 21% 17% 19% Adjusted 0.97 0.75 – 1.25 0.83 

 Cigarettes per day,  n  = 256  M  = 8 ( SD  = 7), 
 n  = 12

 M  = 12 ( SD  = 7), 
 n  = 69

 M  = 12 ( SD  = 7), 
 n  = 175

Unadjusted  − 1.19  − 2.71 – 0.34 0.13 
 Adjusted  − 0.81  − 0.79 – 0.22 0.28  
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 CI  = 0.87 – 1.06, Z = 0.86,  p  = .39; >50% male:  k  = 12,  OR  = 1.45, 
95%  CI  = 1.29 – 1.64, Z = 6.03,  p  < .001). Excluding the data 
from the present study did not alter these results substantially. 
These data are presented graphically in  Figure 3 . 

 A visual inspection of a funnel plot of 1/ SE  against effect size 
estimate did not indicate any evidence of possible ascertainment 
bias among the entire sample of studies that contributed to the 
analysis of smoking persistence. Egger’s test also did not indi-
cate any evidence of ascertainment bias,  t (21) = 0.13,  p  = .90.   

 Smoking rate  .   When all studies ( k  = 19) with relevant data 
were included, we found no evidence of an association between 
 DRD2  Taq1A genotype and smoking rate ( d  = .00, 95% 
CI =  − 0.05 to 0.05, Z = 0.00,  p  = 1.00). There was strong statisti-
cal evidence of between-study heterogeneity ( I  2  = 85.80,  c  2 [18] = 
126.80,  p  < .001), and the evidence for association remained 
nonsignifi cant ( d  =  – .03, 95%  CI  =  − 0.18 to 0.11, Z = 0.45, 
 p  = .65). These results are presented graphically in  Figure 1 . 

 When the fi rst published study ( Spitz et al., 1998 ), compris-
ing two samples, was removed from the analysis ( k  = 17), these 
results were not altered substantially. Metaregression indicated 
no evidence of an association between effect size estimate and 
year of publication ( p  = .71). These data are presented graphi-
cally in  Figure 2 . 

 When samples that recruited participants of predominantly 
European ancestry were analyzed separately ( k  = 13), we found 
no evidence of an association ( d  =  – .01,  p  = .11). Only one sam-
ple recruited participants of predominantly East Asian ancestry, 
precluding a separate meta-analysis for this subgrouping. 

 Metaregression indicated no evidence of an association be-
tween effect size and proportion of male participants (Z = 20.07, 
 p  = .95). These data are presented graphically in  Figure 3 . 

 A visual inspection of a funnel plot of 1/ SE  against effect size 
estimate did not indicate any evidence of possible ascertainment 
bias among the entire sample of studies that contributed to the 
analysis of smoking rate. Egger’s test also did not indicate any 
evidence of ascertainment bias,  t (17) = 0.62,  p  = .55.     

 Discussion 
 We did not observe any evidence of an association between the 
 DRD2  Taq1A polymorphism and smoking behavior, including 
smoking initiation, smoking persistence, and smoking rate, in a 
large sample of older females. In a meta-analysis of 29 studies, 
comprising 28 published studies and the data from the present 
study, we observed some evidence of a positive association with 
smoking initiation and persistence, though not smoking rate. 
However, considerable between-study heterogeneity was pres-
ent, and  p  values in the random-effect models were consistent 
with the null hypothesis. Heterogeneity was explained in part by 
year of publication, with studies published more recently having 
weaker effects than earlier publications. A possible interpreta-
tion of these null results might be that no association exists. In-
triguingly, however, metaregression suggested an association 
between the proportion of male participants in a study and the 
individual study effect size, indicating a larger effect size with a 
greater proportion of male participants. This effect did not ap-
pear to be due to the inclusion of the data from the present 

study, except in the analysis of smoking rate data, where remov-
al of these data rendered the results of the metaregression 
nonsignifi cant. 

 The fi nding of greater effects in males was contrary to our a 
priori hypothesis. We felt that, based on previous evidence of 
sex differences in the effects of NRT and in nicotine metabolism, 
any effect modifi cation by sex would relate to stronger effects in 
females. As a result, our fi ndings should be interpreted as not 
supporting an association between the  DRD2  Taq1A polymor-
phism and smoking behavior in either sex until further large 
studies with suffi cient statistical power to determine a sex × 
genotype interaction within the same study population have 
been completed. 

 Researchers are interested in the Taq1A variant in part be-
cause it may alter the function of the nearby  DRD2  gene. The 
SNP has been reported to affect  DRD2  availability in postmortem 
striatal samples ( Noble, Blum, Ritchie, Montgomery, & Sheridan, 
1991 ;  Thompson et al., 1997 ), and evidence from in vivo studies 
indicates an association between the A1 allele and lower mean 
relative glucose metabolic rate in dopaminergic regions in the 
human brain ( Noble, Gottschalk, Fallon, Ritchie, & Wu, 1997 ). 
Positron emission tomography (PET) scan studies have indicated 
that this allele also is associated with low receptor density ( Jons-
son et al., 1999 ). Evidence that the Taq1A variant alters an amino 
acid in the  ANKK1  protein kinase gene, near the  DRD2  locus 
( Neville et al., 2004 ), does not rule out an effect on the  DRD2  
gene. Data from the HapMap project reveal that the variant is in 
linkage disequilibrium with other variants in the  DRD2  gene, but 
not with variants in the  ANKK1  gene, although other data appear 
to contradict this fi nding ( Gelernter et al., 2006 ). Thus, it may be 
that additional functional variants in  DRD2  are contributing to 
any association with smoking behavior. 

 Another, more speculative, possibility is that  ANKK1  may 
exert an effect on dopaminergic neurotransmission itself. The 
function of many proteins can be infl uenced or regulated by a 
process of phosphorylation of key amino acid residues within the 
protein. This process can infl uence factors such as the affi nity of 
the protein for ligands that bind to it, such as dopamine to its 
transporter in this instance. Phosphorylation also can infl uence 
other aspects of activity, and kinases catalyze these phosphoryla-
tion processes.  ANKK1  might therefore be a kinase that acts on 
the transporter to infl uence its activity. If this were to be so, it 
might explain how a polymorphism in a gene that was not the 
transporter itself might relate to dopaminergic activity, so that 
the polymorphism in  ANKK1  may infl uence the activity or regu-
lation of the kinase, thereby infl uencing the activity of the trans-
porter (D. J. K. Balfour, personal communication, 23 June 2006). 
Data do not currently exist to test this possibility directly. 

 An important question that our data are not able to answer 
is why any effects of the  DRD2  Taq1A polymorphism may oper-
ate only in males or be stronger in males. Recent imaging data 
suggest one possibility, however, which is that dopamine release 
following stimulant challenge, as measured by PET with high –
 specifi c activity [11C] raclopride, appears to be greater in males 
than in females, with corresponding differences between males 
and females in the subjective ratings of the positive effects of the 
challenge ( Munro et al., 2006 ). Therefore, increased dopamin-
ergic neurotransmission in response to drug challenge among 
males, in particular in the striatum, may result in greater scope 
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 Figure 1.        Meta-analysis of association of DRD2 Taq1A1 allele with smoking initiation, smoking persistence, and smoking rate. Meta-analysis indicates 
marginal evidence for association of the DRD2 Taq1A1 allele with smoking initiation (a) and smoking persistence (b), but not smoking rate (c). In all 
cases there was evidence of between-study heterogeneity, and analyses within a random-effects framework were consistent with the null hypothesis.    
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for individual differences due to genetic factors to exert an in-
fl uence on drug-seeking and drug-taking behavior. Imaging ge-
netic study designs offer one means by which this possibility 
could be tested. Another potential mechanism that may explain 
our fi ndings relates to hormonal differences between males and 
females. Estrogen interacts with activity at dopamine D2 recep-
tor sites in the striatum ( Lammers et al., 1999 ), a D2 receptor –
 rich area of the brain, whereas females also show greater 
estrogen-induced dopamine activation ( Carpenter, Upadhyaya, 
LaRowe, Saladin, & Brady, 2006 ;  Dluzen & Anderson, 1997 ; 
 Lammers et al., 1999 ). The generally higher estrogen levels 
among females may therefore be a protective factor against sub-
optimal dopamine functioning. That is, a genetic variant associ-
ated with reduced dopaminergic activity might result in a 
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 Figure 2.        Metaregression of publication year against effect size for smoking initiation, smoking persistence, and smoking rate. Metaregression 
indicates a signifi cant association between individual study publication year and effect size estimate for smoking initiation (top) and smoking per-
sistence (middle), but not smoking rate (bottom). Where this was observed, the effect refl ected a reduction in effect size estimate over time.    

relatively greater defi cit among males than among females, 
thereby leading to a greater likelihood of persistent smoking, 
given the agonist effects of nicotine on dopamine release. 

 The present study has several limitations, in particular the 
new primary data that we report, that should be considered 
when interpreting these results. We originally hypothesized that 
any effect of  DRD2  Taq1A genotype would be stronger in fe-
males, hence our choice of a large representative sample of 
women. However, the absence of men did not permit us to test 
explicitly for any putative sex × genotype interaction. Neverthe-
less, our new data were consistent with the fi ndings from other 
studies included in the meta-analysis. Second, data on smoking 
behaviors were obtained by self-report and lack biochemical 
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validation. Although the survey procedures were intended to 
maximize accurate responding and most other studies reporting 
this association also lack biochemical validation of smoking be-
havior, nondifferential misreporting may have weakened any 
true association. Third, the smoking behavior phenotypes avail-
able to us were relatively crude and do not capture important 
aspects of smoking behavior such as degree of dependence (ex-
cept perhaps through smoking rate). However, those pheno-
types that were available were broadly comparable with those 
available in other published studies, which allowed us to con-
duct a meta-analysis of these studies. Indeed, the principal limi-
tation of our meta-analysis (as opposed to our analysis of the 
primary data that we report) is that the procedures used allow 
only comparable data to be combined. Fourth, our new data 
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 Figure 3.        Metaregression of proportion of male participants against effect size for smoking initiation, smoking persistence, and smoking rate. 
Metaregression indicates a signifi cant association between individual study proportion of male participants and effect size estimate for smoking 
initiation (top), smoking persistence (middle), but not smoking rate (bottom). Removal of the data from the primary study we report did not alter 
these results substantially.    

were drawn from a relatively old sample, and genetic effects may 
become more prominent as cigarette smoking becomes more 
socially unacceptable, so that these effects may have been 
masked in our data. However, the observed negative correlation 
between effect size estimate and year of publication would argue 
against this possibility. 

 Despite these limitations, our results provide some support 
for the suggestion that the mechanisms of smoking behavior 
and dependence differ between males and females and that 
the genetic infl uences on these mechanisms also may differ, 
although the apparent direction of effect we observed in our 
meta-analysis is contrary to our original hypothesis, so that 
these fi ndings must be regarded as tentative and preliminary. 
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