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Attention-deficit hyperactivity disorder (ADHD) is a multifac-

torial, neurodevelopmental disorder that often persists into

adolescence and adulthood and is characterized by inattention,

hyperactivity and impulsiveness. Before the advent of the first

genome-wide association studies inADHD, genetic research had

mainly focused on candidate genes related to the dopaminergic

and serotoninergic systems, although several other genes had

also been assessed. Pharmacological data, analysis of animal

models and association studies suggest that Brain-Derived Neu-

rotrophic Factor (BDNF) is also a strong candidate gene for

ADHD. Several polymorphisms in BDNF have been reported

and studied in psychiatric disorders but the most frequent is the

p.Val66Met (rs6265G>A) single nucleotide polymorphism

(SNP), with functional effects on the intracellular trafficking

and secretion of the protein. To deal with the inconsistency

raised among different case–control and family-based associa-

tion studies regarding the p.Val66Met contribution to ADHD,

we performed a meta-analysis of published as well as unpub-

lished data from four different centers that are part of the

International Multicentre Persistent ADHD CollaboraTion

(IMpACT). A total of 1,445 adulthood ADHD patients and

2,247 sex-matched controls were available for the study. No

association between the p.Val66Met polymorphism and ADHD

was found in any of the four populations or in the pooled sample.

The meta-analysis also showed that the overall gene effect for

ADHD was not statistically significant when gender or comor-

bidity with mood disorders were considered. Despite

the potential role of BDNF in ADHD, our data do not support

the involvement of p.Val66Met in the pathogenesis of this

neuropsychiatric disorder. � 2009 Wiley-Liss, Inc.

Key words: attention-deficit hyperactivity disorder; adult

ADHD; BDNF; case–control association study; meta-analysis

INTRODUCTION

Attention-deficit hyperactivity disorder (ADHD) is a neuro-

developmental disorder that often persists into adolescence and

adulthood and is characterized by inattention, hyperactivity and

impulsiveness and causes significant social, educational and psy-

chological problems in childhood and adulthood. Heritability of

ADHD has been estimated at 39–91% and it is considered a

complex disorder with genetic and environmental risk factors

[Faraone et al., 2005]. The genetic causes of ADHD are still

unknown, but so far genetic research has mainly focused on

candidate genes of the dopaminergic and serotoninergic systems

[Comings et al., 2000; Ribas�es et al., 2009]. In addition to these

neurotransmission pathways, neurotrophic factors, which partici-

pate in development, survival and functional maintenance of

neurons,may be involved in neuroplasticity changes that take place

in the central nervous system andmay also contribute to the genetic

predisposition to ADHD. Among these, Brain-Derived Neurotro-

phic Factor (BDNF) is a strongcandidate gene. Psychostimulant and

antidepressant drugs commonly used for ADHD treatment mod-

ulate the expression of BDNF and its specific receptor NTRK2

[Meredith et al., 2002; Chase et al., 2007]. In addition, heterozygous

Bdnf knockout mice display hippocampal-dependent learning

deficiencies, aggressiveness, anxiety, and hyperactive locomotor

behavior when compared with wild-type littermates, which inter-

estingly can be rescued in an enriched environment [Linnarsson

et al., 1997; Kernie et al., 2000; Rios et al., 2001; Chourbaji et al.,

2004]. Chronic infusion of Bdnf into the substantia nigra of animal

models alters locomotion activity, whereas its intracerebroventric-

ular administration decreases locomotion, motility and rearing

[Martin-Iverson et al., 1994; Kobayashi et al., 1997]. Finally, several

association studies have tested the possible involvement ofBDNF in

ADHD, although the results are controversial. Someof these studies

focus solely on BDNF or a few candidate genes (Table SI; [Friedel

et al., 2005; Kent et al., 2005; Brookes et al., 2006; Lee et al., 2007;

Schimmelmann et al., 2007; Xu et al., 2007; Conner et al., 2008;

Lanktree et al., 2008;Oades et al., 2008]), whereas others are GWAS

[Neale et al., 2008; Sonuga-Barke et al., 2008; Lasky-Su et al.,

2008a,b; Anney et al., 2008b].

The BDNF gene is located at 11p13-14, is organized in 13 exons,

andencodes a247 aminoacidprecursorpeptide (pro-BDNF) that is

proteolytically cleaved to form the mature protein of 153 amino

acids. Several polymorphisms of BDNF have been reported and

studied in a number of psychiatric disorders. The most frequent is

the rs6265 (p.Val66Met) SNP locatedwithin the pro-BDNF region,

which goes along with increased BDNF serum concentrations in

Met allele carriers [Lang et al., 2009]. Egan et al. [2003] demon-

strated that although it is located in the pro-BDNFpolypeptide and

does not alter the intrinsic biological activity of themature protein,

the rs6265G>A sequence variant impairs the intracellular proc-

essing and secretion of the mature neurotrophin. In addition, as it

was recently shown that mice also secrete proBDNF, especially
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while the brain is developing, these data point towards an impact of

p.Val66Met on neuronal development, especially in the hippocam-

pus [Yang et al., 2009].

To deal with the inconsistency raised among different case–
control and family-based association studies regarding the contri-

butionofBDNFp.Val66Met toADHD,we aimed toperformameta

-analysis of published as well as unpublished case–control data
from four different centers (Germany, The Netherlands, Norway

and Spain) integrated in the International Multicentre persistent

ADHD CollaboraTion (IMpACT), which focuses its interest on

adulthood ADHD.

MATERIALS AND METHODS

Patients and Controls
In total, 1,445 adult ADHD patients and 2,447 controls of

Caucasian origin from four European countries (Spain, Germany,

Norway, and The Netherlands) were recruited by members of the

International Multicentre Persistent ADHD CollaboraTion

(IMpACT). Consensus eligibility criteria for the current study

across all sites were a diagnosis of ADHD according to the diag-

nostic criteria of DSM-IV (Diagnostic and Statistical Manual for

Mental Disorders-IV), onset before the age of 7 years via retrospec-

tive diagnosis (which was confirmed by a familymember, wherever

possible), lifelong persistence and current diagnosis. Patients were

extensively examined by experienced psychiatrists in adult ADHD

using open and semi-structured interviews. Other psychiatric

disorders were evaluated with the Structured Clinical Interview of

DSM-IV for axis-I and axis-II disorders (SCID-I, SCID-II) or semi-

structured interviews. Severity of ADHD in adulthood was mea-

sured by means of standards rating scales. Most of the clinical

sample has been described before [Bekker et al., 2005; Kooij et al.,

2005; Jacob et al., 2007; Franke et al., 2008; Johansson et al., 2008;

Ramos-Quiroga et al., 2008; Ribas�es et al., 2008]. Diagnosis was
blind to genotype (see Table SII for a detailed description of the

instruments and procedures used by the different sites).

Most controls (except for theNorwegian samples and part of the

German samples, see Table SII) were screened for the presence of

ADHD and those scoring high on symptoms of the disorder were

excluded.

The study was approved by the ethics committee of each

participating institution and informed consent was obtained from

all subjects in accordance with the Helsinki Declaration.

DNA Isolation and Genotyping
Genomic DNA was isolated either from saliva using the Oragene�
DNA Self-Collection kit from DNA Genotek (DNA Genotek Inc.,

Ottawa, Canada) or from peripheral blood lymphocytes by the

salting-out procedure [Miller et al., 1988].

Germany and Norway: genotyping of rs6265 was accomplished

using the Sequenom MassArray genotyping platform (Sequenom,

San Diego, CA).

Netherlands: The rs6265 polymorphism was genotyped using

TaqMan-based genotyping. Genotyping was carried out in a vol-

ume of 10ml containing 10 ng of genomic DNA, 5ml of ABgene
Mastermix (2�; ABgene Ltd., Hamburg, Germany), 0.125 ml of the

Taqman assay (assay ID: Taqman assay: C_11592758_10; reporter

1: VIC-C-allele; reporter 2: FAM-T-allele; Applied Biosystems,

Nieuwerkerk a/d Ijssel, The Netherlands) and 3.875ml of H2O.

Amplification was performed on a 7500 Fast Real-Time PCR

System starting with 15min at 95�C, followed by 50 cycles of 15 sec
at 95�C and 1min at 60�C. Genotypes were scored using the

algorithm and software supplied by the manufacturer (Applied

Biosystems).

Spain: rs6265 was genotyped with the SNPlex platform (Applied

Biosystems, Foster City, CA) at the Barcelona node of the Centro

Nacional de Genotipado (CeGen, www.cegen.org) as previously

described [Tobler et al., 2005].

Statistical Analysis
We first assessed Hardy–Weinberg equilibrium (HWE) in the

control groups from each IMpACT node using a c2 test. To deter-

mine the best genetic model to be used we estimated the three

possible odds ratios (ORs) and their 95% confidence intervals (CI):

OR1 (Val/Val vs. Met/Met), OR2 (Val/Val vs. Val/Met) and OR3

(Met/Met vs. Val/Met) in the pooled sample (Table SIII). Thus, if

OR1¼OR3„ 1 and OR2¼ 1, a recessive model is suggested;

OR1¼OR2„ 1 and OR3¼ 1 indicates a dominant model; and

OR1>OR3> 1 (or OR1<OR2< 1 and OR1<OR3< 1) suggests

a codominant model. Prior to the pooling of the four individual

studies, we compared genotype and allele frequencies among cases

and controls from each separate IMpACT node using a c2 test with
the SNPassoc R package [Gonzalez et al., 2007]. To combine the

individual study results, we conductedmeta-analyses using theMeta

R package (cran.r-project.org/web/packages/meta/index. html). We

first tested for heterogeneity among studies using the Q-statistic,

which is aweighted sumof the squares of the deviations of individual

study OR estimates from the overall estimate. When the ORs are

homogeneous,Q followsac2 distributionwith r� 1 (r is thenumber

of studies) degrees of freedom (df). If PQ< 0.10, the heterogeneity

was considered to be statistically significant [Lau et al., 1997; Fleiss,

1981]. Inconsistency across studies was quantified with the I2 metric

(I2¼Q� df/Q), which can be interpreted as the percentage of total

variation across several studies due to heterogeneity. I2 takes values

between 0% and 100%, with higher values denoting a greater degree

of heterogeneity (0–25%: no heterogeneity; 25–50% moderate

heterogeneity; 50–75%: large heterogeneity; 75–100% extreme

heterogeneity) [Zintzaras and Hadjigeorgiou, 2004]. When no het-

erogeneity was present, the pooled OR was estimated using fixed-

effects model (Mantel and Haenszel, 1959). Otherwise, random

effects models (Laird and Mosteller, 1990) were applied to obtain

the pooled OR. Random effects modeling assumes a genuine diver-

sity in the results of various studies and it incorporates a between-

studyvariance into the calculations (Whitehead, 2002).Theresults of

the association tests are given as pooled ORs (which estimate the

genotype-induced riskofadultADHD),withthe corresponding95%

confidence intervals (CIs). P< 0.05 was considered statistically

significant.Additionally,we conductedothermeta-analytical studies

in which we split the sample by gender or by clinical subtype

(combined and inattentive). Because ADHD is highly comorbid

with mood disorders and BDNF has been extensively tested for

association with this psychiatric entity [Gratac�os et al., 2007;
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Verhagen et al., 2008], we also considered ADHD patients with and

without mood disorders.

RESULTS

A total of 1,445 adult ADHD patients and 2,247 controls from four

IMpACT nodes were available for the meta-analysis. Table I shows

the clinical description of the samples included in the study.

Genotype distributions of the p.Val66Met SNP showed no signifi-

cant departure from HWE when each control group as well as the

pooled control sample were considered (P> 0.05). No significant

differenceswere observedwhengenotype or allele frequencies of the

p.Val66Met SNP were compared between ADHD patients from

each country and their sex-matched unrelated controls (Table II).

To determine the best genetic model we calculated the three ORs.

The estimatedORs in the pooled sample were OR1¼ 0.93 (95%CI:

0.66–1.31), OR2¼ 0.99 (95%CI: 0.86–1.14), andOR3¼ 1.07 (95%

CI: 0.75–1.52).Noheterogeneitywasdetected forOR1,OR2, orOR3

across samples (P¼ 0.43, P¼ 0.35, and P¼ 0.51, respectively)

(Table SIII). The fact that none of the ORs significantly deviated

from 1 did not allow to choose a particular genetic model based on

the pattern of the odds ratios. Thus, comparisons of genotype

frequencies between cases and controls were performed under

different models (codominant, dominant, recessive, overdomi-

nant, and log-additive). The dominant one was eventually selected

for themeta-analysis because (1) it was the one that produced lower

P-values in most comparisons, (2) it produced the lowest Akaike

Information Criterion (AIC) values, and (3) it was the only one to

show nominal P-values in some particular comparisons (see

below). Therefore, a Met66 dominant model with fixed effects was

used to perform a meta-analysis, which showed a lack of a statisti-

cally significant effect of the p.Val66Met BDNF SNP on adulthood

ADHD (P¼ 0.86; OR¼ 0.99 (95% CI: 0.86–1.13); Table III).
We then considered the combined and inattentive subtypes

separately and we did not observe statistically significant effects of

p.Val66Met BDNF on ADHD subtypes in either of the four

populations (Table SIV). The pooled analysis under a fixed-effects

model showed no significant effect of the polymorphismonADHD

subtypes either (Table IV). The hyperactive/impulsive subtype was

not studied because of the limited sample size (6.43% from the total

sample; Table I).

The separate analysis of males and females displayed a nominal

association between p.Val66Met and ADHD in females from the

Spanish cohort (P¼ 0.0363, OR¼ 0.50 (95% CI: 0.26–0.96);
Table SV). Nevertheless, after having discarded heterogeneity, the

pooled analysis under a fixed-effects model showed that the overall

gene effect on ADHDwas neither statistically significant in females

(P¼ 0.51; OR¼ 0.93 (95% CI: 0.75–1.14)) nor in males (P¼ 0.72;

OR¼ 1.03 (95% CI: 0.85–1.24); Table V).
We then separated ADHD patients according to comorbidity

with mood disorders and observed nominal association between

BDNF and ADHDwithmood disorders in some of the populations

(Germany, genotypes: P¼ 0.035, OR¼ 1.33 (95% CI: 1.02–1.75)
and alleles: P¼ 0.035, OR¼ 1.28 (95% CI: 1.01–1.64); Table SVI)
and without mood disorders in others (Netherlands: genotypes:

P¼ 0.047, OR¼ 0.60 (95% CI: 0.36–0.99); Table SVI). However,

after discarding heterogeneity, the meta-analysis under a fixed-

effects model showed that the overall gene effect was not significant

in any of the two clinical groups considered (ADHD with mood

disorders: P¼ 0.24, OR¼ 1.11 (95% CI: 0.93–1.31); ADHD with-

out mood disorders: P¼ 0.20, OR¼ 0.88 (95% CI: 0.73–1.07);
Table VI).

TABLE I. Descriptive Characteristics of the IMpACT Samples: Adult ADHD Patients and Controls Without ADHD From Four European

Countries

Study Germany Netherlands Norway Spaina Pool
Cases

Female 282 (46.45%) 95 (50%) 208 (47.7%) 58 (23.5%) 643 (44.49%)
Male 325 (53. 54%) 96 (50%) 228 (52.29%) 153 (76.5%) 802 (55.50%)
Total 607 191 436 211 1,445
ADHD subtype

Combined type 408 (67.21%) 172 (90.07%) 230 (52.75%) 139 (65.87%) 949 (65.67%)
Hyperactive/impulsive type 48 (7.90%) 5 (2.61%) 30 (6.88%) 10 (4.73%) 93 (6.43%)
Inattentive type 151 (24.87%) 14 (7.32%) 73 (16.74%) 62 (29.4%) 300 (20.76%)
Sub-threshold — — 97 (22.24%) — 97 (6.71%)
Unknown — — 6 (1.39%) — 6 (0.43%)

Age (mean and SD) 31 (10.26) 42 (10.7) 34 (10.6) 35 (10.17) 35 (4,6)
Mood disorders 323 (53.21%) 119 (62.30%) 299 (68.57%) 81 (38.38%) 822 (56.8%)

Controls
Female 390 (46, 42%) 243 (50%) 237 (47.78%) 116 (27.29%) 986 (43.8%)
Male 450 (53, 57%) 243 (50%) 259 (52.2%) 309 (72.7%)) 1261 (56.1%)
Total 840 486 496 425 2,247
Age (mean and SD) 31 (10.4) 62 (18.06) 27 (7.2) 43 (16.36) 40 (15.7)

aPublished data [Ribas�es et al., 2008].
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DISCUSSION

To our knowledge, this is the first meta-analysis performed to

evaluate the association between BDNF and adulthood ADHD. No

evidence of association was found between the p.Val66Met varia-

tion and this neuropsychiatric disorder. Although most of the

previous studies considered childhood ADHD samples (Table SI),

our results are in agreement with those described by Friedel et al.

[2005] in 88 childhood ADHD patients and 96 controls, Schim-

melmann et al. [2007] in 468 children from294 families comprising

one or more affected sibs, Lee et al. [2007] in 315 ADHD children

from 266 nuclear families, or Brookes et al. [2006] in 674 DSM-IV

combined type probands with 808 siblings, in which no association

between the p.Val66Met SNP and ADHD was detected. However,

other association studies have reported a possible contribution of

BDNF to ADHD (Table SI). In this regard, Kent et al. [2005]

demonstrated a preferential paternal transmission of the p.Val66

allele in 341 childhood ADHD trios and Xu et al. [2007] found no

association between p.Val66Met and ADHD but showed evidence

for a decreased transmission of the �270T/p.Val66

haplotype in two independent samples of ADHD child probands.

In addition, two studies considered the BDNF gene in adulthood

ADHD and while Lanktree et al. [2008] found evidence for a

p.Val66 contribution, Conner et al. [2008] showed no association

between this polymorphism and adult ADHD scores (Table SI).

Two genome-wide association studies (GWAS) have been reported

in ADHD so far, one of them in 343 adult ADHD patients and 304

controls using aDNA pooling approach [Lesch et al., 2008] and the

other one in 958 affected family trios with child ADHD sibs

considering either ADHD as a categorical trait or related quantita-

tive measures such as ADHD symptoms, age at onset of ADHD

symptoms or conduct problems [Neale et al., 2008; Lasky-Su et al.,

2008a,b; Anney et al., 2008b]. All of them included the p.Val66Met

variation (rs6265) and other polymorphic sites within the BDNF

gene, but they did not achieve genome-wide significance.

All these conflicting findingsmay either reflect that the variant is

not associated with ADHD or, alternatively, that the results vary

because of factors such as reduced statistical power due to limited

sample sizes in some of the reported studies (Table SI), genetic

heterogeneity introduced or increased by different diagnostic

criteria, different frequencies of ADHD subtypes, comorbidity

and/or distinct ethnic origin among the studied samples, as differ-

ences in BDNF allelic frequencies have been reported among ethnic

groups [Shimizu et al., 2004]. The lack of association between

BDNF and adulthoodADHDdetected in our study, however, raises

several considerations:

(1) Genetic effects for common variants may be reduced and

difficult to detect in association studies of small sample sizes.

The present meta-analysis, that considers relatively large well-

characterized clinical samples that fulfilledDSM-IV criteria for

ADHD and were evaluated using a common set of diagnostic

instruments, improves the statistical power to detect associa-

tion (>95%) with respect to the analyses of previous datasets.

Our strategy also allowed examination of heterogeneity be-

tween the different series of patients and controls included in

the study. In this regard,wedidnot detect heterogeneity ofORs
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SÁNCHEZ-MORA ET AL. 517

78



TA
B
LE

IV
.
G
en
et
ic
Ef
fe
ct
of
th
e
p.
Va
l6
6
M
et
Po
ly
m
or
ph
is
m
on

(a
)
Ad
ul
th
oo
d
AD
H
D
,C
om

bi
n
ed

Su
bt
yp
e
(9
4
9
Ca
se
s
an
d
2
,2
4
7
C
on
tr
ol
s)

an
d
Ad
u
lt
h
oo
d
AD
H
D
,I
n
at
te
n
ti
ve

Su
bt
y
pe

(2
9
9
Ca
se
s
an
d
2
,2
4
7
Co
n
tr
ol
s)
,
U
si
n
g
a
Fi
xe
d-
Ef
fe
ct
s
M
od
el

St
ud
y

Ca
se
s

Co
n
tr
ol
s

G
G

To
ta
l

G
G

To
ta
l

W
ei
gh
t
(%
)

O
R
M
-H
,
fi
xe
d,
9
5
%
CI

z
P

O
R
M
-H
,
fi
xe
d,
9
5
%
C
I

(a
)a 1
.
G
er
m
an
y

2
7
4

4
0
7

5
3
4

8
4
0

3
7
.5
1

1
.1
8
(0
.9
1
–
1
.5
1
)

2
.
N
et
he
rl
an
ds

1
0
6

1
7
2

3
2
1

4
8
6

2
1
.2
1

0
.8
2
(0
.5
7
–
1
.1
8
)

3
.
N
or
w
ay

1
5
5

2
3
0

3
3
6

4
9
6

2
2
.8
6

0
.9
8
(0
.7
0
–
1
.3
7
)

4
.
Sp
ai
n

7
9

1
4
0

2
5
9

4
2
5

1
8
.4
2

0
.8
3
(0
.5
6
–
1
.2
2
)

Fi
xe
d-
ef
fe
ct
s
m
od
el

6
1
4

9
4
9

1
4
5
0

2
,2
4
7

1
0
0

0
.9
9
(0
.8
4
–
1
.1
6
)

�0
.0
5

0
.9
5

(b
)b 1
.
G
er
m
an
y

8
9

1
5
1

5
3
4

8
4
0

5
1
.2
4

0
.8
2
(0
.5
7
–
1
.1
7
)

2
.
N
et
he
rl
an
ds

1
2

1
4

3
2
1

4
8
6

1
.9
7

3
.0
8
(0
.6
8
–
1
3
.9
)

3
.
N
or
w
ay

4
3

7
3

3
3
6

4
9
6

2
7
.1
7

0
.6
8
(0
.4
1
–
1
.1
2
)

4
.
Sp
ai
n

3
7

6
1

2
5
9

4
2
5

1
9
.6
2

0
.9
8
(0
.5
7
–
1
.7
1
)

Fi
xe
d-
ef
fe
ct
s
m
od
el

1
8
1

2
9
9

1
4
5
0

2
,2
4
7

1
0
0

0
.8
6
(0
.6
7
–
1
.1
0
)

�1
.1
6

0
.2
4

a
Te
st

of
he
te
ro
ge
n
ei
ty
:
Q
¼
3
.6
7
,
df
¼
3
,
P
¼
0
.2
9
;
I2
¼
1
8
.3
%
(0
–
8
7
.5
%
).

b
Te
st

of
he
te
ro
ge
n
ei
ty
:
Q
¼
3
.8
7
,
df
¼
3
,
P
¼
0
.2
7
;
I2
¼
2
2
.6
%
(0
–
8
8
.1
%
).

518 AMERICAN JOURNAL OF MEDICAL GENETICS PART B

79



TA
B
LE

V.
G
en
et
ic
Ef
fe
ct
of
th
e
p.
Va
l6
6
M
et

Po
ly
m
or
ph
is
m
on

(a
)
Fe
m
al
es

(6
4
3
Ca
se
s
an
d
9
8
6
Co
n
tr
ol
s)

an
d
(b
)
M
al
es

(8
0
2
C
as
es

an
d
1
2
6
1
C
on
tr
ol
s)

w
it
h
Ad
u
lt
h
oo
d
AD
H
D

U
si
n
g
a
Fi
xe
d-
Ef
fe
ct
s
M
od
el

St
ud
y

Ca
se
s

Co
n
tr
ol
s

G
G

To
ta
l

G
G

To
ta
l

W
ei
gh
t
(%
)

O
R
M
-H
,
fi
xe
d,
9
5
%
CI

z
P

O
R
M
-H
,
fi
xe
d,
9
5
%
C
I

(a
)a 1
.
G
er
m
an
y

1
8
0

2
8
2

2
3
8

3
9
0

3
8
.9
1

1
.1
3
(0
.8
2
–
1
.5
4
)

2
.
N
et
he
rl
an
ds

5
9

9
5

1
5
5

2
4
3

1
7
.7
8

0
.9
3
(0
.5
6
–
1
.5
1
)

3
.
N
or
w
ay

1
2
8

2
0
8

1
5
3

2
3
7

2
9
.6
2

0
.8
7
(0
.5
9
–
1
.2
9
)

4
.
Sp
ai
n

3
0

5
8

7
9

1
1
6

1
3
.6
9

0
.5
0
(0
.2
6
–
0
.9
5
)

Fi
xe
d-
ef
fe
ct
s
m
od
el

3
9
7

6
4
3

6
2
5

9
8
6

1
0
0

0
.9
3
(0
.7
5
–
1
.1
4
)

�0
.6
6

0
.5
1

(b
)b 1
.
G
er
m
an
y

2
1
3

3
2
5

2
7
9

4
5
0

3
7
.0
8

1
.1
6
(0
.8
6
–
1
.5
6
)

2
.
N
et
he
rl
an
ds

6
0

9
6

1
6
7

2
4
3

1
6
.3
1

0
.7
5
(0
.4
6
–
1
.2
4
)

3
.
N
or
w
ay

1
5
4

2
2
8

1
7
1

2
5
9

2
3
.9
0

1
.0
7
(0
.7
3
–
1
.5
6
)

4
.
Sp
ai
n

9
2

1
5
3

1
8
7

3
0
9

2
2
.7
1

0
.9
8
(0
.6
6
–
1
.4
6
)

Fi
xe
d-
ef
fe
ct
s
m
od
el

5
1
9

8
0
2

8
0
4

1
2
6
1

1
0
0

1
.0
3
(0
.8
5
–
1
.2
4
)

0
.3
6

0
.7
2

a
Te
st

of
he
te
ro
ge
n
ei
ty
:
Q
¼
2
.2
3
,
d
f¼

3
,
P
¼
0
.5
2
;
I2
¼
4
0
%
(0
–
7
9
.6
%
).

b
Te
st

of
he
te
ro
ge
n
ei
ty
:
Q
¼
2
.2
3
,
df
¼
3
,
P
¼
0
.5
2
;
I2
¼
4
0
%
(0
–
7
9
.6
%
).
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or evidence that a single study accounted for the significance or

magnitude of the pooled study.

(2) The proportions of the different ADHD subtypes differ among

the reported studies. Thus, while most patients described by

Kent et al. [2005] (81%) or Xu et al. [2007] (100%UKand 78%

Taiwan) were combined ADHD, a lower proportion was seen

in the other studies (<70%), including the present meta-

analysis (66%). If the BDNF contribution to ADHD was

subtype-specific, these differences could account for the

distinct results between studies.

(3) Gender differences among studies may also explain controver-

sial results, as a recent study suggests that hyperactivity may be

gender-specific [Kim et al., 2007]. In this regard, male BDNF

conditional knock-out mice exhibit hyperactivity, whereas

females display normal locomotor activity with a prominent

increase in depression-like behaviors [Monteggia et al., 2007].

Although we found nominal association between BDNF and

ADHD in Spanish females, the pooled analysis stratified for

gender showed that the overall gene effect on ADHD was not

statistically significant.

(4) Other studies have reported a gene-specific parent of origin

effect in ADHD. In this regard, Kent et al. [2005] demonstrated

a significant preferential paternal transmission of the p.Val66

allele to children with ADHD. Nevertheless, other groups did

not find evidence for a preferential paternal transmission of

BDNF risk alleles in ADHD [Kim et al., 2007; Anney et al.,

2008a]. This aspect, however, could not be assessed in the

present case–control association study.

(5) Genetic variants in BDNF have generally been linked to a

number of other psychiatric phenotypes, that may share ge-

netic risk factors with ADHD, such as schizophrenia, eating

disorders, bipolar disorder or depression [Neves-Pereira et al.,

2002; Sklar et al., 2002; Green et al., 2006; Gratac�os et al., 2007;
Verhagen et al., 2008; Duncan et al., 2009]. Since comorbidity

with these disorders is frequently observed in ADHD (e.g.,

substantial proportion of our ADHD sample showed comor-

biditywithmooddisorders (56.8%)), in contrast tomost of the

previous studies we tested directly whether this comorbidity

might bias association results for ADHD [Kent et al., 2005; Xu

et al., 2007; Lanktree et al., 2008]. Although we observed a

nominal association between BDNF and ADHD with mood

disorders (in theGermansample) orwithoutmooddisorders (in

the Dutch sample), the pooled analysis showed that the overall

gene effect was not significant in any of these two groups.

(6) Most of the previous studies reporting a BDNF contribution to

the susceptibility to ADHD include only children samples,

which may suggest a childhood-specific association between

this neurotrophic factor and ADHD. Only one study reports

association between BDNF and adult ADHD, although the

sample size is limited [Lanktree et al., 2008]. In this regard, our

group identified a childhood-specific association between

ADHD and the BDNF specific receptor, NTRK2 [Ribas�es
et al., 2008] that might support a differential genetic compo-

nent in childhood ADHD with or without remission of the

phenotype across life span.

(7) Although it has been reported that the p.Val66Met polymor-

phism alters the intracellular trafficking and activity-depen-

dent secretion of BDNF [Egan et al., 2003], this SNPmaynot be

functionally involved inADHD, although it is still possible that

other BDNF sequence variants do contribute to the phenotype.

In conclusion, althoughBDNF remains as a candidate risk factor

for ADHD, we found no evidence of association between the

p.Val66Met SNP and adulthood ADHD using a meta-analysis

strategy in large well-characterized clinical samples from four

European populations. Further dissection of clinical phenotypes

as well as full genetic coverage, in terms of LD, of the BDNF gene in

larger cohorts of children as well as adult patients may improve our

knowledge about the involvement of BDNF in the susceptibility to

this complex neuropsychiatric disorder.
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Table SII. Instruments used to evaluate the phenotype of patients by the different sites contributing to IMpACT.

 Germany* Norway** Spain*** Netherlands**** 
Clinical interview X X X X 
CAADID-II   X  
WURS X X X 
CAARS X X 
ASRS X 
ADHD-RS X X 
ADHD Screening checklist  X 
CGI X 
SDI X 
SCID-I X X 
SCID-II X X 
BDI X X 
MDQ  X 
TPQ X  
NEO PI-R X 
Fagerström scale X 
STAI X 
MCMI-II X 

*IMPACT Germany: Patients have been extensively examined using an open interview by an 
experienced psychiatrist (M.H, A. B.-H., and C.P.J., who supervised the complete ascertainment 
procedure) as well as by the Structured Clinical Interview of DSM-IV for axis-I and axis-II disorders 
(SCID-I, SCID-II) also allowing the registration of co-morbid conditions [Fydrich et al., 1997; Wittchen 
et al., 1997]. Severity of A-ADHD was measured by means of the WURS-k interview [Retz-Junginger 
et al., 2002; Wender, 1995]. Where available, chart reviews have been performed and information 
obtained from relatives, school reports etc. were taken into consideration. Depressive symptoms were 
rated by the Beck Depression Inventory (BDI) [Beck et al., 1961]. Personality assessment was done 
using the NEO PI-R and TPQ questionnaires [Costa et al., 1995; Cloninger et al., 1991]; impulsivity 
was assessed by the I7 questionnaire [Eysenk, 1993] and nicotine abuse was quantified using the 
Fagerström scale [Fagerstrom, 1978]. Eligibility criteria for the study were A-ADHD according to the 
diagnostic criteria of DSM-IV, onset before the age of 7 years via retrospective diagnosis, life-long 
persistence, current diagnosis and age at recruitment between 18 and 65 years. Exclusion criteria 
were the restricted appearance of lack of concentration, hyperactivity, impulsivity to the duration of
any other axis-I disorder, as well as current diagnosis of not withdrawn drug/alcohol 
abuse/dependence, lifetime diagnosis of bipolar-I disorder, schizophrenia, or any other psychotic 
disorder, and mental retardation (IQ level< 80; MWT-B < 13 points). Further details on the sample 
can be obtained from Jacob et al. [Jacob et al., 2007]. The control group was recruited in the Lower 
Franconia area in Germany and consisted of healthy volunteers of Caucasian origin. About 40% of 
them were extensively interviewed for absence of ADHD and did not fulfill DSM-IV ADHD criteria, 
while the remaining controls consisted of unscreened blood donors and University staff not explicitly 
screened for absence of psychiatric disorders. However, the scope of the study was explained to 
these individuals.  

**IMPACT Norway: All patients were formally diagnosed with ADHD before inclusion into the project, 
but subtype data were not systematically available at the time of the primary diagnosis. Severity of 
past and current ADHD symptoms in patients was evaluated using the Wender Utah Rating Scale 
(WURS) [Ward et al., 1993] and the ASRS. Furthermore, the referring clinicians filled in additional 
data on diagnosis, treatment history and treatment response, filled in the Mood Disorder 
Questionnaire (MDQ) [Hirschfeld et al., 2000] and responded to 31 additional questions regarding 
socio-demographic variables and comorbid conditions in participants and their first degree relatives. 
The ASRS and WURS versions used in this study have also been used in earlier publications 
[Johansson et al., 2008;  Halmøy et al., 2008]. The control sample included 496 sex-matched 
unrelated subjects, 269 of which had no previous diagnosis of ADHD and were recruited using a 
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random selection of persons born in Norway from 1967 to 1989, whereas the rest were healthy blood 
donors in whom no information about ADHD symptoms was available. 

***IMPACT Spain: The diagnosis of ADHD in adulthood was evaluated with the Structured Clinical 
Interview for DSM-IV Axis I and II Disorders (SCID-I and SCID-II) [Fydrich et al., 1997; Wittchen et al., 
1997] and the Conners Adult ADHD Diagnostic Interview for DSM-IV (CAADID Part II) [Epstein et al., 
2001]. In addition to this, the following instruments were used to characterize the patients in this 
cohort: Severity of ADHD symptoms was evaluated with the long version of the Conners’ ADHD 
Rating Scale (self-report form CAARS-S:L and observer form CAARS-O:L) [Conners et al., 1999], the 
ADHD Rating Scale (ADHD-RS) [DuPaul et al., 1998], the ADHD Screening Checklist and the WURS 
[Wender, 1995] for retrospective symptomatology. The level of impairment was measured with the 
Clinical Global Impression (CGI) [Conners et al., 1999] and the Sheehan Disability Inventory (SDI) 
[Sheehan, 1983]. For the evaluation of psychiatric symptoms patients filled in the BDI [Beck et al., 
1961], the State Trait Anxiety Inventory (STAI) [Spielberger et al., 1986] and the Millon Clinical 
Multiaxial Inventory (MCMI-II) [Avila-Espada 1998]. Full-Scale IQ was estimated with the Vocabulary 
and Block Design subtests of the WAIS-III [Wechsler, 1997]. Patients also completed the Digit span, 
Arithmetic, Letter-Number Sequencing and Symbol Search subtests of the WAIS-III, the Conners 
Continuous Performance Test (CPT) [Conners, 1985] the California Verbal Learning Test (CVLT) 
[Delis et al., 1987], the Logical Memory I-II and Visual Memory I-II of the WMS-Rand the Trailmaking 
Test (Parts A and B) [Reitan, 1958]. The control sample consisted of unrelated Spanish Caucasian 
blood donors for whom ADHD was excluded based on DSM-IV criteria. They were recruited at the 
Blood and Tissue Bank of Hospital Universitari Vall d’Hebron and approximately matched for sex the 
ADHD group. 

****IMPACT Netherlands: Subjects were included if a clinical diagnosis of adult ADHD with childhood 
onset was established. Prior to inclusion, all patients underwent a standard clinical assessment 
consisting of a psychiatric evaluation by experienced psychiatrists using a semi-structured diagnostic
interview for ADHD and comorbid disorders, the Dutch version of structured diagnostic interviews for 
retrospective diagnosis of ADHD. For current ADHD symptoms during the last 6 months, a Dutch 
version of the DSM-IV ADHD Rating Scale, (ADHD-RS) based on the 18 DSM-IV items for ADHD, 
was used [Kooij et al., 2005; DuPaul, 1998]. The ADHD Rating Scale has been used in epidemiologic 
and clinical research in adults in the United States and in The Netherlands [Kooij et al., 2005; Murphy 
and Barkley, 1996]. To be given a full diagnosis of adult ADHD, subjects had to (A) meet at least 6 
out of 9 DSM-IV criteria of inattention and/or hyperactivity/impulsivity for a diagnosis of ADHD in 
childhood and at least 5 out of 9 criteria in adulthood, (B) describe a chronic persisting course of 
ADHD symptoms from childhood to adulthood, and (C) endorse a moderate to severe level of 
impairment attributed to the ADHD symptoms. A cut-off point of 5 of 9 criteria was set for adult 
diagnosis of ADHD based on literature and epidemiological data using the same DSM-IV ADHD 
Rating Scale [Kooij et al., 2005]. In order to obtain information about lifetime ADHD symptoms and 
impairment, the patient, the partner and if available the parents were interviewed. Information on 
school reports was examined in order to sustain the diagnosis in childhood. Diagnostic criteria have 
been described in more detail elsewhere [Bekker et al., 2005; Kooij et al., 2005]. Controls were also 
evaluated using the ADHD-RS and a cut-off of 4 or more symptoms was used to exclude controls 
from the study. 
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Table SIII. Genetic model of the p.Val66Met polymorphism in the pooled study. 
�
�

�
�
�
�
�
�
�
�
�
�

Fixed effects model Mantel-Haenszel method 

OR (95% CI) Q d.f.   p I2  

OR 1 (ValVal vs MetMet) 0.93 (0.66-1.30) 2.77 3 0.428 0% (0%-83.4%) 

OR 2  (ValVal vs ValMet ) 0.98 (0.85-1.14) 3.31 3 0.346 9.3% (0%-86.1%) 

OR 3  (MetMet vs ValMet) 1.07 (0.75-1.51) 2.30 3 0.512 0% (0%-80.1%) 
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Attention deficit hyperactivity disorder (ADHD) is a

common behavioral disorder affecting children and

adults. It has been suggested that gene variants related

to serotonin neurotransmission are associated with

ADHD. We tested the functional promoter polymorphism

5-HTTLPR and seven single nucleotide polymorphisms in

SLC6A4 for association with ADHD in 448 adult ADHD

patients and 580 controls from Norway. Replication

attempts were performed in a sample of 1454 Caucasian

adult ADHD patients and 1302 controls from Germany,

Spain, the Netherlands and USA, and a meta-analysis

was performed also including a previously published

adult ADHD study. We found an association between

ADHD and rs140700 [odds ratio(OR) = 0.67; P = 0.01]

and the short (S) allele of the 5-HTTLPR (OR = 1.19;

P = 0.06) in the Norwegian sample. Analysis of a possible

gender effect suggested that the association might be

restricted to females (rs140700: OR = 0.45; P = 0.00084).

However, the meta-analysis of 1894 cases and 1878

controls could not confirm the association for rs140700

[OR = 0.85, 95% confidence interval (CI) = 0.67–1.09;

P = 0.20]. For 5-HTTLPR, five of six samples showed a

slight overrepresentation of the S allele in patients, but

meta-analysis refuted a strong effect (OR = 1.10, 95%

CI = 1.00–1.21; P = 0.06). Neither marker showed any

evidence of differential effects for ADHD subtype, gender

or symptoms of depression/anxiety. In conclusion, our

results do not support a major role for SLC6A4 common

variants in persistent ADHD, although a modest effect

of the 5-HTTLPR and a role for rare variants cannot be

excluded.

Keywords: Adult attention deficit hyperactivity disorder,
comorbidity, depression, gender; 5-HTT, 5-HTTLPR, sero-
tonin, SERT, SLC6A4
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Attention deficit hyperactivity disorder (ADHD) is a common
neurodevelopmental disorder. ADHD was initially considered
a childhood condition, but recent studies have shown that
symptoms often persist into adulthood (Faraone et al. 2006).
Many genetic studies have focused on genes related to the
dopaminergic system, principally because stimulant drugs,
including methylphenidate and amphetamine, inhibit the
dopamine (and norepinephrine) transporters. However, in
mice lacking the dopamine transporter gene (Dat1) and
exhibiting extreme hyperlocomotion (Giros et al. 1996), a
calming effect of psychostimulants was still observed, which
was not accompanied by any change in the dopamine level.
It was therefore concluded that this effect was dependent
on serotonergic neurotransmission (Gainetdinov et al. 1999),
which was underscored by the calming effect of serotonin
reuptake inhibitors in these animals. The serotonergic
neurotransmission system is also considered a candidate
for ADHD by its known influence on behavioral traits,
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such as aggression and impulsivity (Halperin et al. 1994;
Lucki 1998), and by its role in brain development (Azmitia
2001).

The main regulator of synaptic serotonin concentration is
the serotonin transporter, encoded by the SLC6A4 gene (also
known as 5-HTT and SERT ), mapped to human chromosome
17q11.1–q12 (Ramamoorthy et al. 1993). The most widely
studied polymorphism in this gene is an insertion/deletion
in the promoter region, the 5-HTTLPR. Functional studies
on this polymorphism have demonstrated that the deletion
[short (S)] variant reduces transcriptional efficiency of the
gene (Lesch et al. 1996). SLC6A4 has been implicated in
a wide range of disorders with the shared feature of emo-
tional dysregulation, such as depression and anxiety disorder
(Murphy & Lesch 2008). It has been suggested that the
long (L) allele is a risk variant for developing ADHD (Beitch-
man et al. 2003; Curran et al. 2005; Kent et al. 2002; Manor
et al. 2001; Seeger et al. 2001; Zoroglu et al. 2002), although
subsequent studies have been inconsistent (Brookes et al.
2006; Grevet et al. 2007; Heiser et al. 2006; Langley et al.
2003; Oades et al. 2008; Wigg et al. 2006; Xu et al. 2005),
as shown in recent meta-analyses (Forero et al. 2009; Gizer
et al. 2009).

The aim of this study was to examine the putative associ-
ation between adult ADHD and variants in the SLC6A4 gene
region. Because it has been suggested that the 5-HTTLPR is
associated with regulations of emotions, we also wanted to
test if the S allele implicated in susceptibility to depression
was differently associated in the group of ADHD patients who
reported that they had experienced significant depression
and anxiety. We first genotyped the 5-HTTLPR polymorphism
and seven single nucleotide polymorphisms (SNPs) that
tagged all common variants in the SLC6A4 gene region in 448
clinically diagnosed adult Norwegian ADHD patients and 580
ethnically matched controls. We followed up the results by
genotyping the two markers showing strongest association
in an additional 1454 adult ADHD patients and 1302 controls
from four populations from IMpACT, the International Multi-
centre persistent ADHD CollaboraTion. This co-operation was
initiated in 2007 with the goal of promoting research on the
genetics of adult ADHD and currently consists of research
groups from Germany, Spain, the Netherlands, UK, USA and
Norway. Additionally, we sequenced all coding exons in a
subgroup of 93 Norwegian patients to search for possible
coding variants with stronger effect.

Materials and methods

Subjects
The Norwegian sample consists of 448 Caucasians of Norwegian
ancestry (237 males and 211 females) of more than 18 years of
age, diagnosed with ADHD or hyperkinetic disorder using either
the Diagnostic and Statistical Manual of Mental Disorders, 4th
edition (DSM-IV) or International Statistical Classification of Diseases
and Related Health Problems, 10th Revision (ICD-10) protocols.
The majority was recruited by responding to invitation sent to
their addresses, based on a Norwegian national registry of adult
ADHD patients. The remaining patients were directly recruited from
psychiatrists or outpatient clinics (Johansson et al. 2008). All patients
provided written informed consent and filled in a questionnaire
including the 18-item World Health Organization’s Adult ADHD
Self Report Scale (ASRS) (Kessler et al. 2005). ADHD combined,
inattentive or impulsive/hyperactive subtypes were assessed using
the ASRS with a cutoff of 17 or more on each subscale. Ten percent
of the patients were defined as subthreshold and were excluded
from subtype-specific analyses (Halleland et al. 2009). Depression
and anxiety was extracted from self-reporting questionnaire data
according to the following question: ‘Have you experienced episodes
of significant depression or anxiety?’. Patients with mental retardation
were excluded from analyses.

The control group of 580 Norwegian adults (257 males and 323
females) consisted of 195 healthy blood donors (for whom only
gender was known) and a random sample of 385 healthy volunteers
(aged 18–40 years) recruited from all over Norway for the purpose
of this study, described in more detail in Halmøy et al. (2010). No
exclusion criteria were applied for the random controls.

Replication sample
The replication samples obtained through the IMpACT consortium
included a total of 1454 cases and 1302 controls from Spain,
Germany, the Netherlands and USA (Table 1). ADHD was diagnosed
in accordance with the DSM-IV criteria; onset before the age of
7, lifelong persistence and current diagnosis. The depression and
anxiety status was assessed by a psychiatrist (DSM-IV criteria) in
the samples from the Netherlands and by the Structured Clinical
Interview for DSM Disorders-1 in the German, Spanish and American
samples. For more detailed description of the procedures and
instruments used, please refer to the following references: Bekker
et al. (2005), Franke et al. (2008), Jacob et al. (2007), Johansson
et al. (2008), Kooij et al. (2005), Ramos-Quiroga et al. (2008) and
Sanchez-Mora et al. (2009).

Genotyping

Norwegian sample
DNA was extracted from whole blood or saliva using the Oragene™
DNA Self-Collection Kit (DNA Genotek Inc., Ontario, Canada) and
aliquoted into 96-well plates. Each plate contained DNA from
both cases and controls and a minimum of two internal con-
trols and two blank samples. The SLC6A4 gene was tagged
with seven SNPs based on HapMap build 35 (HAPLOVIEW soft-
ware; Barrett et al. 2005), with minor allele frequency (MAF)
threshold set to 5% and r2>0.8 (pairwise tagging only). The
SNPs were genotyped using the MassARRAY iPLEX System

Table 1: Characteristics of the samples studied

Norway Germany The Netherlands Spain USA Sum

Controls Total (% males) 580 (44) 393 (50) 490 (49) 312 (65) 107 (43) 1882
Cases Total (% males) 448 (53) 589 (53) 246 (49) 299 (72) 320 (41) 1902

Depression and/or anxiety Total (% patients) 300 (67) 309 (79)∗ 164 (67) 150 (50) 168 (53) 1091
ADHD subtypes Combined (%) 329 (73) 389 (66) 199 (81) 194 (65) 221 (69) 1332

Inattentive (%) 46 (10) 146 (25) 22 (8.9) 88 (29) 89 (28) 391
Hyperactive (%) 15 (3.3) 47 (8.0) 8 (3.3) 12 (4.0) 10 (3.1) 92

∗Depression only, anxiety not specified.
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(Sequenom, San Diego, CA, USA). The promoter insertion/deletion
polymorphism, 5-HTTLPR, was amplified by the polymerase chain
reaction (PCR) and genotyped by fragment analysis on the ABI3100
(Applied Biosystems, Foster City, CA, USA) using fluorescently
labeled reverse primers (forward: 5′-GGCGTTGCCGCTCTGAATGC-
3′; reverse: 5′-GAGGGACTGAGCTGGACAACCAC-3′) (Heils et al.
1996). The genotypes were automatically called using the
GENEMAPPER software (Applied Biosystems), and they were sub-
sequently manually inspected. Protocols for amplifications and frag-
ment analysis are available upon request.

Replication samples from Spain, Germany, the
Netherlands and USA
Genomic DNA was extracted from whole blood using the salting out
method or from saliva using the Oragene™ DNA Self-Collection Kit
(DNA Genotek Inc.). The 5-HTTLPR polymorphism was genotyped
from each DNA sample using PCR. Amplification was performed
with the primers according to the protocol described above and DNA
products were resolved in 2% agarose gels. The SNP rs140700
was either genotyped in Norway (samples from Norway, Spain
and the Netherlands) or in Germany (German samples) using the
MassARRAY iPLEX System as described above. Genotyping for the
replication samples from USA was conducted at the Psychiatric
and Neurodevelopmental Genetics Unit of the Massachusetts
General Hospital using a single base extension reaction with
allele discrimination by MassARRAY mass spectrometry system
(Sequenom, San Diego, CA, USA).

Statistical analyses
The statistical analyses of dichotomous traits were performed with
the PLINK software (Purcell et al. 2007). All analyses were based
on an additive allelic model. Stratification based on gender was
achieved by subdividing the data in either male-only or female-only
data files. Genotype distributions for all markers were consistent
with Hardy–Weinberg Equilibrium, P ≥ 0.01 for all countries. For the
MassARRAY iPLEX analysis, 11 individuals were excluded because
of low genotyping efficiency (missingness >0.3). Genotyping
concordance was 100% (n = 206 comparisons) for this analysis, and
the final genotyping call rate was >0.994. Analyses and visualization
of linkage disequilibrium (LD) was performed with the HAPLOVIEW

software (http://www.broadinstitute.org/haploview/haploview). The
meta-analyses presented were performed with a random effects
model (STATA 8.2). Similar results were also obtained using the
PLINK meta-analysis option (data not shown). For rs140700,
the meta-analyses included Norwegian, German, Dutch, Spanish
and American adult ADHD patients and controls from IMpACT.
In the case of 5-HTTLPR, data from a published study on
312 Brazilian adult ADHD patients and 236 controls were also
included (Grevet et al. 2007). Power calculations in the total
sample were performed using the genetic power calculator
(http://pngu.mgh.harvard.edu/∼purcell/gpc/cc2.html): Assuming an
additive allelic model and using a significance level of 0.00625
(correction for eight markers tested), we had ∼83% power to detect
an effect at odds ratio(OR) = 0.75 for a disease allele frequency
of 11% and 88% power to detect OR = 1.20 at a disease allele
frequency of 40%.

All ORs estimated are presented for the minor allele. We termed
P < 0.05 as nominally significant. All P values are presented without
correction for multiple testing.

Sequencing
Ninety-three individuals from the Norwegian patient group were
sequenced for the 13 protein-coding exons of SLC6A4 (exon 3–15,
NM 001045), including exon–intron boundaries, as well as the 3′UTR,
all following a standard Sanger sequencing method. Primers were
designed using Primer3 (http://frodo.wi.mit.edu/primer3), and the
sequence analysis was performed on an ABI3730 DNA Analyzer
(Applied Biosystems). All sequences were manually inspected using
the SEQSCAPE software (Applied Biosystems).

Results

Single-SNP analysis in the Norwegian sample

Table 1 shows the demographics for the 448 cases and 580
controls of the Norwegian sample, together with those of the
replication samples from Germany, the Netherlands, Spain
and USA.

Figure 1 shows the pairwise LD structure of the SLC6A4
gene with the 5-HTTLPR and the seven tag SNPs in the
Norwegian individuals. LD is low between the promoter
region (rs16965628 and 5-HTTLPR) and SNPs in the core
gene region. No SNP, or two-marker haplotype combination,
could efficiently tag the 5-HTTLPR in the Norwegian data set.

The comparison of allele frequencies between Norwegian
cases and controls showed an association between rs140700
and ADHD [OR = 0.67; 95% confidence interval (CI) =
0.50–0.91; P = 0.01] and a trend for overrepresentation of
the 5-HTTLPR S allele in the ADHD patients (OR = 1.19; 95%
CI = 0.99–1.42; P = 0.06) (Table 2). The stratification anal-
ysis by gender suggested that this association was mainly
restricted to females (Table 3). Thus, four markers were
associated with ADHD in females in the stratified analysis;
rs4583306, rs140700, rs8076005 and 5-HTTLPR (strongest
association for rs140700, P = 0.00084).

Replication attempts and meta-analyses

We next genotyped the 5-HTTLPR and rs140700 markers
in four additional case–control samples of European
descent from IMpACT. Random effect meta-analyses were
performed as shown in Fig. 2. The analysis for the 5-HTTLPR
also includes data from the only previously published study on
this polymorphism in adult Brazilian ADHD patients (Grevet
et al. 2007). There was a trend for an association between
the 5-HTTLPR S allele and ADHD, which did not reach
statistical significance: P = 0.060 and OR = 1.10 (95% CI =
1.00–1.21). All case samples (except for the German sample)
had similar effect sizes and no heterogeneity was detected
among them (P = 0.79). The meta-analysis of rs140700 did
not support the results observed in the Norwegian sample
(OR = 0.85; 95% CI = 0.67–1.09; P = 0.20). The results for
the population-specific allelic association tests can be found
in Tables S1 and S2. Allele frequencies were very similar
in all populations apart from the slightly higher frequency
of the 5-HTTLPR S allele found in the Spanish population.
Stratification by gender or ADHD subtypes did not affect the
results (Tables S3 and S4).

Coexisting symptoms of depression/anxiety

As shown in Table 1, 67% of the Norwegian patients reported
having experienced ‘significant depression and/or anxiety’.
In the other populations, the fractions of patients who
had suffered from one or both of these conditions varied
between 50 and 79%. Because the 5-HTTLPR S allele has
been implicated in susceptibility to these psychiatric disor-
ders, we next restricted the analysis to the group of ADHD
patients with symptoms of depression/anxiety. However, the
strength of association did not increase for any of the eight
markers tested in the Norwegian sample (data not shown),
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Figure 1: Upper part: SLC6A4, running 3′ to 5′, with exons (black boxes) and introns. Lower part: markers tested and pairwise

LD (D’) between them. Haplotype blocks as defined by the method of Gabriel et al. (2002) are indicated.

Table 2: Individual markers, minor allele frequencies, P values and ORs for the comparison of allele frequencies between Norwegian
ADHD cases and controls

Marker Minor/major allele MAF cases MAF controls P OR (95% CI)

rs11657536 A/G 0.02 0.03 0.30 0.74 (0.42–1.31)
rs4583306 G/A 0.45 0.42 0.12 1.15 (0.97–1.37)
rs140700 A/G 0.08 0.11 0.011 0.67 (0.50–0.91)
rs2020942 A/G 0.37 0.38 0.43 0.93 (0.78–1.11)
rs8076005 G/A 0.18 0.20 0.27 0.88 (0.70–1.10)
rs4251417 A/G 0.10 0.11 0.30 0.86 (0.65–1.14)
rs16965628 G/C 0.08 0.08 0.86 0.97 (0.70–1.35)
5-HTTLPR S/L 0.44 0.40 0.061 1.19 (0.99–1.42)

Table 3: Individual markers, minor allele frequencies, P values and ORs in females and males of the Norwegian sample

Females Males

MAF MAF

Marker Minor/major allele Cases Controls P OR (95% CI) Cases Controls P OR (95% CI)

rs11657536 A/G 0.02 0.03 0.085 0.48 (0.20–1.13) 0.03 0.02 0.67 1.20 (0.52–2.74)
rs4583306 G/A 0.46 0.40 0.047 1.29 (1.00–1.65) 0.45 0.44 0.90 1.02 (0.79–1.31)
rs140700 A/G 0.05 0.11 0.00084 0.45 (0.27–0.72) 0.10 0.11 0.68 0.92 (0.60–1.39)
rs2020942 A/G 0.38 0.39 0.61 0.94 (0.73–1.21) 0.36 0.37 0.63 0.94 (0.72–1.22)
rs8076005 G/A 0.15 0.21 0.029 0.69 (0.50–0.96) 0.20 0.19 0.59 1.09 (0.80–1.50)
rs4251417 A/G 0.10 0.12 0.55 0.89 (0.60–1.31) 0.10 0.11 0.42 0.85 (0.56–1.27)
rs16965628 G/C 0.07 0.08 0.45 0.83 (0.52–1.34) 0.09 0.08 0.68 1.10 (0.70–1.74)
5-HTTLPR S/L 0.44 0.37 0.016 1.36 (1.06–1.75) 0.44 0.44 0.98 1.00 (0.78–1.29)
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Figure 2: Meta-analysis of rs140700 in 1894 adult ADHD patients and 1878 controls (upper panel) and 5-HTTLPR in 1977 adult ADHD
patients and 1650 controls (lower panel).
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neither when all patients from the five IMpACT nodes
were analyzed together (rs140700: P = 0.08; 5-HTTLPR:
P = 0.10) (Fig. 3) nor after gender stratification (data not
shown).

SLC6A4 sequencing for rare variants

Sequencing of all coding exons in 93 Norwegian patient
samples revealed one silent mutation (c.924T>C) not
previously described and two rare but already identified
nonsynonymous variants (rs6352: p.Gly56Ala and rs6355:
p.Lys605Asn), all present in the heterozygous state.
Additionally, the common SNP rs1042173, located in the
3′UTR, was detected at a MAF of 48% in the sequenced
samples (Table S5).

Discussion

The principal aim of this study was to investigate the possible
association between adult ADHD and SLC6A4 using a
Norwegian sample for an exploratory analysis and replication
in four other populations. We first genotyped seven tag SNPs
and the promoter insertion/deletion 5-HTTLPR polymorphism
in the Norwegian sample and found that the rare allele of
rs140700 was associated with lower risk of ADHD (OR =
0.67; 95% CI = 0.50–0.91; P = 0.01). However, we were
not able to replicate this finding in the other cohorts. We also
found a trend toward an overrepresentation of the 5-HTTLPR
S allele among the Norwegian cases (OR = 1.19; 95% CI
= 0.99–1.42; P = 0.06). Replication attempts showed that
the frequency of the S allele was slightly increased in
cases as compared with controls in five of six populations
(1977 patients and 1650 controls), including the previously
reported Brazilian sample. Although results from the pooled
analysis were not statistically significant (OR = 1.10; 95%
CI = 1.00–1.21; P = 0.06), it is not possible to refute an
association between the 5-HTTLPR S allele and persistent
ADHD at the current time.

Contrary to our results, most of the initial studies on chil-
dren with ADHD suggested that the long allele of 5-HTTLPR
was associated with ADHD risk (Beitchman et al. 2003; Cur-
ran et al. 2005; Kent et al. 2002; Manor et al. 2001; Seeger
et al. 2001; Zoroglu et al. 2002). These earliest studies looked
at relatively small groups of patients (number of cases varied
between 41 and 240). However, Faraone et al. (2005) used
a meta-analysis approach to merge the results and found
a pooled OR of 1.31 (95% CI = 1.09–1.59) for the L allele
in childhood ADHD. More recently although, several studies
have failed to find significant associations between ADHD
and SLC6A4. Notably, the IMAGE multicenter study showed
only a small and nonsignificant overtransmission of the
L allele in 1020 families with 1166 ADHD cases (mainly com-
bined subtype) (Xu et al. 2008). Furthermore, two very recent
meta-analyses combining nearly fully overlapping sets of
studies (Forero et al. 2009; Gizer et al. 2009) reached slightly
different conclusions; only Gizer et al. were able to find a
nominally significant effect (P = 0.01) for the L allele. Hence,
considering the lack of consistent findings in childhood ADHD
and taking into account the results from the present study of

adult ADHD, it seems likely that the SLC6A4 region does not
harbor common susceptibility variants with a major effect on
ADHD across the life span. However, we cannot rule out that
the 5-HTTLPR or another variant in LD with this marker might
be associated with ADHD, but with an effect size consider-
ably lower than previously estimated. Based on our results,
it can be estimated that a sample of more than 5600 cases
and 5600 controls would be needed to achieve a power of
80% to detect an OR of 1.1 at the P = 0.006 level (study-
wide significance after Bonferroni correction for eight tested
markers).

Furthermore, it is also possible that SLC6A4 polymor-
phisms might be important in subgroups of ADHD patients
and/or influence other psychiatric symptoms among some
ADHD patients. The 5-HTTLPR variant has been implicated
in a wide range of psychiatric disorders, such as depression,
anxiety, autism, bipolar disorder and obsessive compulsive
disorder (OCD). Many of these diagnoses are overrepre-
sented among adult ADHD patients (Caspi et al. 2003; Hariri
et al. 2002; Sen et al. 2004). For example, as many as 67% of
the Norwegian patients reported that they had experienced
episodes of significant depression and/or anxiety. Similar
numbers were also found using structured interviews in the
other populations included in this study (range: 50–79%).
We therefore tested the hypothesis that this subgroup of
patients would be more likely to show an association with
the 5-HTTLPR S allele than the patients who had not expe-
rienced such symptoms. However, restricting the analyses
exclusively to the patients who reported depression/anxiety
did not change the results (Fig. 3), neither did we find any
difference when comparing patients with and without these
symptoms. Still, if the 5-HTTLPR S allele is in fact related
to these symptoms which are very frequent among adults
with ADHD in particular, it could be part of the explanation
of the somewhat different findings in adult and childhood
samples.

It has been proposed that there are gender-specific varia-
tions in different aspects of serotonergic neurotransmission,
such as the rates of central nervous system (CNS) sero-
tonin synthesis (Nishizawa et al. 1997) and the density of
certain serotonin receptors in the CNS (Biver et al. 1996;
Costes et al. 2005). Likewise, other reports have suggested
that the effects of tryptophan depletion and serotonin
reuptake inhibitors, as well as the association between 5-
hydroxyindoleacetic acid levels in cerebrospinal fluid and
5-HTTLPR genotypes, are different between females and
males (Kornstein et al. 2000; Williams et al. 2003). Voyiazi-
akis et al. (2009) recently reported an association between a
SLC6A4 polymorphism and OCD in females, and for ADHD
it has been suggested that variants in SLC6A4 and sev-
eral other ADHD candidate genes show dimorphic patterns
of association between genders (Biederman et al. 2008).
However, males have been highly overrepresented in most
genetic studies performed on childhood ADHD, prohibiting
investigation of gender effects. The IMAGE study consisted
of almost 90% boys (Xu et al. 2008), which is very dif-
ferent from the almost 1:1 ratio found in the clinical adult
samples included in this current study. It was therefore
interesting to note that the Norwegian data suggested a

454 Genes, Brain and Behavior (2010) 9: 449–458

102



SLC6A4/5-HTT and adult ADHD

Odds ratio
0.5 1 2

0.70 (0.49,0.99)Norway: 31.6

1.12 (0.76,1.65)Germany: 26.3

0.68 (0.40,1.16)The Netherlands: 14.8

0.94 (0.57,1.55)Spain: 16.3

0.69 (0.37,1.28)USA: 11.0

0.83 (0.67,1.02)Overall (95% CI)

Odds ratio
0.5 1 2

1.22 (1.00,1.49)Norway: 34.4

1.05 (0.83,1.33)Germany: 24.8

1.08 (0.81,1.44)The Netherlands: 17.0

0.99 (0.71,1.38)Spain: 12.6

1.08 (0.76,1.54)USA: 11.2

1.11 (0.98,1.24)Overall (95% CI)

Study % Weight

Odds ratio

(95% CI)

Rs140700 A allele

5-HTTLPR S allele

Figure 3: Meta-analysis of rs140700 and 5-HTTLPR restricted to ADHD patients with symptoms of depression/anxiety and controls.
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serotonergic effect only in the women. This result was, how-
ever, not supported by the replication attempts. So while
this illustrates that great care should be taken when analyz-
ing multiple phenotypes, including possible gender effects
(Ioannidis et al. 2009), it also emphasizes the importance of
a more balanced gender recruitment into future studies of
ADHD.

We cannot exclude that other factors, such as different
recruitment strategies (childhood vs. adult samples), varying
diagnostic traditions between countries or other sources of
heterogeneity, might conceal a potential underlying genetic
risk variant in the region and explain some of the inconsistent
findings in the literature. However, the similar ADHD subtype
distribution and occurrence of other psychiatric symptoms
across IMpACT populations suggest that the total IMpACT
sample used in the current study is rather homogeneous.
Another limitation is that we have not excluded controls with
ADHD symptoms in the Norwegian sample. However, the
loss of power is relatively low if we assume that the preva-
lence of ADHD is no higher among our controls than the
prevalence estimated in the general population.

The potential of gene–environment interactions has been
much debated for the 5-HTTLPR. It has been suggested
that carriers of the S allele exposed to traumatic life events
exhibit more depressive symptoms (Caspi et al. 2003) and
more commonly develop posttraumatic stress disorder (Xie
et al. 2009) than individuals homozygous for the L allele.
Considering ADHD, studies have found that the L allele has
a protective effect on severity of the disorder for ADHD
patients exposed to many adverse life events (Muller et al.
2008) and that the L allele reduce the patients’ sensitivity
to family environment (Sonuga-Barke et al. 2009). We can
therefore not exclude the possibility of gene–environment
interactions contributing to the etiology of ADHD in our pop-
ulations. However, a very recent meta-analysis by Risch
et al. (2009) pointed to the challenges associated with
gene–interaction studies, and they were not able to detect
any evidence of interaction between 5-HTTLPR genotype
and stressful life events on depressive symptoms.

It has also been suggested that rare variants might con-
tribute to common psychiatric traits (Dong et al. 2009; Elia
et al. 2009; Walsh et al. 2008). We found nonsynonymous
SLC6A4 variants in 4 of 93 fully sequenced ADHD patients
(4.3% carrier rate). These changes, although rare, have been
previously described also in other populations and are prob-
ably unlikely to have strong impact on ADHD, and very large
samples will be needed to test if any of these rare variants
are involved in psychiatric disorders. Hence, until large-scale
resequencing efforts have been performed (Manolio et al.
2009), it is not possible to exclude that rare SLC6A4 cod-
ing variants might impact vulnerability toward psychiatric
conditions, including ADHD.

In conclusion, our data show that there are no common
variants within the SLC6A4 gene region with a strong effect
on adult ADHD across Caucasian populations. However, we
cannot reject the possibility of the SLC6A4 gene contribut-
ing to the disorder, for instance through a low effect size,
through other psychiatric symptoms commonly associated
with ADHD or by other rare variants.
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�	����7��2�'��	��+"�	��������������S����#���
F)��	���	������ ��!��������� �&��72+��S�
����*��	����	
��#�����S���������������

���������������S�
�������	���������
�����	�������	���
��S�
�������	����������
�����

 Children   Adults 

Gene SNP Genotypes  Alleles  Genotypes  Alleles 

      
DRD1 rs4867798 0.14  0.23 0.45  0.26 
 rs251937 0.22  0.56 0.41  0.73 
 rs11749676 0.12  0.06 0.73  0.47 
 rs835540 0.24  0.93 0.23  0.11 
 rs835616 0.0256  0.0086 0.84  0.64 
 rs835541 0.0112  0.0027 0.71  0.40 
 rs863126 0.0066  0.24 0.18  0.08 
 rs265977 0.0002  0.0002 0.74  0.86 
DRD2 rs4630328 0.14  0.55 0.97  0.84 
 rs7131056 0.78  0.53 0.69  0.47 
 rs4245146 0.12  0.86 0.63  0.34 
 rs17529477 0.25  0.10 0.19  0.30 
 rs2002453 0.70  0.58 0.44  0.39 
 rs12363125 0.56  0.43 0.05  0.81 
 rs2283265 0.69  0.59 0.51  0.55 
 rs2242592 0.81  0.71 0.83  0.61 
 rs1554929 0.74  0.61 0.91  0.78 
 rs2234689 0.96  0.81 0.68  0.40 
DRD3 rs9825563 0.72  0.99 0.19  0.08 
 rs1800828 1.00  0.93 0.25  0.32 
 rs6280 0.76  0.77 0.06  0.09 
 rs10934256 0.82  0.51 0.45  0.40 
 rs167770 0.78  0.98 0.13  0.09 
 rs167771 0.93  0.90 0.23  0.12 
 rs324035 0.29  0.80 0.06  0.02 
 rs9880168 0.07  0.79 0.10  0.38 
 rs2134655 0.52  0.95 0.50  0.27 
 rs3732790 0.51  0.81 0.35  0.40 
DRD4 rs936465 0.98  0.85 0.60  0.32 
DRD5 rs10033951 0.71  0.48 0.68  0.41 
COMT rs2020917 0.60  0.36 0.99  0.88 
 rs933271 0.75  0.46 0.75  0.56 
 rs1544325 0.27  0.10 0.60  0.57 
 rs740603 0.21  0.18 0.97  0.94 
 rs740601 0.27  0.12 0.71  0.88 
 rs4680 0.30  0.15 0.76  0.62 
 rs4646316 0.64  0.66 0.41  0.75 
 rs165774 0.83  0.55 0.51  0.79 
 rs9332377 0.25  0.80 0.52  0.37 
DBH rs2007153 0.17  0.05 0.96  0.80 
 rs2797851 0.39  0.20 0.89  0.98 
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 rs1548364 0.42  0.43 0.29  0.95 
 rs2797855 0.29  0.11 0.41  0.61 
 rs1541332 0.08  0.31 0.28  0.49 
 rs2519154 0.44  0.94 0.48  0.24 
 rs2797853 0.14  0.47 0.33  0.63 
 rs6479643 0.16  0.06 0.16  0.39 
 rs77905 0.15  0.09 0.83  0.58 
 rs2073833 0.92  0.76 0.41  0.82 
 rs1611131 0.94  0.74 0.67  0.76 
 rs129883 0.13  0.45 0.15  0.05 
SLC6A3 rs460700 0.73  0.52 0.73  0.43 
 rs37020 0.94  0.87 0.68  0.77 
 rs13161905 0.71  0.46 0.83  0.55 
 rs27048 0.75  0.48 0.33  0.24 
 rs6347 0.73  0.52 0.84  0.76 
 rs11133767 0.24  0.29 0.51  0.47 
 rs40184 0.67  0.41 0.87  0.99 
TH rs10770140 0.82  0.74 0.45  0.26 

rs6356 0.33  0.69 0.41  0.73 
rs2070762 0.06  0.0328 0.73  0.47 
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Multicenter Analysis of the SLC6A3/DAT1 VNTR Haplotype
in Persistent ADHD Suggests Differential Involvement of
the Gene in Childhood and Persistent ADHD
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Attention deficit/hyperactivity disorder (ADHD) is one of the most common neuropsychiatric disorders with a worldwide prevalence

around 4–5% in children and 1–4% in adults. Although ADHD is highly heritable and familial risk may contribute most strongly to the per-

sistent form of the disorder, there are few studies on the genetics of ADHD in adults. In this paper, we present the first results of the

International Multicentre Persistent ADHD Genetics CollaboraTion (IMpACT) that has been set up with the goal of performing research

into the genetics of persistent ADHD. In this study, we carried out a combined analysis as well as a meta-analysis of the association of the

SLC6A3/DAT1 gene with persistent ADHD in 1440 patients and 1769 controls from IMpACT and an earlier report. DAT1, encoding the

dopamine transporter, is one of the most frequently studied genes in ADHD, though results have been inconsistent. A variable number

tandem repeat polymorphism (VNTR) in the 30-untranslated region (UTR) of the gene and, more recently, a haplotype of this VNTR with

another VNTR in intron 8 have been the target of most studies. Although the 10/10 genotype of the 30-UTR VNTR and the 10-6 haplotype

of the two VNTRs are thought to be risk factors for ADHD in children, we found the 9/9 genotype and the 9-6 haplotype associated with

persistent ADHD. In conclusion, a differential association of DAT1 with ADHD in children and in adults might help explain the inconsistencies

observed in earlier association studies. However, the data might also imply that DAT1 has a modulatory rather than causative role in ADHD.

Neuropsychopharmacology advance online publication, 4 November 2009; doi:10.1038/npp.2009.170
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INTRODUCTION

Attention deficit/hyperactivity disorder (ADHD) is one of
the most common neuropsychiatric disorders in children
worldwide. The prevalence of the disorder in children is
estimated to be 4–5% (Polanczyk et al, 2007). Although
ADHD is classically considered a disorder of children and
adolescents, only a subset of affected individuals remit
(Faraone et al, 2000; Faraone et al, 2006), and the prevalence
in adults lies between 1 and 4% (Kessler et al, 2006;
Polanczyk et al, 2007; Kooij et al, 2005). ADHD in adults
causes a considerable burden to patients, their families, and
society as a whole (Kessler et al, 2005a; Goodman, 2007;
Bernfort et al, 2008). Adult patients have difficulties in
social, educational, and professional fields, such as devel-
oping and maintaining stable social relationships, complet-
ing educational programs, and holding jobs.
Many twin and adoption studies have shown that ADHD

symptoms in children are highly heritable, with about 76%
contribution of heritable factors to phenotypic variance
(Faraone et al, 2005). Although the heritability of the adult
form of ADHD has not been formally established, the
contribution of familial factors to this form of the disorder
may be even larger than to childhood ADHD (Faraone,
2004). Numerous molecular genetic studies have been
carried out to identify the genetic risk factors for ADHD.
This has resulted in a limited number of significant and
replicated findings, but all with modest effect sizes (for
review see Faraone et al, 2005; Li et al, 2006) and explaining
only a very small part of the genetic contribution to the
disorder. Surprisingly, most molecular genetic studies
report on children with ADHD, persistent ADHD has been
largely neglected in genetics research so far.
In 2007, the International Multicentre Persistent ADHD

CollaboraTion (IMpACT) was formed by researchers
participating in the ADHD Molecular Genetics Network
(Faraone, 2003; 2002). Currently, research groups from
Germany, Norway, Spain, The Netherlands, the United
Kingdom, and the United States participate in IMpACT. The
collaboration was set up with the goal of performing and
promoting research into the genetics of persistent ADHD.
This publication presents its first results.
SLC6A3/DAT1, encoding the dopamine transporter, is

probably the most studied gene in ADHD. The transporter
is the direct target of stimulant-based medication effective
in treating ADHD symptoms (Medori et al, 2008; Faraone
et al, 2004). The polymorphism identified as a risk factor for
ADHD is a variable number of tandem repeat (VNTR) in the
30-untranslated region (UTR) of the gene. Since the original
publication in 1995 (Cook et al, 1995), many studies have
investigated the association of this VNTR with ADHD, with
variable results. Meta-analyses of the data have also not
been consistent, with the most comprehensive ones showing
little or no significant effect (Maher et al, 2002; Faraone
et al, 2005; Todd et al, 2005; Yang et al, 2007; Li et al, 2006).
Because of the number of positive reports and because of
significant evidence of heterogeneity between data sets,
systematic differences between data sets might explain the
apparent discrepancies (Li et al, 2006). Recently, two studies
have suggested that a haplotype of two VNTRs in DAT1,
including the 30-UTR VNTR and a VNTR in intron 8, is
more strongly associated with ADHD than the 30-UTR

VNTR alone (Asherson et al, 2007; Brookes et al, 2006).
Recently, two studies also tested the involvement of the
VNTR haplotype in persistent ADHD: whereas one of them
did not find an association with the disorder (Bruggemann
et al, 2007), the other concluded that the 9–6 haplotype,
which differs from the 10–6 haplotype associated with
childhood ADHD, has a role in the persistent disorder
(Franke et al, 2008).
To resolve the apparent discrepancies in the literature, we

performed a meta-analysis of published data and unpub-
lished data from the IMpACT samples to further investigate
the association between the DAT1 VNTR haplotype and
persistent ADHD.

MATERIALS AND METHODS

The study reported here has been carried out in accordance
with the Declaration of Helsinki.

Patients and Controls, Assessment of Psychopathology
at the IMpACT Nodes

All patients were evaluated by experienced psychiatrists and
diagnosed with persistent ADHD according to DSM-IV
(Diagnostic and Statistical Manual for Mental Disorders)
criteria. Consensus eligibility criteria for this study across
all study sites were a diagnosis of ADHD according to the
diagnostic criteria of DSM-IV, onset before the age of
7 years by retrospective diagnosis (which was confirmed by
a family member, wherever possible), life-long persistence
and current diagnosis. Most controls were screened for
the presence of ADHD too (see Supplementary File S1 for
more detailed information). All subjects were of Caucasoid
origin. Diagnosis was blind to genotype. A detailed descrip-
tion of the samples, instruments, and procedures used by
the different sites is provided in Supplementary File S1 and
Supplementary Table S1. In total, 1525 patients and 1711
controls are part of IMpACT. Studies were approved by the
ethics committees of the participating institutions, and
written informed consent was obtained from all patients
and controls. Genotyping data for both DAT1 VNTRs were
available for 421 patients and 405 controls from IMpACT
Germany, for 450 patients and 548 controls from IMpACT
Norway, IMpACT Spain contributed 264 patients and 195
controls, and from IMpACT The Netherlands 269 patients
and 532 controls with complete genotyping data were
available. The total numbers of genotyped cases and
controls were 1404 and 1680, respectively (see Table 1).

Genotyping of the Two DAT1 VNTRs

Genotyping of the 40 bp VNTR located in the 30-UTR of
DAT1 had been carried out earlier at the different IMpACT
sites. Procedures and/or references can be found in
Supplementary File S1. As part of quality control, all four
sites each sent 24 DNA samples to Norway for genotyping of
the DAT1 30-UTR repeat, according to the high-resolution
method used in Norway (see Supplementary File S1).
Samples were dispensed to one common 96-well plate,
and the operator was blinded to the sample ID and country
of origin of the samples. Genotyping concordance between
tests was 100% for all 96 samples. The intron 8 VNTR was
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genotyped in The Netherlands (Norwegian, Spanish, and
Dutch samples) or Germany according to the protocol used
by the Dutch IMpACT partner (see Supplementary File S1).

Statistical Analysis

Hardy–Weinberg equilibrium (HWE) was assessed for all
available samples using the Markov Chain Monte-Carlo
approximation of the exact test implemented in the
GENEPOP package V 3.3 (Raymond and Rousset, 1995),
and genotype distributions were consistent with HWE for
both polymorphisms in all four samples (p40.01). Before
haplotype estimation, the VNTRs were recoded, lumping all
rare alleles into one group, so that three alleles for the
30-UTR VNTR (ie, the 9-repeat and 10-repeat alleles plus a
rare alleles pool), and three alleles for the intron 8 VNTR
(ie, the 5-repeat and 6-repeat alleles plus a rare alleles pool)
were considered. Haplotypes were estimated using the
haplo.em function implemented in the haplo.stats package
(Schaid et al, 2002), which computes maximum likelihood
estimates of haplotype probabilities, together with posterior
probabilities of haplotype pairs for each subject. Haplotype
frequencies are shown in Table 2. In the further analysis, we
only considered the four most common haplotypes, ie, 10-6,
9-6, 9-5, and 10-5. All haplotypes included in the analysis
had a posterior probability of 97% or higher.
A combined analysis was carried out including the

samples of IMpACT only. A trend test was used to evaluate
the ADHD risk conferred by carrying the 9-6 haplotype
using basic w2 and logistic regression tests. We focused on
the 9-6 haplotype because this had been implicated by one
of our earlier studies (Franke et al, 2008). The effect of the
9/9 genotype vs all other genotypes was also tested using a
w2-test. These tests used SPSS (version 16.0).
The meta-analysis examined the haplotype association of

the 9-6 allelic combination with the risk of ADHD relative to
all other alleles in the entire sample, and in a subsample of

patients with combined or hyperactive/impulsive ADHD
subtype. In addition, allelic and genotypic ORs were
calculated for the two VNTRs, separately, with the most
common allele or genotype as the reference.
To combine the individual study results, we conducted

meta-analyses using RevMan (version 5.0.2) (The Cochrane
Collaboration, 2008). The heterogeneity between studies
was tested using the Q-statistic (Lau et al, 1997; Fleiss,
1981). Inconsistency across studies was quantified with the
I2 metric (I2¼Q�df/Q) (Zintzaras and Hadjigeorgiou,
2004). When no heterogeneity was present, the pooled
OR was estimated using fixed effects model (Mantel
and Haenzsel, 1959). Otherwise, random effects model
(DerSimonian and Laird, 1986) were applied to obtain the
pooled OR (Whitehead, 2002). The results of the association
tests are indicated as pooled ORs with the corresponding
95% confidence intervals (CIs) of the haplotype-/allele- or
genotype-induced risk of persistent ADHD. Po0.05 was
considered statistically significant.

RESULTS

Within the IMpACT group, 1404 persistent ADHD patients
and 1680 controls, in which both VNTRs had been
genotyped, were considered for inclusion in the study
(Table 1). Supplementary Table S2 shows the characteristics
of the IMpACT patient samples.
The haplotype frequencies in the different samples are

shown in Table 2. Of the total number of patients and
controls, we included only those individuals that carried the
four most common haplotypes for both VNTRs (ie, those
containing the 9-repeat or 10-repeat allele of the 30-UTR
VNTR and the 5-repeat or 6-repeat allele of the intron
8 VNTR). This led to the exclusion of 80 patients and 85
controls (Table 1). Haplotype frequencies varied among
countries, with the 9-6 allele being more frequent in the

Table 1 Numbers of Cases and Controls Successfully Genotyped for both VNTRs in DAT1

Cases Cases included in analysis Controls Controls included in analysis

Samples from the International Multicentre Persistent ADHD CollaboraTion (IMpACT)

Germany 421 406 405 393

Norway 450 432 548 530

Spain 264 249 195 184

Netherlands 269 238 532 491

Combined subtype 928 (70.0%)

Inattentive subtype 256 (19.3%)

Hyperactive/impulsive subtype 66 (5.0%)

Unknown 75 (5.7%)

Other samples

Germany (26) 116 115 174 171

Total number of samples in this study

1520 1440 1854 1769

Only samples with common alleles were included in the analysis. The subtyping data refer to the samples from IMpACT included in the analysis only.
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Spanish sample compared with the other Northern
European samples (Table 2).
We first performed a combined analysis in the IMpACT

sample only. In a sample of 1325 patients and 1598 controls,
we evaluated if there was a difference in the distribution of
the 9-6 haplotype between cases and controls. As shown in
Table 3, this haplotype indeed was significantly more fre-
quent in the cases (w2¼ 20.36; df¼ 2; po0.001). The allelic
trend test showed a risk increase of 1.5 (95% CI 1.25–1.79)

for carrying a 9-6 haplotype. Interestingly, an analysis of the
9/9 genotype vs all other genotypes showed essentially the
same result (9/9 homozygotes¼ 99 (6.2%) in controls and
119 (9.0%) in cases; w2¼ 8.15; df¼ 1; p¼ 0.005; OR¼ 1.5,
95% CI 1.13–1.97).
Given the differences in haplotype frequencies between

samples (Table 2), we considered a meta-analysis design
more appropriate than a combined analysis for further
analysis. In addition to the IMpACT samples, we also

Table 2 Frequencies of Haplotypes per Country (Haplotypes Coded as ‘Other’ Consist of a Mixture of Rare Haplotypes)

IMpACT
Germany

IMpACT
Norway

IMpACT
Spain

IMpACT
The Netherlands

Germany
(from the study by

Bruggemann et al, 2007)

10-6 (%)

Cases 68.7 65.5 59.6 63.9 68.1

Controls 68.7 67.9 60.5 69.2 71.1

Total 68.7 66.8 60.0 67.5 69.9

9-5 (%)

Cases 17.5 19.0 17.7 15.5 17.2

Controls 17.1 21.0 20.9 16.1 15.4

Total 17.3 20.1 19.1 15.9 16.1

9-6 (%)

Cases 9.2 9.0 15.5 11.1 10.5

Controls 9.8 4.9 13.2 6.4 9.1

Total 9.5 6.8 14.5 7.9 9.6

10-5 (%)

Cases 2.8 4.0 4.4 3.8 3.7

Controls 3.0 4.6 2.6 4.5 3.6

Total 2.9 4.3 3.6 4.3 3.6

Other (%)

Cases 1.8 2.4 2.8 5.8 0.5

Controls 1.5 1.7 2.8 3.9 0.9

Total 1.6 2.0 2.8 4.5 0.7

Table 3 Analysis of the Association of the 9-6 Haplotype Formed by the 30-UTR and Intron 8 VNTRs of the SLC6A3 Gene vs all Other
(frequent) Haplotypes

Number of 9-6 alleles
Frequency (%)

Controls Cases Pearson’s v2p-valuea ORb 95% CI

0 1370 (85.7) 1062 (80.2) 20.363 1.5 1.25–1.79

1 221 (13.8) 244 (18.4)

2 7 (0.4) 19 (1.4)

Total 1598 (100) 1325 (100)

adf¼ 2.
bLogistic regression analysis.
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included data from another published report on the DAT1
VNTR haplotype in adults (Bruggemann et al, 2007) into
this meta-analysis, which increased the total number of
genotypes included further to 1440 patients with adult
ADHD and 1769 controls. Meta-analysis of the data using a
random effects model showed that the 9-6 haplotype was
significantly associated with ADHD in adults, with an OR of
1.39 (95% CI 1.03–1.88), p¼ 0.03 (Figure 1). As DAT1 has
been suggested to be more relevant for those ADHD
subtypes including hyperactivity (Diamond, 2007), we
repeated the analysis excluding patients with inattentive
subtype ADHD from the four IMpACT samples (see Table 1
for the numbers of samples included). As shown in Figure 2,
the point estimate for the OR increased somewhat
numerically, but nonsignificantly (OR 1.47, 95% CI 1.02–
2.12).
We also analyzed the two VNTRs, separately, in the

samples included in the haplotype analysis. For the VNTR
in the DAT1 30-UTR the homozygous 10/10 genotype, which
is thought to be the risk factor for ADHD in children, did
not show association with ADHD in adults (OR¼ 0.93, 95%
CI 0.93–1.07) (Figure 3a). However, as in the combined
analysis, we did observe an association of the homozygous
9/9 genotype with persistent ADHD (Figure 3b), with an
effect size similar to the one observed for the 9-6 haplotype
(OR 1.34, 95% CI 1.03–1.76), p¼ 0.03. The intron 8 VNTR
by itself did not have any effect on ADHD risk in the adults
(Supplementary Figure S1A–C).

DISCUSSION

In this study we investigated two VNTRs within the
SLC6A3/DAT1 gene and the haplotypes formed by them
for association with persistent ADHD. The study included
genotype information on 1440 patients, of whom 1100 were
formerly unpublished ones from the IMpACT study group.
Both the 9-6 haplotype (30-UTR VNTR/Intron 8 VNTR) and
the 9/9 genotype of the 30-UTR VNTR showed association
with the disorder in adults using two different analysis
methods, ie, a combined analysis and a meta-analysis
design. The intron 8 VNTR by itself did not seem to
increase persistent ADHD risk.
The two VNTRs within SLC6A3/DAT1 have both been

suggested to influence the regulation of the gene (Brookes
et al, 2007; Spencer et al, 2005; Guinda-Lini et al, 2006).
However, in vivo and in vitro studies for the 30-UTR VNTR
have not been consistent, and the intron 8 VNTR has so far
only been studied once. It might therefore also be possible
thatFinstead of being directly involved in regulating gene
expressionFboth VNTRs (incompletely) tag an unknown
functional site, with the haplotype increasing the efficiency
of the tagging (Asherson et al, 2007).
The finding of association with persistent ADHD for the

9-6 haplotype supports an earlier report in the Dutch
IMpACT subsample (Franke et al, 2008). This finding, as
well as the finding that the 9/9 30-UTR VNTR genotype is
associated with persistent ADHD, is contrary to findings in

Study or Subgroup

Germany, Brüggemann et al

Germany, unpublished
Netherlands, Franke et al
Norway, unpublished
Spain, unpublished

Total (95% CI)

Total events
Heterogeneity: Tau² = 0.08; Chi² = 11.60, df = 4 (P = 0.02); I² = 66%
Test for overall effect: Z = 2.13 (P = 0.03)

Events

24

75
53
77
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306

Total

230
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476
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498

2880

Events
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48
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100.0%
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1.17 [0.67, 2.05]

0.95 [0.68, 1.33]
1.93 [1.31, 2.84]
1.94 [1.34, 2.79]
1.22 [0.83, 1.80]

1.39 [1.03, 1.88]

Cases

M-H, Random, 95% CI
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other haplotypes
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9/6 haplotype

Figure 1 Forest plot showing the analysis of the 9-6 VNTR haplotype vs all other haplotypes.
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Netherlands, Franke et al
Norway, unpublished
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Total (95% CI)

Total events
Heterogeneity: Tau² = 0.10; Chi² = 9.99, df = 3 (P = 0.02); I² = 70%
Test for overall effect: Z = 2.08 (P = 0.04)

Events
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201
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340
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48
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0.94 [0.65, 1.35]

1.82 [1.21, 2.76]
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Odds Ratio
M-H, Random, 95% CI

0.1 0.2 0.5 1 2 5 10
other haplotypes 9/6 haplotype

Cases Controls Odds Ratio

Figure 2 Forest plot showing the analysis of the 9-6 haplotype vs all others for patients with ADHD subtypes containing hyperactivity (combined subtype
and hyperactive/impulsive subtype) only.
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children with ADHD, where the 10-6 haplotype and the
10/10 genotype have been suggested to be risk factors for
the disorder (Brookes et al, 2006; Asherson et al, 2007;
Faraone et al, 2005). This is not likely to reflect a mere
population-specific effect, as the populations represented in
this adult study are also represented (apart from the
Norwegian sample) in the studies showing the effects of the
10-6 haplotype (eg, in the IMAGE study; Asherson et al,
2007). A major difference between most samples of child-
hood and adult ADHD is the gender distribution. Although
in children the male to female ratio lies between 3 : 1 and
9 : 1 (Staller and Faraone, 2006), the gender distribution is
much more equal in adults with ADHD (Kessler et al, 2006).
However, it is unlikely that gender causes the differences in
the findings for children and adults, as a male-specific
analysis in this study did not change the results presented
here (not shown). Another difference between samples of
children and adults may be the comorbidity profile.
Although comorbidity is the rule rather than the exception
in both groups of patients, the prevalence of specific
comorbid disorders may differ. This issue is further
discussed below.
Despite an impressive number of studies already per-

formed, the role of DAT1 in ADHD, even in children, is still
far from clear. The 30-UTR VNTR has been investigated in
multiple studies, but meta-analyses of the genotyping data
are controversial (Maher et al, 2002; Faraone et al, 2005;
Todd et al, 2005; Yang et al, 2007; Li et al, 2006). The same
holds true for the current findings: although our meta-
analysis included 1440 patients and 1854 controls, the

p-values we report are only nominally significant (we did
not carry out correction for multiple testing for the
correlated tests). Hence, for both children and adults, the
evidence for an association of the DAT1 gene with ADHD is
still far from reaching genome-wide significance. Apart
from the possibility that the gene is simply not associated
with ADHD after all, additional explanations for the limited
significance of the findings are as follows: first, only a
subgroup of patients might show the association with the
gene. For example, data from studies by Diamond (2007)
suggest that DAT1 has a more important role in ADHD
subtypes featuring hyperactivity symptoms than in the
inattentive subtype. In this study, we did not find evidence
to support this hypothesis. Also, DAT1 might be linked to
ADHD only in the absence or presence of a given
comorbidity. This hypothesis recently found some support
from the work within the IMAGE study, in which Zhou et al
(2008) showed that DAT1 was only associated with ADHD
in children without comorbid conduct problems. This
possibility needs to be tested in future studies. A second
possible explanation, as mentioned above, is that the VNTRs
and their haplotype incompletely tag the real ADHD risk
variant in DAT1, or that additionally, other variants in or near
the gene also exert an effect on ADHD risk. The latter view is
again supported by the IMAGE study, which suggests that two
different loci within DAT1, one 50 and one 30 site, influence
ADHD risk in children (Brookes et al, 2008). As most studies
up to now have studied children with the disorder, a third
possible explanation is that age is an important factor to take
into account when studying the role of DAT1 in ADHD.
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Figure 3 (a) Forest plot showing the analysis of the DAT1 30-UTR VNTR 10/10 genotype vs all other genotypes. (b) Forest plot showing the analysis of
the DAT1 30-UTR VNTR 9/9 genotype vs all other genotypes.
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The putative differential association of DAT1 with
ADHD in children and adults might arise from different
causes. Possibly, the 9/9 30-UTR VNTR genotype and/or
the 9-6 haplotype predispose(s) to a more severe ADHD
phenotype characterized by persistence into adulthood. As
only a subgroup of children with ADHD remit (Faraone
et al, 2006; Barkley et al, 2006a; Kessler et al, 2005b), this
subgroup might not be equally represented in all associa-
tion studies of childhood ADHD. Some support for this
hypothesis is provided by a prospective 13-year follow-up
study indicating that more ADHD symptoms and externa-
lizing behaviors were present in the 9/10 than in the 10/10
genotype for the group as a whole, and that the effects of
the genotype became more pronounced with increasing
age of the participants. Importantly, more individuals with
a DSM diagnosis of ADHD in adulthood were found
among those having the 9/10 genotype (53%) than among
the 10/10 homozygous group (35%) (Barkley et al, 2006b).
On the other hand, as dopamine transporter density
decreases during life (Spencer et al, 2005) and ADHD
symptoms are known to change during adolescence
(Biederman et al, 2000), the differential association of
DAT1 with ADHD might reflect changing requirements
on the dopaminergic system during life. Furthermore,
adults more often than children consume cigarettes, alco-
hol or drugs, environmental factors that are known to
influence the regulation of the dopamine transporter
(Madras et al, 2005). An additional potential explana-
tion might be that DAT1 genotype effects on ADHD
depend on the effect of another gene, which shows
development-specific association with ADHD. A good
candidate for this is COMT, encoding the catechol-O-
methyltransferase, a major contributor to (prefrontal
cortex) dopaminergic metabolism. Several recent studies
suggest a double dissociation of dopamine effects,
depending on COMT and DAT1 genotype in dopamine-
related brain activity (Bertolino et al, 2008; Yacubian et al,
2007). However, an involvement of COMT in ADHD has
been suggested for both children and adults (eg, Lasky-
Su et al, 2008; Halleland et al, 2008). Future studies of
the DAT1 VNTR haplotype might want to use brain
imaging to investigate the neural substrates of the
differences between children and adults. One would
predict that these substrates are different for the different
developmental stages. However, as this study is cross-
sectional we cannot exclude the possibility that individuals
seeking treatment as children are different from those
seeking treatment as adults. This might be suggested by
findings of other phenotypes associated with DAT1, such
as decreased delinquency and promiscuous behavior in
teenagers with the 9/9 genotype of the 30-UTR VNTR (Guo
et al, 2007).
In conclusion, our data bear the intriguing sugges-

tion that the DAT1 haplotype and genotype associated
with ADHD in adults might be different from the one
associated with the childhood disorder. A differential
association of the DAT1 gene with ADHD in children and
in adults might help to explain the inconsistencies observed
in association studies, where age is not commonly taken
into account. However, the data might also imply that the
gene has a role in modulating the ADHD phenotype, rather
than causing it.
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Supplementary File S1: information on samples and phenotyping 

Supplementary Table S1: Instruments used to evaluate the phenotype of patients by 
the different sites contributing to IMpACT. 

 Germany* Norway** Spain*** Netherlands****

Clinical interview X X X X 

CAADID-II   X  

WURS X X X 

CAARS X 

ASRS X 

ADHD-RS X X 

ADHD Screening checklist  X 

CGI X 

SDI X 

SCID-I X X 

SCID-II X X 

BDI X X 

MDQ  X 

TPQ X 

NEO PI-R X 

Fagerström scale X 

STAI X 

MCMI-II X 

*IMpACT Germany:  

For this study, 437 patients were ascertained between 2004 and 2007 at the Department of 

Psychiatry, University of Würzburg. The sample consisted of in- and outpatients. The control 

group consisted of 418 healthy volunteers (of which 145 were screened for ADHD).  

Patients have been extensively examined using an open interview by an experienced 

psychiatrist (J.R., M.H, A. B.-H., and C.P.J., who supervised the complete ascertainment 
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procedure) as well as by the Structured Clinical Interview of DSM-IV for axis-I and axis-II 

disorders (SCID-I, SCID-II) also allowing the registration of co-morbid conditions (60, 61). 

Severity of A-ADHD was measured by means of the WURS-k interview (62, 63). Where 

available, chart reviews have been performed and information obtained from relatives, school 

reports etc. were taken into consideration. Depressive symptoms were rated by the Beck 

Depression Inventory (BDI (64)). Personality assessment was done using the NEO PI-R and 

TPQ questionnaires (65, 66); impulsivity was assessed by the I7 questionnaire (67) and 

nicotine abuse was quantified using the Fagerström scale (68). Eligibility criteria for the study 

were A-ADHD according to the diagnostic criteria of DSM-IV, onset before the age of 7 years 

via retrospective diagnosis, life-long persistence, current diagnosis and age at recruitment 

between 18 and 65 years. Exclusion criteria were the restricted appearance of lack of 

concentration, hyperactivity, impulsivity to the duration of any other axis-I disorder, as well as 

current diagnosis of not withdrawn drug/alcohol abuse/dependence, lifetime diagnosis of 

bipolar-I disorder, schizophrenia, or any other psychotic disorder, and mental retardation (IQ 

level< 80; MWT-B < 13 points). Further details on the sample can be obtained from Jacob et 

al. (69). The control group was recruited in the Lower Franconia area in Germany and 

consisted of 418 healthy volunteers (50% male, mean age ± SD: 33 ± 11 years) of 

Caucasian origin. While the initial sample of 273 blood donors was not screened for a history 

of psychiatric disorders, psychiatric illness was ruled out by an extensive clinical interview in 

a further control sample of 145 subjects.  

**IMpACT Norway:  

The majority of the 453 patients (n = 338) was recruited from all parts of Norway, using a 

National Registry of adults diagnosed with ADHD in Norway during 1997-2005, as recently 

described {Halleland, 2008 940 /id;Johansson, 2007 860 /id;Halmøy, 2008 966 /id}. An 

additional 115 patients were recruited directly from clinicians during 2005-2007. The control 

group (n= 548) is comprised of 137 university students, 251 randomly selected people (in the 

age-range from 18 to 40 years) from the general population and 198 healthy blood donors 

(the latter not screened for ADHD).  

All patients were formally diagnosed with ADHD before inclusion into the project, but subtype 

data were not systematically available at the time of the primary diagnosis. At the time of 

inclusion into the genetic study, 73% of the patients were classified as combined subtype, 

11% as inattentive and 3% as hyperactive/impulsive subtype using the Adult ADHD Self 

Report Scale (ASRS, World Health Organization’s (WHO) (70)) with a cut-off of 17 or more 
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on each subscale (10% were diagnosed as sub-threshold). In comparison, the corresponding 

proportions would have been 52% combined, 17% inattentive and 7% hyperactive/impulsive 

subtypes (22% sub-threshold) using a cut-off of 21 or more on each subscale. Severity of 

past and current ADHD symptoms in patients and controls was evaluated using the Wender 

Utah Rating Scale (WURS; (71)) and the ASRS. Furthermore, the referring clinicians filled in 

additional data on diagnosis, treatment history and treatment response in patients and both 

patients and controls filled in the Mood Disorder Questionnaire (MDQ, (72)) and responded 

to 31 additional questions regarding socio-demographic variables and comorbid conditions in 

participants and their first degree relatives. The ASRS and WURS versions used in this study 

have also been used in earlier publications (25, 28, 29). 

***IMpACT Spain:  

The clinical sample consisted of 360 out-patients with persistent ADHD recruited from the 

Adult ADHD Program of the Department of Psychiatry of the Hospital Universitari Vall 

d’Hebron (Barcelona) during 2004-2008 {Ribases, 2008 953 /id;Ribases, 2007 954 

/id;Ramos-Quiroga, 2008 955 /id}. The control sample consisted of 195 unrelated blood 

donors with no DSM-IV ADHD symptoms.  

The diagnosis of ADHD in adulthood was evaluated with the Structured Clinical Interview for 

DSM-IV Axis I and II Disorders (SCID-I and SCID-II (60, 61)) and the Conners Adult ADHD 

Diagnostic Interview for DSM-IV (CAADID Part II (73)). In addition to this, the following 

instruments were used to characterize the patients in this cohort: Severity of ADHD 

symptoms was evaluated with the long version of the Conners’ ADHD Rating Scale (self-

report form CAARS-S:L and observer form CAARS-O:L (74)), the ADHD Rating Scale 

(ADHD-RS (75)), the ADHD Screening Checklist (76) and the WURS (63) for retrospective 

symptomatology. The level of impairment was measured with the Clinical Global Impression 

(CGI (74)) and the Sheehan Disability Inventory (SDI (77)). For the evaluation of psychiatric 

symptoms patients filled in the BDI (64), the State Trait Anxiety Inventory (STAI (78)) and the 

Millon Clinical Multiaxial Inventory (MCMI-II (79)). Full-Scale IQ was estimated with the 

Vocabulary and Block Design subtests of the WAIS-III (80). Patients also completed the Digit 

span, Arithmetic, Letter-Number Sequencing and Symbol Search subtests of the WAIS-III, 

the Conners Continuous Performance Test (CPT (81)) the California Verbal Learning Test 

(CVLT (82)), the Logical Memory I-II and Visual Memory I-II of the WMS-Rand the Trail-

making Test (Parts A and B (83)). 
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****IMpACT The Netherlands: 

Patients (n=275) had been referred for assessment of ADHD to the outpatient clinic of GGZ 

Delfland in Delft, to Parnassia, psycho-medical centre in The Hague, or to the department of 

Psychiatry at the Radboud University Nijmegen Medical Centre in Nijmegen, the 

Netherlands. Most of the patients have been described before {Kooij, 2005 722 /id;Bekker, 

2005 704 /id;Franke, 2008 946 /id}. Controls (n=550) were derived from the Nijmegen 

Biomedical Study (NBS, www.nijmegenbiomedischestudie.nl), a population-based survey 

conducted by the Departments of Epidemiology & Biostatistics and of Clinical Chemistry of 

the Radboud University Nijmegen Medical Centre {Hoogendoorn, 2006 725 /id}. The control 

group was frequency-matched for gender with the patient group.  

Subjects were included if a clinical diagnosis of adult ADHD with childhood onset was 

established. Prior to inclusion, all patients underwent a standard clinical assessment 

consisting of a psychiatric evaluation by experienced psychiatrists using a semi-structured 

diagnostic interview for ADHD and comorbid disorders, the Dutch version of structured 

diagnostic interviews for retrospective diagnosis of ADHD. For current ADHD symptoms 

during the last 6 months, a Dutch version of the DSM-IV ADHD Rating Scale, (ADHD-RS) 

based on the 18 DSM-IV items for ADHD, was used (5, 75). The ADHD Rating Scale has 

been used in epidemiologic and clinical research in adults in the United States and in the 

Netherlands (5, 84). To be given a full diagnosis of adult ADHD, subjects had to (A) meet at 

least 6 out of 9 DSM-IV criteria of inattention and/or hyperactivity/impulsivity for a diagnosis 

of ADHD in childhood and at least 5 out of 9 criteria in adulthood, (B) describe a chronic 

persisting course of ADHD symptoms from childhood to adulthood, and (C) endorse a 

moderate to severe level of impairment attributed to the ADHD symptoms. A cut-off point of 5 

of 9 criteria was set for adult diagnosis of ADHD based on literature and epidemiological data 

using the same DSM-IV ADHD Rating Scale (5). In order to obtain information about lifetime 

ADHD symptoms and impairment, the patient, the partner and if available the parents were 

interviewed. Information on school reports was examined in order to sustain the diagnosis in 

childhood. Diagnostic criteria have been described in more detail elsewhere (5, 33). Controls 

were also evaluated using the ADHD-RS and a cut-off of 4 or more symptoms was used to 

exclude controls from the study. 

Genotyping of the two DAT1 VNTRs 

After DNA isolation by a standard desalting protocol, the German IMpACT sample was 

genotyped for the 40 base pair VNTR located in the 3' UTR of DAT1 as previously described 
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{Hunnerkopf, 2007 903 /id}. The Intron 8 VNTR was genotyped according to a protocol used 

by the Dutch IMpACT partner, see below. 

In Norway, the procedure was as follows: Genomic DNA was extracted either from whole 

blood, or from saliva using the Oragene™ DNA Self-Collection Kit from DNA Genotek (DNA 

Genotek Inc, Ontario, Canada) at the HUNT biobank (Levanger, Norway). Cases and 

controls were mixed on 96-well-plates with a minimum of two internal controls and two blank 

samples. Genotyping of the 3’ UTR VNTR has been described before {Johansson, 2007 860 

/id}. For genotyping of the Intron 8 VNTR we used the same primers as described below for 

the Dutch sample, except that the reverse primer was fluorescently labeled and PCR 

products were analyzed on an ABI 3100 sequencer using the GeneMapper software (Applied 

Biosystems). All genotype calls were also manually inspected. The results of genotyping of 

the 3’ UTR VNTR in 358 patients and 340 controls have been reported earlier {Johansson, 

2007 860 /id}. 

In the Spanish IMpACT sample, the 3’ UTR VNTR was genotyped from each DNA sample by 

PCR in a total volume of 10 µl, containing 75 ng of template DNA, 50 mM KCl, 10mM Tris-

HCl, 1.5mM MgCl2, 200 µM of dNTPs, 4pmol of each oligonucleotide and 1.5 U of Taq DNA 

polymerase. Amplification conditions consisted of an initial 2 min denaturation step at 94ºC, 

38 cycles of 1 min at 94ºC, 1 min at 54ºC and 1 min at 72ºC, followed by a final extension of 

10 min at 72ºC. Amplification products were resolved in 1.8% agarose gels. The VNTR in 

intron 8 was genotyped in the lab of the Dutch IMpACT partner, see below. 

In The Netherlands, genotyping of the VNTRs in the 3’ UTR of DAT1 was carried out as 

described before {Brookes, 2006 782 /id;Boonstra, 2007 784 /id}. As for genotyping of the 

intron 8 VNTR we used a PCR-based method on 20 ng genomic DNA using 0.75 mM of 

forward (5’-GCTTGGGGAAGGAAGGG-3’) and reverse primer (5’-

TGTGTGCGTGCATGTGG-3’), respectively, 0.25 mM dNTPs and 6.25 U Taq DNA 

polymerase (Invitrogen, Breda, The Netherlands) in AmpliTaq PCR-buffer II (Applied 

Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) with 1.75 mM MgCl2. The cycling 

conditions for amplification involved 10 min at 94 °C, followed by 30 cycles of 1 min 94°C, 1 

min at 64°C and 1 min 72°C and an extra 7 min at 72 °C. Analysis on a 2 % agarose gel 

yielded distinct bands at 368 bp, 398 bp, 458 bp, 578 bp and 608 bp, with the smallest two 

bands being the most frequent ones (allele 5 and 6, formerly known as allele 2 and 3). The 

Intron 8 VNTR was coded as described earlier by Asherson et al. {Asherson, 2007 777 /id}, 

describing the number of repeats present in the repeat allele. Both genotyping assays have 

been validated earlier and 5% duplicates and blanks were taken along as quality controls 

during genotyping. 
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Supplementary Figure S1  

A Forest plot of the analysis of the DAT1 Intron 8 VNTR 6-repeat versus 5-repeat allele.
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B Forest plot of the analysis of the DAT1 Intron 8 VNTR genotype 6/6 versus 5/5.  
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C Forest plot of the analysis of the DAT1 Intron 8 VNTR genotype 6/6 versus 5/6. 
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ABSTRACT 

Attention-deficit hyperactivity disorder (ADHD) is a common behavioural disorder 

affecting about 4-8% of children. ADHD persists into adulthood in around 65% of 

cases, either as the full condition or in partial remission with persistence of symptoms. 

Pharmacological, animal and molecular genetic studies support a role for genes of the 

dopaminergic system in ADHD due to its essential role in motor control, cognition, 

emotion and reward. Based on these data, we analyzed two functional polymorphisms 

within the DRD4 gene (120-bp duplication in the promoter and 48-bp VNTR in exon 3) 

in a clinical sample of 1,608 adult ADHD patients and 2,352 controls of Caucasian 

origin from four European countries that had been recruited in the context of the 

International Multicentre persistent ADHD CollaboraTion (IMpACT). Single-marker 

analysis of the two polymorphisms did not reveal association with ADHD. In contrast, 

multiple-marker meta-analysis showed a nominal association (P=0.02) of the L-4R 

haplotype (dup120bp-48bpVNTR) with adulthood ADHD, especially with the combined 

clinical subtype. Since we previously described association between adulthood ADHD 

and the dopamine transporter SLC6A3 9R-6R haplotype (3’UTR VNTR-intron 8 VNTR) 

in the same dataset, we further tested for gene x gene interaction between DRD4 and 

SLC6A3. However, we detected no epistatic effects but our results rather suggest 

additive effects of the DRD4 risk haplotype and the SLC6A3 gene.  
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INTRODUCTION 

Attention-deficit hyperactivity disorder (ADHD) is a common behavioural disorder 

affecting 4-8% of children [Polanczyk et al., 2007] and is characterized by 

inappropriate and impairing levels of hyperactivity, impulsivity and inattention. ADHD 

persists into adulthood in around 65% of cases either as the full condition or in partial 

remission with persistence of symptoms and with significant clinical impairment 

[Faraone et al., 2006; Lara et al., 2009]. A review of 20 twin studies in children 

estimated the heritability of ADHD to be around 76% [Faraone et al., 2005; Faraone 

and Mick., 2010].  

Pharmacological studies, animal models and molecular genetic studies support a role 

for genes of the dopamine, serotonin and norepinephrine neurotransmitter systems in 

ADHD. Research, however, has mainly focused on the dopaminergic system due to its 

essential role in motor control, cognition and reward. In this regard, magnetic 

resonance imaging suggests abnormalities in ADHD-affected children in neuro-

anatomical areas rich in dopaminergic innervations [Durston et al., 2005; Ernst et al., 

1999]. In addition, methylphenidate, amphetamine and other psychostimulant drugs 

increase synaptic levels of dopamine and are effective in the control of ADHD 

symptoms through blockade of the dopamine transporter. 

Among the different genes involved in dopaminergic neurotransmission, the dopamine 

receptor D4 (DRD4) has been widely considered in genetic studies of ADHD. The 

DRD4 gene is located at chromosome 11p15.5, organized in 4 exons and encodes a G 

protein-coupled receptor belonging to the dopamine D2-like receptor family. This family 

of receptors is expressed predominantly in the prefrontal cortex. DRD4 contains a 

number of polymorphisms, one of which, a variable number of 48-bp tandem repeats 

(48bpVNTR), is located in the third exon of the gene. This exon encodes the putative 

third cytoplasmic loop of the receptor and modulates the  receptor’s signal transduction 

properties by altering intracellular cyclic AMP levels [Van Tol et al., 1992]. This 

polymorphism, with a unit that is repeated from 2 (2R) to 11 (11R) times, shows 

considerable inter-ethnic heterogeneity [Chang et al., 1996; Van Tol et al., 1992]. 

Although its effect on the DRD4 function is still unknown, different pharmacological 

properties have been described for the distinct repeat lengths, with the 7R allele 

dampening the response of cells to dopamine [Asghari et al., 1995]. Other studies, 

however, showed no evidence of quantitative differences in G protein coupling among 

the DRD4 2R, 4R and 7R alleles [Kazmi et al., 2000].  

Since the publication of the initial study by LaHoste et al. [1996] showing association 

between the 7R allele of the 48bpVNTR and ADHD in children, many case-control and 
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family-based association studies have been reported, although they show controversial 

results. After the first studies that identified the 7R as a risk allele for ADHD, most of 

the subsequent work solely tested this allele versus all the others [Castellanos et al., 

1998; Comings et al., 1999; Curran et al., 2001; Gabriela et al., 2009; Langley et al., 

2004; Mill et al., 2001; Muglia et al., 2000; Tahir et al., 2000]. Other studies 

differentiated between short (2R to 5R) and long alleles (6R to 11R) [Eisenberg et al., 

2000; Hawi et al., 2000; Kotler et al., 2000; Manor et al., 2002]. However, only some of 

these studies focused on adult ADHD [Johansson et al., 2008; Muglia et al., 2000; 

Smith et al., 2003]. Johansson et al. [2008] found no association between the DRD4

VNTR polymorphism and adulthood ADHD. On the other hand, Muglia et al. [2000] 

suggested a role of the 7R allele in adult ADHD and, finally, although performed in 

childhood ADHD samples, several meta-analyses have demonstrated a significant 

association between this DRD4 allele and ADHD [Faraone et al., 2001; Faraone et al., 

2005; Gizer et al., 2009; Li et al., 2006; Nikolaidis and Gray, 2009; Smith, 2010]. 

However, some of these meta-analyses detected significant heterogeneity in the effect 

size for DRD4 in the different studies [Gizer et al., 2009; Li et al., 2006; Smith, 2010]. 

Seaman et al. [1999] subsequently identified a second common genetic variant in 

DRD4, the 120-bp duplication (dup120bp) located 1.2 kb upstream of the DRD4

translation initiation codon. The duplication contains consensus sequences for several 

transcription factors and modulates transcription of the DRD4 gene. In this regard, the 

240-bp allele (long or L allele) showed enhanced binding capacity for the Sp1 

transcription factor in a mobility shift assay and exhibited lower transcriptional activity 

than the 120-bp allele (short or S allele) in transfected cell lines [D'Souza et al., 2004; 

Kereszturi et al., 2007; Ronai et al., 2004]. Several studies have tested association 

between the DRD4 dup120bp polymorphism and ADHD but results are also 

controversial, showing no association [Barr et al., 2001; Bhaduri et al., 2006; Brookes 

et al., 2005; Gizer et al., 2009; Todd et al., 2001] or identifying either the L or S alleles 

as risk factors for ADHD [Kereszturi et al., 2007; Kustanovich et al., 2004; McCracken 

et al., 2000]. Accordingly, a recent meta-analysis performed by Gizer et al. [2009] 

found no association between childhood ADHD and either allele. So far, Arcos-Burgos 

et al. [2004] were the only researchers to study the role of a haplotype of both 

polymorphisms in ADHD and indeed found significant evidence for association with the 

S-7R DRD4 haplotype. 

Since both the 48bpVNTR and the dup120bp polymorphisms in DRD4 may affect the 

receptor function through changes in amino acid sequence or promoter activity and to 

challenge the inconsistencies raised among previous case-control and family-based 

association studies, we aimed to investigate the possible involvement of these 
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polymorphisms in ADHD in a large sample of adult patients and controls from Europe. 

We performed a meta-analysis of unpublished case-control data from four different 

countries (Germany, The Netherlands, Norway and Spain) integrated in the 

International Multicentre persistent ADHD CollaboraTion (IMpACT) in a sample of 

1,608 adult ADHD patients and 2,352 controls. Also, as several studies have shown 

epistatic [Gabriela et al., 2009; Roman et al., 2001] or additive effects [Carrasco et al., 

2006] between DRD4 and SLC6A3 in ADHD or hyperactive-impulsive symptoms 

[Auerbach et al., 2010], we used previously published SLC6A3 genotype data from 

IMpACT [Franke et al., 2010] to assess their potential combined contribution to 

adulthood ADHD. 

MATERIALS AND METHODS 

Patients and Controls

In total, 1,608 adult ADHD patients and 2,352 controls of Caucasian origin from four 

European countries (Spain, Germany, Norway and The Netherlands) were recruited at 

four sites of IMpACT. Table I shows the clinical description of these patient cohorts. 

Diagnosis was blind to genotype. The study was approved by the ethics committee of 

each participating institution and informed consent was obtained from all subjects in 

accordance with the Helsinki Declaration.  

Consensus eligibility criteria for the current study across all sites were a diagnosis of 

ADHD according to the diagnostic criteria of DSM-IV (Diagnostic and Statistical Manual 

for Mental Disorders-IV), onset before the age of 7 years via retrospective diagnosis 

(which was confirmed by a family member, wherever possible), lifelong persistence and 

current diagnosis. Patients were extensively examined by psychiatrists experienced in 

adult ADHD and were evaluated for other psychiatric disorders with the Structured 

Clinical Interview of DSM-IV for axis-I (and axis-II) disorders (SCID-I, SCID-II) or semi-

structured interviews. Most controls (except for the Norwegian samples and part of the 

German samples) were screened for the presence of ADHD and those scoring high on 

symptoms of the disorder were excluded. For a more detailed description of the 

different diagnostic instruments see Sánchez-Mora et al. [Sanchez-Mora et al., 2009]. 
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Table I. Descriptive characteristics of the IMpACT samples from four European countries. 

* Calculated only for non-blood donors (n=365) 

DNA Isolation and Genotyping

Genomic DNA was isolated either from saliva using the Oragene DNA Self-Collection 

Kit (DNA Genotek Inc., Canada) or from peripheral blood lymphocytes by the salting-

out procedure [Miller et al., 1988]. 

Dup120bp DRD4 polymorphism: 

Genotyping was carried out using standard PCR methods and amplification products 

were tested by electrophoresis on a 1.5% agarose gel and ethidium bromide staining 

(Germany, Spain and The Netherlands) or visualized on an ABI 3100 sequencer and 

automatically called using the GeneMapper software (Applied Biosystems) (Norway). 

Genomic DNA was amplified with primers 5’-

GTTGTCTGTCTTTTCTCATTGTTTCCATTG-3’ and 5’-

GAAGGAGCAGGCACCGTGAGC-3’ for the Spanish, German and Dutch samples and 

with a fluorescently labelled (FAM) reverse primer for the Norwegian samples. For the 

German, Spanish and Norwegian samples, PCR reactions were carried out in a final 

volume of 10 µl, containing 5 ng of genomic DNA, 0.5 pmol of each primer, 1µl PCRx 

Enhancer solution (10x; PCRx Enhancer System, Invitrogen), 1 µl PCRx Amplification 

Buffer (PCRx Enhancer System, Invitrogen), 0.2 µM of each dNTP, 0.5 mM MgSO4

and 1 U of Taq polymerase. Amplification conditions consisted of an initial denaturation 

at 94º C for 1 min followed by 34 cycles of denaturation at  94º C for 1 min, annealing 

at 56.5º C for 1 min and extension at 72º C for 1 min, with a final extension step at 72ºc 

for 10 min. The amplification yielded distinct bands at 429 bp (short “S” allele) and 549 

bp (long “L” allele). For Dutch samples, genotyping of the 120-bp tandem duplication 
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polymorphism was carried out using a PCR-based method as described by [Seaman et 

al., 1999]. PCR was performed on 62.5 ng genomic DNA using 0.4 �M of each of the 

primers described above, 0.25 mM dNTPs, 0.5 U Taq DNA polymerase (Invitrogen, 

Breda, The Netherlands) in a PCR buffer containing 10 mM Tris-HCl pH 8.0, 50 mM 

KCl, 0.1% Triton X-100 (v/v), 0.015% gelatin (w/v), 5% DMSO (v/v) and 1.5 mM MgCl2. 

The cycling conditions were 10 min 92°C followed by  35 cycles of 1 min 95°C, 1 min 

58°C, 1 min 72°C. At the end of the protocol, 10 mi n at 72°C were added.  

48-bp VNTR DRD4 polymorphism: 

Genotyping of the DRD4 48-bp VNTR polymorphism in exon 3 was performed 

according to the method used by Johansson et al. [2008] for samples from Norway and 

Spain. A protocol for PCR amplification and fragment analysis is available upon 

request. In short, DNA was amplified with the following primers: 5-

CGTACTGTGCGGCCTCAACGA-3 and FAM-5-GACACAGCGCCTGCGTGATGT-3. 

The reverse primer was fluorescently labeled and PCR products were visualized on an 

ABI 3100 sequencer and automatically called using the GeneMapper software (Applied 

Biosystems). All genotype calls were also manually inspected. Analysis of the results 

using Genemapper showed fragment length at 598 bp (2 repeats), 646 bp (3 repeats), 

694 bp (4 repeats), 742 bp (5 repeats), 790 bp (6 repeats), 836 bp (7 repeats), 884 bp 

(8 repeats), 930 bp (9 repeats) and 976 bp (10 repeats). 

For the Dutch sample, the 48-bp repeat polymorphism was analyzed by simple 

sequence analysis on a genetic analyzer using primers as described earlier [Lichter et 

al., 1993]. For the PCR amplification, 50 ng of genomic DNA, 1.25 µM fluorescent 

labeled forward primer (5’-Vic-GCGACTACGTGGTCTACTCG-3’) and 1.25 µM reverse 

primer with PIG tail (5’-AGGACCCTCATGGCCTTG-3’), 0.4 mM dNTPs, 1x GCI Buffer 

TaKaRa (Lucron Bioproducts BV, Gennep, The Netherlands), 0.5 U TaKaRa LA Taq™ 

(Lucron Bioproducts BV)  and 1M betaine were used. The cycling conditions were 1 

min 94°C followed by 35 cycles of 30 sec 94°C, 30 s ec 58°C, 1 min 72°C, with a final 5 

min step at 72°C. The PCR product was diluted 10 ti mes and 1 µl of the diluted PCR 

product together with 9.7 µl formamide and 0.3 µl GeneScan-600 Liz Size 

StandaardTM (Applied Biosystems, Nieuwerkerk aan de IJssel, The Netherlands) was 

analyzed on a 3730 Genetic Analyzer according to the protocol of the manufacturer. 

Analysis of the results using Genemapper showed fragment length at 378 bp (2 

repeats), 426 bp (3 repeats), 474 bp (4 repeats), 522 bp (5 repeats), 570 bp (6 

repeats), 618 bp (7 repeats) and 666 bp (8 repeats). 

For the German sample, PCR amplification was performed using Vent polymerase 

(New England Biolabs: Ipswich Massachusetts, USA) and a high denaturing 

temperature (98 °C for 1 min) with a combined annea ling and extension reaction for 5 
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min at 70 °C. The primers were 5'-GCGACTACGTGGTCTAC TCG-3' and 5'-

AGGACCCTCATGGCCTTG-3'. Thirty PCR cycles were performed and subsequently, 

the reaction mixture was electrophoresed on a 2% Metaphor gel (FMC) with ethidium 

bromide. The lengths of the resulting PCR products are the same as describe above 

for the Dutch sample. 

Statistical analysis

Separate analysis of the four European samples: 

We first performed a single- and multiple-marker analysis on the samples from the four 

IMpACT sites, separately, and then analyzed the pooled sample using a meta-

analytical approach. Hardy-Weinberg Equilibrium (HWE) in the control groups from 

each IMpACT node as well as in the whole control sample was assessed using a χ2

test with the HWE software v.1.05 (linkage.rockefeller.edu/soft/linkutil). Genotype and 

allele frequencies of the dup120bp and 48bpVNTR polymorphisms were compared 

between cases and controls from each separate IMpACT site using a χ2 test with the 

SNPassoc R package and the statistical package SPSS 15.0, respectively [Gonzalez 

et al., 2007]. Since the 48bpVNTR polymorphism is multiallelic (from 2R to 11R 

alleles), rare (minor allele frequency <5%) genotypes and alleles were grouped in a 

single class as “others”. Haplotype frequencies were estimated using the PHASE 

software [Stephens et al., 2001] and values below 5% were grouped as “others” in the 

association analysis. 

Meta-analysis: 

To combine the individual results, we conducted a meta-analysis using the Meta R 

package (cran.r-project.org/web/packages/meta/index.html). The analysis of the 

minimal statistical power was performed post hoc using the Genetic Power Calculator 

software (pngu.mgh.harvard.edu/~purcell/gpc), assuming a dominant model, an odds 

ratio (OR) of 1.5, prevalence of 0.05, significance level of 0.05 and a minor allele 

frequency (MAF) of 0.158 [Purcell et al., 2003]. We first tested heterogeneity among 

studies using the Q-statistic [Lau et al., 1997; Zintzaras and Hadjigeorgiou, 2004]. 

When no heterogeneity was present, the pooled OR was estimated using a fixed-

effects model [Mantel and Haenszel, 1959]. A random-effect model was considered in 

those cases where heterogeneity was detected [Laird and Mosteller, 1990]. Meta-

analysis was performed considering the whole ADHD sample, but also split by gender 

or ADHD clinical subtypes. The hyperactive-impulsive clinical sample could not be 

evaluated due to insufficient sample size. 

For the dup120bp polymorphism, we determined the best genetic model to be used by 

estimating the three possible ORs and their 95% confidence intervals (CI) in the meta-
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analysis sample: OR1 (SS vs LL), OR2 (SS vs LS) and OR3 (LS vs LL). If OR1 = OR3 

� 1 and OR2 = 1, then a recessive model is suggested; OR1 = OR2 � 1 and OR3 = 1 

indicates a dominant model and OR1 > OR3 > 1 (or OR1 < OR2 < 1 and OR1 < OR3 < 

1) suggests a codominant model. When none of the OR values significantly deviated 

from 1, then meta-analyses were performed for the three different genetic models. 

For the 48bpVNTR we minimized multiple-testing by restricting the meta-analysis to 

alleles or genotypes showing frequency differences > 3% among cases and controls in 

at least one of the study populations. Thus, alleles 4R and 7R, and genotypes 4R4R, 

4R7R and 7R7R were considered for meta-analysis. For the analysis of the 

dup120bp/48bpVNTR haplotype we only considered the carriers of the three major 

allelic combinations, S-4R, L-4R and L-7R. The EH software was used to test the 

presence of linkage disequilibrium between the two DRD4 polymorphisms [Terwilliger 

and Ott, 1994]. 

DRD4*SLC6A3 interaction analysis 

A logistic regression analysis was used to evaluate the independent and interactive 

effects of the DRD4 and SLC6A3 loci. For DRD4 we considered the haplotype made 

up of the dup120bp L allele and the 4R allele of the 48bpVNTR polymorphism (L-4R), 

while for the SLC6A3 gene we considered the previously described risk haplotype 

comprising the 9R allele of the VNTR in the 3’UTR and the 6R allele of the VNTR in 

intron 8 (9R-6R), using pre-existing genotype data on our multicenter cohort of patients 

and controls [Franke et al., 2010]. A stepwise logistic regression procedure was 

implemented to compare two different regression models by Likelihood-Ratio Test 

using the statistical package SPSS 15.0. In the first model we considered the affection 

status as a dependent variable and the DRD4 and SLC6A3 haplotypes as predictive 

variables. In the second model we included the interaction DRD4*SLC6A3 as an 

independent variable. 
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RESULTS 

A total of 1,608 adult ADHD patients and 2,352 controls from four IMpACT sites were 

genotyped for the DRD4 dup120bp and/or the 48bpVNTR polymorphisms. The clinical 

description of the samples included in the study is shown in Table I. 

Single-marker analysis

For the DRD4 dup120bp polymorphism, genotypes from 1,447 patients (90%) and 

2,062 controls (88%) were available for the single-marker analysis. No significant 

departure from HWE was observed, neither in the control group from each population 

nor in the pooled sample (p>0.05). No significant association was detected when we 

compared genotype and allele frequencies between cases and controls from each 

separate site (Supplementary Table SI). Stratification of the ADHD samples according 

to gender or clinical subtype in the four separate populations resulted in a nominal 

association between the L allele of the dup120bp polymorphism and ADHD in males 

from Norway (p=0.009, OR=1.69 (1.14-2.56); Supplementary Table SII). Nominal 

association was also observed in two samples when we considered the combined 

clinical subtype (Supplementary Table SIII): Norway (p=0.04, OR=1.40 (1.01-1.96)) 

and Spain (p=0.04, OR=2.63 (0.91-7.69)). The evaluation of the best genetic model for 

the meta-analysis showed that none of the three ORs in the pooled sample significantly 

deviated from 1 (OR1 (SS VS LL) = 1.23 (95%CI: 0.82-1.84), OR2 (SS VS LS) =1.23 (0.81-

1.86) and OR3 (LS VS LL) =1.03 (95% CI: 0.88-1.20)) and, thus, we performed meta-

analysis considering the dominant, recessive and codominant models. However, no 

significant association was found for dup120bp in the full ADHD sample (Table II), or 

when patients were subdivided by gender or clinical subtypes, in either of the three 

models (data not shown). 
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A total of 1,407 patients (87.5%) and 1,840 controls (78.2%) had genotypes available 

for the DRD4 48bpVNTR polymorphism. Genotype frequencies did not deviate 

significantly from HWE in any of the cohorts (p>0.05). No significant association 

between the 48bpVNTR and ADHD was identified in any of the European samples, 

when studied separately (Supplementary Table SIV). As described above (see 

Materials and Methods), only 4R/4R, 4R/7R and 7R/7R genotypes were available for 

the meta-analysis. No association between the VNTR polymorphism and adult ADHD 

was seen in the full ADHD sample (Table III), even if gender or clinical subtypes were 

taken into account (data not shown). 
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Multiple-marker analysis

Linkage disequilibrium between the two studied polymorphisms in DRD4 was assessed 

and shown to be negligible (p = 0.99). Genotypes from 1,246 patients (77%) and 1,835 

controls (78%) were available for the two DRD4 polymorphisms. Table IV summarizes 

the estimated haplotype frequencies for the four populations considered in the study. 

 The comparison of haplotype frequencies between cases and controls showed no 

association in any of the four separate cohorts. We subsequently performed a meta-

analysis considering carriers of the three common DRD4 haplotypes, S-4R, L-4R and 

L-7R, and, after discarding the presence of heterogeneity between the four samples 

using the Q-statistic, we observed an under-representation of the S-4R allelic 

combination in the ADHD sample (p=0.01; OR=0.78 (0.65-0.95); Table IV). We also 

performed multiple comparisons stratifying by gender and by clinical subtype and 

confirmed these differences in females (p= 0.04, OR= 0.73 (0.54-0.99); Supplementary 

Table SV). Interestingly, when we considered patients with the ADHD combined 

subtype only, we observed an increased frequency of carriers of the L-4R risk 

haplotype (p=0.02; OR=1.29 (1.04-1.61)) in addition to an under-representation of the 

S-4R allelic combination (p=0.01 OR= 0.75 (0.60-0.94)) in this clinical dataset (Table 

V). 
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Interaction between DRD4 and SLC6A3

Since we previously described an association of adulthood ADHD with the SLC6A3 9R-

6R haplotype (3’UTR VNTR – Intron 8 VNTR) in the same dataset [Franke et al., 2010], 

we further tested for gene*gene interactions between the ADHD-associated haplotypes 

of DRD4 and SLC6A3. Genotypes from 1,208 patients (75%) and 1,290 controls (55%) 

were available for the four polymorphisms in the two genes. Although no evidence for 

epistatic effects was detected, the simultaneous presence of the two risk haplotypes, 

DRD4 L-4R and SLC6A3 9R-6R, increased the risk for ADHD in both the ADHD

sample as a whole (p=3.04e-05; OR 1.66 (1.31-2.11)) and in the combined type clinical 

subtype (p=2.66e-05; OR=1.74 (1.35-2.26)). Thus, the OR for ADHD subjects carrying 

the DRD4 L-4R haplotype rose from 1.09 (0.90-1.32) to 1.66 (1.31-2.11)) in those 

patients also carrying the SLC6A3 9R-6R allelic combination. Similar results were 

obtained in the combined type ADHD clinical subtype (Figure 1) and indicate additive 

effects between risk haplotypes at these two loci. 

 Figure 1. Graphical representation showing the analysis of gene*gene interactions between 

the DRD4 and SLC6A3 genes. The simultaneous presence of the two risk haplotypes, DRD4 L-

4R and SLC6A3 9R-6R, increased the risk for ADHD in both the pooled ADHD sample (A) and 

the combined clinical subtype sample (B). These results suggest additive effects of the risk 

haplotypes at these two loci on ADHD.  
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DISCUSSION 

In the present study we performed a meta-analysis in a large sample of 1,608 

adulthood ADHD patients and 2,352 unrelated controls from four European countries to 

evaluate the role of the DRD4 dup120bp and 48bpVNTR polymorphisms in the 

persistent form of the disorder. Although nominal association with dup120bp was 

observed in some of the populations considered in this study, no evidence for a role of 

either polymorphism in ADHD was detected when they were considered separately in 

the entire sample. The multiple-marker analysis, however, supports a contribution of 

the L-4R (dup120bp-48bpVNTR) haplotype to adulthood ADHD, mainly to the 

combined clinical subtype, although these findings should be viewed with caution given 

the many (albeit highly correlated) statistical tests performed. These results support a 

connection between DRD4 and the persistence of the ADHD symptoms across the life 

span, in line with previous follow-up studies [Biederman et al., 2009]. 

Many association studies between DRD4 and ADHD have been performed, although 

results are often controversial. In this regard, although our data in the single-marker 

analysis are in agreement with previous reports showing no association between 

ADHD and the 48bpVNTR polymorphism [Bakker et al., 2005; Brookes et al., 2005; 

Carrasco et al., 2006; Johansson et al., 2008; Sonuga-Barke et al., 2008; Roman et al., 

2001; Todd et al., 2001], they are contrary to others having reported on association 

between the 7R allele and the disorder  [Biederman et al., 2009; Brookes et al., 2006; 

Faraone et al., 2001; Gizer et al., 2008; Gizer et al., 2009; Langley et al., 2009; Li et al., 

2006; Maher et al., 2002; Nikolaidis and Gray, 2009; Rowe et al., 1998; Wohl et al., 

2005]. Likewise, our results for the DRD4 dup120bp polymorphism are in line with most 

of the literature, including a recent meta-analysis [Barr et al., 2001; Bhaduri et al., 

2006; Brookes et al., 2005; Gizer et al., 2009; Kirley et al., 2004; Mill et al., 2003; Todd 

et al., 2001], but not with findings from the first two association analyses of this 

variation [McCracken et al., 2000]. 

Due to the heterogeneity of populations, methodologies and statistical tests used, it is 

difficult to establish direct comparisons between all these reports. In the case of the 

48bpVNTR, allele frequencies of this multiallelic polymorphism vary considerably 

across ethnic groups. The 4R allele is the most prevalent one and appears in all 

populations. However, 7R is frequent among Americans but rare among Asians and 2R 

is frequent in Asia but uncommon among Americans [Chang et al., 1996; Ding et al., 

2000; Van Tol et al., 1992; Wang et al., 2004]. In addition, some studies collapse 

different alleles into long and short categories (6R-8R versus 2R-5R) [Eisenberg et al., 

2000; Manor et al., 2002] and others only consider the most frequent alleles among 
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Caucasians (4R and 7R) [Bellgrove et al., 2005; Roman et al., 2001]. Because 

grouping several frequent alleles in a single category or considering only variants 

described in previous analyses may result in loss of crucial genetic information, we 

included all frequent alleles separately and grouped the less frequent variants (<5%) 

into a single group. 

Several other explanations could also account for the inconsistent findings observed 

among previously reported DRD4 studies. Differences in sample size, comorbidities, 

and proportions of clinical subtypes or genders may result in discordant results. Limited 

sample sizes may provide imprecise or incorrect estimates of the magnitude of the 

observed effects. The present meta-analysis provides an adequate statistical power 

(>99%) to detect an association of small effect. Additionally, in the case of gender-

specific associations, differences in the male:female proportion among studies may 

also contribute to variability. In this regard, although nominal and site-specific, we 

found male-specific association signals in the Norwegian sample when samples were 

stratified according to gender. Whether the different ADHD clinical subtypes share 

genetic risk factors has been still poorly explored. The association between ADHD and 

the DRD4 risk haplotype detected in the present study was observed in the combined 

but not in the inattentive clinical subtype. Our results are in agreement with previous 

studies supporting the validity of the different DSM-IV subtypes, mainly the combined 

subtype, and suggesting the participation of differential genetic factors in distinct ADHD 

clinical groups [Larsson et al. 2006; Rasmussen et al. 2004; Ribasés et al. 2009; 

Sobanski et al. 2008]. Interestingly, Smith [2010] performed a meta-analysis of 28 

association studies between ADHD and the 48bpVNTR in DRD4 and observed that 

increases in the proportion of combined ADHD patients within an ADHD sample were 

associated with an increase in the magnitude of the effect. These results are consistent 

with the hypothesis that DRD4 is more strongly associated with combined ADHD than 

with inattentive ADHD and are in line with the hypothesis that hypofunctioning in 

mesocortical and mesolimbic dopaminergic pathways better characterize the etiology 

of combined ADHD than inattentive ADHD (Sagvolden et al. 2005; Smith 2010). This 

view is supported by the fact that variation in DAT1, another dopaminergic gene, is also 

more strongly associated with combined ADHD than with inattentive ADHD (e.g. 

Waldman et al. 1998). Moroeover, it is possible that consideration of 

neuropsychological traits, comorbidities or personality data, not included in the present 

study, may help in the future to obtain better association signals with DRD4 than the 

analysis of the sole ADHD condition. Finally, since most of previous research on the 

DRD4 gene has focused on childhood patients (only four studies having considered the 

48bpVNTR polymorphism in adulthood ADHD [Boonstra et al., 2008; Johansson et al., 
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2008; Muglia et al., 2000; Smith et al., 2003], differential proportion of remitting and 

persisting ADHD within the children samples may also explain discordant results 

among studies [Brookes et al., 2006; Gornick et al., 2007; Langley et al., 2009]. In 

these regard, Shaw et al. [2007] showed in a longitudinal study that the 7R allele was 

associated with a better clinical outcome and with differences in cortical thickness in 

regions that are important in attention control. These neuroanatomical changes were 

most apparent early in development and resolved by late adolescence. In addition, 

Johansson et al. (2008) showed a trend towards protective effects of the 7R allele in 

adults with ADHD, results that suggest a different effect of the 7R allele in child and 

adulthood ADHD and could explain previous controversial results. However, another 

recent study by Biederman and co-workers [2009] showed increased risk of ADHD 

persistence due to the 7R allele.  

The identification of different alleles at the same markers as susceptibility factors for 

ADHD in several studies and the failure to consistently replicate positive associations 

suggest that the dup120bp and the 48bpVNTR polymorphisms may not be themselves 

the causative variants that increase disease risk but are in linkage disequilibrium with a 

true causative variant within the same gene. Further deep-sequencing of this genomic 

region may allow identification of the functional DRD4 variants directly involved in the 

genetic background of ADHD. In that regard, it is interesting to note that an increased 

burden of rare variants has been observed in the 7R allele of DRD4 in children with 

ADHD [Grady et al., 2003]. 

In addition, we detected preliminary evidence of additive, but not epistatic, effects for 

DRD4 and SLC6A3 in ADHD. Since SLC6A3 is expressed in subcortical regions 

whereas DRD4 is expressed in frontal cortex, the two genes may indeed be expected 

to increase ADHD risk by acting in independent pathways [Durston et al., 2005]. 

However, it is difficult, to draw a final conclusion about the combined participation of 

these two genes in ADHD symptomatology, as several studies have described 

discordant results [Carrasco et al., 2006; Gabriela et al., 2009; Kim et al., 2005; Qian et 

al., 2007; Roman et al., 2001].  

In summary, the results of the present study showed nominal association between the 

L-4R haplotype (dup120bp-48bpVNTR) and adulthood combined ADHD through a 

meta-analysis of four European populations. Our results also suggest additive effects 

between this DRD4 risk haplotype and SLC6A3. Replication in other datasets is 

warranted to confirm these results and to better understand the involvement of the 

DRD4 and SLC6A3 genes in the predisposition to the persistent form of ADHD. 
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1

Table S1. Description of the 48 SNPs in the LPHN3 gene (NT_022778.15) initially selected for the SNPlex analysis 

ID Chromosome
position 

Location  P-value 
HWE* 

Exclusion 
Criteria

Other SNPs within the BIN 

     
rs335286 62051357 Intron 1 0,73  - 
rs11131328 62054501 Intron 1 1,00  - 
rs10029192 62063506 Intron 1 0,21  - 
rs335314 62068712 Intron 1 1,00  rs335306, rs335312, rs335315, rs335317 
rs6813884 62081533 Intron 1 - Failed - 
rs904243 62089040 Intron 1 0,77  - 
rs1565901 62089922 Intron 1 1,00  - 
rs867711 62089994 Intron 1 0,33  rs17090504 
rs1565902 62091215 Intron 1 0,74  rs335322, rs335305, rs10008945, rs10015239 
rs13121223 62098391 Intron 1 0,70  rs7656189, rs10866120, rs6812571, rs6813628, rs13122170, rs2132074 
rs10011995 62101253 Intron 1 

0,88 
rs186750, rs11734047, rs12498776, rs12499587, rs6841637, rs17828396, 
rs10019669, rs723120, rs10517542, rs9996810, rs6820887 

rs2343249 62102021 Intron 1 0,3  rs9312078, rs1497914, rs13350977, rs1113996, rs7688741, rs7693763 
rs958862 62117443 Intron 1 

0,15 

rs11131329, rs1497907, rs1391321, rs1497906, rs7669283, rs6817476, 
rs17239080, rs10866124, rs11131334, rs1497901, rs6551634, rs6835374, 
rs1497916, rs13123888, rs6551637, rs12504607, rs6851424, rs6551640, 
rs13123468, rs7656051, rs1497921, rs11939481, rs1497909, rs6843311 

rs2172802 62135804 Intron 2 0,78  rs10018746, rs12642315 
rs10001410 62156824 Intron 2 0,78  rs1846161, rs1948616, rs11131337, rs10004368, rs4484334 
rs1497897 62226650 Intron 3 

0,45 

rs6551636, rs7675385, rs12642037, rs6820960, rs4860422, rs11931258, 
rs1542834, rs2036199, rs1391320, rs12507326, rs12233859, rs11131341, 
rs1497913, rs996208, rs12510774 

rs4552500 62232898 Intron 3 0,47  rs7690118, rs7690472 
rs11735774 62239467 Intron 3 0,42  - 
rs4860429 62272065 Intron 3 

0,58 
rs4860427, rs4351047, rs4241640, rs6551649, rs12646895, rs2343577, 
rs4495065, rs2343579 

rs10434219 62281284 Exon 5 

0,18 

rs6551645, rs12649170, rs4283700, rs10022833, rs7670950, rs4860428, 
rs10021572, rs9998713, rs7684100, rs6840548, rs9997427, rs4312783, 
rs4585337, rs7678046, rs9312082 

rs2122643 62337533 Intron 5 

0,81 

rs2345049, rs2345047, rs10015258, rs12509742, rs2345045, rs2345044, 
rs2345043, rs2122640, rs4860434, rs1901223, rs4493573, rs1817052, 
rs7656882, rs1376307 

rs1868790 62377312 Intron 6 0,55  rs17090543, rs2881027, rs9942184, rs11734607 
rs7695134 62387447 Intron 6  Failed - 
rs10446786 62409469 Intron 6 0,66  - 

rs13110933 62416032 Intron 6 - Failed - 
rs6551665 62422136 Intron 6 0.0067  No HWE  rs1947274 
rs1947275 62427140 Intron 6 0,25  - 
rs9683662 62430979 Intron 6 0,54  - 
rs6858066 62436915 Intron 6 0,10  - 
rs11131347 62441865 Intron 7 0,23  rs1376309, rs1450900, rs2345039, rs7695892, rs1376310, rs7690962 
rs1470724 62444465 Intron 8 0,22  rs2011468, rs7691112, rs1349408 
rs6813183 62451726 Intron 8 0,78  rs1355368, rs13128833, rs10517549, rs6843945 
rs12503398 62460910 Intron 9 0,41  rs6551666, rs5012949, rs6551667, rs10020948, rs4860442 
rs12648453 62470706 Intron 10 0,21  - 
rs734644 62483323 Exon 11 1,00  rs10023425, rs2122646, rs17082493, rs2305339 
rs7667199 62523535 Intron 14 

0,55 
rs10027079, rs10031103, rs10008326, rs12505782, rs1510923, rs1397544, 
rs1397548 

rs10030755 62527003 Intron 14 0,73  rs1510925, rs1397543 
rs1397547 62527983 Exon 15 0,42  - 
rs4860106 62533117 Intron 16 0,05  rs1510918 
rs17226398 62544536 Intron 16 0,07  rs954645, rs11131352, rs2271338, rs2271339 
rs13115125 62550048 Intron 18 0,04  rs13115125 
rs997407 62560911 Intron 18 0,68  rs997407 
rs1510921 62578187 Intron 19 0,57  rs17292170, rs17226412, rs9998041 
rs12509655 62578623 Intron 19 0,38  - 
rs6827266 62584757 Intron 20 0,36  rs6827266 
rs11736598 62596533 Intron 22 - No 

SNPlex 
Not genotyped due to design incompatibilities 

rs1397546 62597619 Intron 22 0,11  rs11931728 
rs1510924 62602302 Intron 21 0,45   rs1510924 

* Hardy-Weinberg equilibrium in controls
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Case-Control Study of Six Genes Asymmetrically
Expressed in the Two Cerebral Hemispheres:
Association of BAIAP2 with Attention-Deficit/
Hyperactivity Disorder
Marta Ribasés, Rosa Bosch, Amaia Hervás, Josep Antoni Ramos-Quiroga, Cristina Sánchez-Mora,
Anna Bielsa, Xavier Gastaminza, Sílvia Guijarro-Domingo, Mariana Nogueira, Núria Gómez-Barros,
Susanne Kreiker, Silke Groß-Lesch, Christian P. Jacob, Klaus-Peter Lesch, Andreas Reif,
Stefan Johansson, Kerstin J. Plessen, Per M. Knappskog, Jan Haavik, Xavier Estivill, Miguel Casas,
Mònica Bayés, and Bru Cormand

Background: Attention-deficit/hyperactivity disorder (ADHD) is a childhood-onset neuropsychiatric disease that persists into adulthood in
at least 30% of patients. There is evidence suggesting that abnormal left-right brain asymmetries in ADHD patients may be involved in a
variety of ADHD-related cognitive processes, including sustained attention, working memory, response inhibition and planning. Although
mechanisms underlying cerebral lateralization are unknown, left-right cortical asymmetry has been associated with transcriptional asym-
metry at embryonic stages and several genes differentially expressed between hemispheres have been identified.

Methods: We selected six functional candidate genes showing at least 1.9-fold differential expression between hemispheres (BAIAP2,
DAPPER1, LMO4, NEUROD6, ATP2B3, and ID2) and performed a case-control association study in an initial Spanish sample of 587 ADHD
patients (270 adults and 317 children) and 587 control subjects.

Results: The single- and multiple-marker analysis provided evidence for a contribution of BAIAP2 to adulthood ADHD (p � .0026
and p � .0016, respectively). We thus tested BAIAP2 for replication in two independent adult samples from Germany (639 ADHD
patients and 612 control subjects) and Norway (417 ADHD cases and 469 control subjects). While no significant results were observed
in the Norwegian sample, we replicated the initial association between BAIAP2 and adulthood ADHD in the German population (p �
.0062).

Conclusions: Our results support the participation of BAIAP2 in the continuity of ADHD across life span, at least in some of the populations
analyzed, and suggest that genetic factors potentially influencing abnormal cerebral lateralization may be involved in this disorder.

Key Words: ADHD, attention-deficit hyperactivity disorder, BAIAP2,
brain asymmetry, case-control association study

Attention-deficit/hyperactivity disorder (ADHD) is a com-
mon childhood-onset disorder characterized by impaired
attention, hyperactivity, and impulsivity that affects 8% to

12% of children and 3% to 5% of adults (1–4). At least 30% of
ADHD patients diagnosed in childhood continue to suffer from
the disorder into adulthood and several evidences suggest a
stronger genetic component in persistent than in remitting
ADHD (5–9). Although its pathophysiology is unknown, brain
imaging and neuropsychological studies support that impairment
of various brain regions may account for ADHD symptoms
(10–14) and growing evidence points toward underlying dis-

rupted anatomical (15–22) and functional (23–31) hemispheric
brain asymmetries. In this regard, ADHD has been associated
with a right hemisphere dysfunction, mainly based on abnormal
right-sided fronto-striatal-pallidal activity (15,18,23,25,32–38).
This deviation from the common pattern of cerebral lateralization
may be involved in a variety of impairments in ADHD individu-
als, including their core symptoms of attention and impulsivity,
as well as executive functions.
Although the exact mechanisms underlying brain laterality are

unknown, cerebral asymmetry is considered a complex and
highly heritable phenotype (39–41). Interestingly, the gene
expression pattern in the central nervous system displays asym-
metries that overlap with those in the brain’s functional organi-
zation, suggesting that multiple genes are likely to interact to
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determine adult cerebral structure (41). In addition, left-right
cortical asymmetry in humans has been associated with tran-
scriptional asymmetry between hemispheres at early embryonic
stages (42). In this regard, Sun et al. (42) identified 27 differen-
tially expressed genes in left and right human embryonic 12-
weeks cortex and suggested that their asymmetric expression is
related to asymmetric cortical development (42).
Since the asymmetry of human cerebral hemispheres appears

to have a molecular basis, we reasoned that altered gene
expression may be involved in the abnormal brain lateralization
observed in ADHD subjects and, consequently, may contribute
to the genetic predisposition to this neurodevelopmental disor-
der. We selected six functional candidate genes from those
described by Sun et al. (42) that showed 1.9- to 8-fold differential
expression between hemispheres (brain-specific angiogenesis
inhibitor 1-associated protein 2 [BAIAP2]; Dapper antagonist of
beta-catenin homolog 1 [DAPPER1]; LIM domain only 4 [LMO4];
Neurogenic differentiation 6 [NEUROD6]; ATPase, Ca�� trans-
porting plasma membrane 3 [ATP2B3]; and inhibitor of DNA
binding 2 [ID2]) (42) and conducted an initial case-control study
in 587 ADHD patients (270 adults and 317 children) and 587
sex-matched unrelated control subjects from Spain. The ob-
served results were then tested for replication in two additional
independent case-control samples from Germany and Norway
(639 and 417 adult ADHD patients and 612 and 469 control
subjects, respectively).

Methods and Materials

Subjects
Table S1 in Supplement 1 shows the clinical description of the

1643 ADHD Caucasoid patients included in the study.
Spain. Five hundred eighty-seven patients with ADHD were

recruited: 270 adults (65.9% combined, 29.7% inattentive, and
4.4% hyperactive-impulsive) and 317 children (73.5% combined,
21.8% inattentive, and 4.7% hyperactive-impulsive). Seventy-
eight percent of patients were male. The control sample con-
sisted of 531 unrelated Caucasoid blood donors matched for sex
with the ADHD group in which DSM-IV ADHD symptomatology
was excluded under the following criteria: 1) not having previ-
ously been diagnosed with ADHD and 2) answering negatively
to the life-time presence of the following DSM-IV ADHD symp-
toms: 1) often has trouble keeping attention on tasks, 2) often
loses things needed for tasks, 3) often fidgets with hands or feet
or squirms in seat, and 4) often gets up from seat when remaining
in seat is expected. The average age at assessment was 30.2 years
(SD � 12.1) for adult patients, 9.3 years (SD � 2.6) for child
patients, and 39.9 years (SD � 17.0) for control subjects.

Replication Population 1: Germany. The German sample
consisted of 639 adult ADHD patients (67.1% combined, 25.4%
inattentive, and 7.5% hyperactive-impulsive) and 612 sex-
matched unrelated control subjects. Three hundred thirty-two of
those were extensively interviewed for absence of ADHD and
did not fulfill DSM-IV ADHD criteria (43,44), while the remaining
control subjects consisted of unscreened blood donors and
University staff not explicitly screened for absence of psychiatric
disorders, although the scope of the study was explained to these
individuals. Fifty percent of patients were male (n � 321). The
average age at assessment was 34.3 years (SD� 10.4) for patients
and 31.2 years (SD � 10.3) for control subjects.

Replication Population 2: Norway. The clinical sample con-
sisted of 417 adult ADHD subjects (75.5% combined, 10.8%
inattentive, 3.4% hyperactive-impulsive, and 10.3% subthresh-

old) with an age at assessment of 35.4 years (SD � 11.5).
Fifty-two percent of patients were male (n � 218). The control
sample included 469 sex-matched unrelated subjects. Two hun-
dred sixty-nine of them, with an average age at assessment of
29.1 years (SD � 6.5), had no previous ADHD diagnosis and
were recruited using a random selection of persons born in
Norway from 1967 to 1989, whereas the rest were healthy blood
donors for whom no information about ADHD symptoms was
available.

Clinical Assessment
Diagnosis was blind to genotype. The study was approved by

the ethics committee of each institution and informed consent
was obtained from all subjects. A more detailed description of the
different diagnostic instruments used was published previou-
sly (45).

Spanish Population: Adult ADHD. The ADHD diagnosis was
based on the Structured Clinical Interview for DSM-IV Axis I and
Axis II Disorders (SCID-I and SCID-II) and the Conners’ Adult
ADHD Diagnostic Interview for DSM-IV (CAADID). Severity of
ADHD symptoms was evaluated using the long version of the
Conners’ ADHD Rating Scale (self-report [CAARS-S:L] and ob-
server [CAARS-O:L]), the ADHD Rating Scale (ADHD-RS), the
ADHD Screening Checklist, and the Wender Utah Rating Scale
(WURS) for retrospective symptoms. The level of impairment
was measured by the Clinical Global Impression (CGI) included
in the CAADID Part II and the Sheehan Disability Inventory (46).

Spanish Population: Childhood ADHD. Patients were eval-
uated with the Schedule for Affective Disorders and Schizophre-
nia for School-Age Children-Present and Lifetime Version (K-
SADS-PL) reported by parents. Attention-deficit/hyperactivity
disorder symptoms were assessed using the Conners’ Parent
Rating Scale and the Conners’ Teacher Rating Scale. Exclusion
criteria for the adult and childhood Spanish populations were
IQ �70; pervasive developmental disorders; schizophrenia or
other psychotic disorders; the presence of mood, anxiety, disso-
ciative, or personality disorders that might explain ADHD symp-
toms; adoption; sexual or physical abuse; birth weight �1.5 kg;
and other neurological or systemic disorders that might explain
ADHD symptoms. For additional information see Ribasés et al. (9).

German Population. Patients were extensively examined
using an open interview by an experienced psychiatrist (C.P.J.),
as well as SCID-I and SCID-II (47). Personality assessment was
done using the Revised NEO Personality Inventory (NEO PI-R)
and Tridimensional Personality Questionnaire (TPQ) (48,49);
severity of ADHD was measured with the WURS interview (50).
When available, chart reviews were performed and information
from relatives and school reports was considered. Eligibility
criteria for the study were ADHD according to DSM-IV, onset
before the age of 7 years via retrospective diagnosis, lifelong
persistence, current diagnosis and age at recruitment between 18
and 65 years. Exclusion criteria for patients were the restricted
appearance of ADHD-like symptoms (lack of concentration,
hyperactivity, or impulsivity) during episodes of Axis I disorders,
as well as a current diagnosis of not withdrawn drug/alcohol
abuse/dependence; a lifetime diagnosis of bipolar I disorder,
schizophrenia, or any other psychotic disorder; and mental
retardation (IQ level �80; multiple-choice word test [MWT-B]
�13 points).

Norwegian Population. Patients were recruited using a
National Registry of adults diagnosed with ADHD in Norway
during 1997 to 2005. Diagnosis was made according to the
ICD-10 research criteria (51), with two modifications: allowing
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for the inattentive subtype in DSM-IV to be sufficient for the
diagnosis and allowing for the presence of comorbid psychiatric
disorders, as long as the criteria for ADHD were present before
the appearance of the comorbid disorder. This diagnostic strat-
egy was chosen as a compromise between the fact that ICD-10 is
the official diagnostic system in Norway and the need to have an
assessment comparable with the DSM-IV criteria. Until May 2005,
this diagnostic assessment was mandatory for adult patients in
Norway who were to be considered for treatment with stimulant
drugs. All patients were formally diagnosed with ADHD before
inclusion, but subtype data were not systematically available at
the time of the primary diagnosis. Thus, the ADHD clinical
subtype was assessed using the Adult ADHD Self-Report Scale
(ASRS) (52) with a cutoff of 17 or more on each subscale (10.3%
were diagnosed as subthreshold). Severity of past and current
ADHD symptoms in patients and control subjects was evaluated
using the WURS (53) and the ASRS.

DNA Isolation
DNA samples were isolated either from saliva using the Oragene

DNA Self-Collection Kit (DNA Genotek, Kanata, Ontario, Canada)
or from blood by the salting-out procedure or using magnetic bead
technology with the Chemagic Magnetic Separation Module I and
the Chemagic DNA Kit (Chemagen, Baesweiler, Germany). DNA
concentrations were determined using the PicoGreen dsDNA
Quantitation Kit (Molecular Probes, Eugene, Oregon).

Genes and Single Nucleotide Polymorphisms
From the 27 differentially expressed genes previously de-

scribed (42), we considered their involvement in brain functions,
the degree of asymmetry in their expression (from 1.9- to 8-fold),
as well as SNPlex (Applied Biosystems, Foster City, California)
design constraints, and finally genotyped six of them: LMO4,
BAIAP2, DAPPER, NEUROD6, ATP2B3, and ID2 (Table S2 in
Supplement 1). For single nucleotide polymorphism (SNP) se-
lection, we used information on the Centre d’Etude du Polymor-
phisme Humain (CEPH) panel from the HapMap database (Re-
lease 20; http://www.hapmap.org). We evaluated, with the
linkage disequilibrium (LD) select software (ldSelect, http://
droog.gs.washington.edu/ldSelect.html), the LD pattern of each
candidate gene plus 3- to 5-kilobase (kb) flanking sequences.
Tagging single nucleotide polymorphisms (tagSNPs) were se-
lected at an r2 threshold of .85 from all SNPs with minor allele
frequency (MAF) �.15 for genes with fewer than 15 tagSNPs
(DAPPER1, LMO4, NEUROD6, ATP2B3, and ID2) and MAF �.25
for BAIAP2, which had more than 15 tagSNPs. Thirty-one
tagSNPs were chosen with these criteria. An additional nonsyn-
onymous SNP, rs17832998, located within exon 4 of DAPPER1,
was included in the analysis. To detect population admixture, 48
unlinked anonymous SNPs located at least 100 kb distant from
known genes were also genotyped (54).

Genotyping
Spanish and German Populations. We assessed the 32 sel-

ected SNPs with an automated assay design pipeline (http://
ms.appliedbiosystems.com/snplex/snplexStart.jsp). A proper
design could not be achieved for two SNPs (Table S2 in
Supplement 1). All SNPs were genotyped using the SNPlex
platform. Two HapMap samples (NA11992 and NA11993)
were included in all assays and a concordance rate of 100%
was obtained.

Norwegian Population. Genotyping was carried out by the
multiplex MassARRAY iPLEX System (SEQUENOM, San Diego,

California). A total of 12 BAIAP2 SNPs passed the assay design
requirements and 11 SNPs were successfully genotyped with a
final genotyping call rate of 98.6%. Genotype concordance rate
was 100% for internal control individuals (n � 253 genotypes)
and duplicates (n � 88 calls).

Statistical Analyses

We performed a two-stage association study. We first carried
out a case-control association analysis in a Spanish sample that
included adult and child ADHD patients and control subjects.
Genes showing positive signals were then tested for replication
in two independent case-control samples from Germany and
Norway.
The analysis of minimal statistical power was performed post

hoc using the Genetic Power Calculator software (http://pngu.mgh.
harvard.edu/�purcell/gpc) (55), assuming an odds ratio (OR) of
1.5, prevalence of .05, significance level of .05, and the lowest
MAF of .16. We tested genetic stratification in the Spanish and
German samples by analyzing the SNPs in Hardy-Weinberg
equilibrium (HWE) (10) from the 48 anonymous SNPs set with
two different approaches: 1) the F-statistics (Fst) coefficient
calculated by the Weir and Cockerham approach with the FSTAT
software (http://www2.unil.ch/popgen/softwares/fstat.htm); and 2)
the method of Pritchard and Rosenberg (9). These data were not
available for the Norwegian sample.

Single-Marker Analysis. The analysis of HWE (p � .01) and
the comparison of genotype and allele frequencies were performed
using the SNPassoc R package (http://www.cran.r-project.org/
web/packages/SNPassoc) (56). Dominant and recessive models
were considered for SNPs displaying nominal association when
either genotypes under a codominant model or alleles were
taken into account. Genotype frequencies of SNPs within chro-
mosome X were examined in female subjects, whereas in the
comparison of allele frequencies, both male and female subjects
were analyzed. Bonferroni correction in the initial association
study, considering 30 SNPs, two age groups, and the comparison
of genotype and allele frequencies, corresponds to a significance
threshold of p � 4.2e-04, whereas for the replication study,
where 13 SNPs and genotype and allele frequencies were
considered, significance was set at p � .0019.

Multiple-Marker Analysis. To minimize multiple testing and
type I errors (�), we decided a priori to restrict the haplotype-
based association study to genes nominally associated with
ADHD in the single-marker analyses. The best two-marker
haplotype from all possible combinations was identified. Like-
wise, additional markers (up to four) were added in a stepwise
manner to the initial two-SNP haplotype and subsequently assigned
specific estimated haplotypes to individuals with the PHASE soft-
ware (http://www.stat.washington.edu/stephens/software.html) (57).
Significance was estimated using 10,000 permutations with the
UNPHASED software (http://www.mrc-bsu.cam.ac.uk/personal/
frank) (58). Since the expectation-maximization algorithm does not
accurately estimate low haplotype frequencies (59), haplotypes
with frequencies �.1 were excluded. To avoid bias and ensure
accurate haplotype estimations, we confirmed results with the
PLINK program (http://pngu.mgh.harvard.edu/purcell/plink)
(60). We also tested those allelic combinations showing positive
association in the overall ADHD sample in the two diagnostic
groups of combined and inattentive ADHD. The hyperactive-
impulsive group was not considered due to its small sample size.
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Results

We considered tagSNPs in six functional candidate genes
differentially expressed in the right and left human embryonic
cortex (BAIAP2, DAPPER1, LMO4, NEUROD6, ATP2B3, and ID2)
(42) in a Spanish sample of 587 ADHD cases (270 adults and 317
children) and 587 control subjects. Of the 32 SNPs initially
selected, two were discarded because they did not pass through
the SNPlex design pipeline. Thus, a total of 30 SNPs with an
average genotype call rate of 99.5% (SD � .48) were finally used
(Table S2 in Supplement 1). The minimal statistical power was
59.5% and 66.4% when adult or childhood samples were consid-
ered, respectively.
Once we excluded evidence for population stratification (Fst

coefficient: Theta � .000, 95% confidence interval [CI] � .000–
.001; Pritchard and Rosenberg: p � .32 for adults and p � .57 for
children), we compared genotype and allele frequencies be-
tween adult or childhood Spanish ADHD patients and their
sex-matched unrelated control subjects. The single-marker anal-
ysis identified two SNPs in BAIAP2 displaying nominal associa-
tion with ADHD in the adult dataset: rs8079781 (p � .0026; OR�
1.69 [1.20–2.44]) and rs4969385 (p � .0053; OR � 1.64 [1.15–
2.27]; Table 1 and Table S3 in Supplement 1), differences that did
not remain statistically significant after Bonferroni correction. No
association, however, was observed in the childhood ADHD
sample.
We further considered BAIAP2 for a haplotype-based analy-

sis only in the adult dataset. All the associations described below

remained significant once adjusted for multiplicity. The study
of the 13 BAIAP2 SNPs revealed a four-marker haplotype
(rs8079626/rs11657991/rs7503597/rs7210438) associated with
adult ADHD (global p value � .0052; Figure 1, Table 2). The
analysis of the contribution of individual haplotypes to the
phenotype showed overrepresentation of the A-G-G-C allelic
combination (p � .0016; OR � 1.64 [1.20–2.22]) and a trend
toward underrepresentation of the A-C-G-C haplotype in the
adult sample (p � .014; OR� 1.59 [1.09–2.32]; Table 3). We then
considered the frequency of the A-G-G-C risk haplotype carriers
and confirmed the association between BAIAP2 and adult ADHD
(p � .0092, OR � 1.60 [1.13–2.25]). Interestingly, these differ-
ences were specific to the combined ADHD subgroup (global
p value � 6.6e-04; Table 2) with overrepresentation of the same
risk haplotype (p � 4.2e-04, OR � 1.87 [1.33–2.64]; Table 3) and
an increased frequency of carriers of this allelic combination in
this clinical dataset (p � .0035; OR � 1.77 [1.21–2.60]). No
evidence of association between BAIAP2 and the inattentive
clinical subset was observed.

Replication Studies

The 13 SNPs within the BAIAP2 gene were selected for
follow-up in replication adult cohorts from Germany and Nor-
way. Taking the BAIAP2 SNP with the lowest MAF (.23), the
minimal statistical power was 92.7% and 82.0% in the German or
Norwegian populations, respectively.

Table 1. Association Study in 270 Adult ADHD Patients (178 Combined ADHD, 80 Inattentive ADHD, and 10 Hyperactive-Impulsive ADHD Patients) and
270 Sex-Matched Unrelated Control Subjects from Spain and 639 Adult ADHD Patients (429 Combined ADHD, 162 Inattentive ADHD, and 48 Hyperactive-
Impulsive ADHD Patients) and 612 Sex-Matched Unrelated Control Subjects from Germany

Gene SNPs

Genotypes Alleles

Genotypes
Genotypes

11 Versus 12 � 22
Genotypes

11 � 12 Versus 22 Allele 2 Versus Allele 1

11 12 22 p OR (95% CI) p OR (95% CI) p OR (95% CI) p

Spanish Population
BAIAP2 rs8079781 177 (66.0) 83 (31.0) 8 (3.0) .011 1.69 (1.20–2.44) .0026 — .49 1.49 (1.12–2.00) .0061

144 (53.3) 115 (42.6) 11 (4.1)
rs4969385 171 (63.4) 90 (33.3) 9 (3.3) .020 1.64 (1.15–2.27) .0053 — .65 1.43 (1.07–1.89) .014

139 (51.5) 120 (44.4) 11 (4.1)
German Population
BAIAP2 rs8079626 311 (49.2) 250 (39.6) 71 (11.2) .048 1.32 (1.05–1.67) .015 — .62 1.19 (1.01–1.41) .039

258 (42.3) 278 (45.6) 74 (12.1)

ADHD, attention-deficit/hyperactivity disorder; CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.

Figure 1.Haplotype analysis of theBAIAP2gene in
adult ADHD. (A) Diagram of the BAIAP2 gene with
all the tagSNPs included in the present study.
Boxes correspond to exons. Coding and noncod-
ing exonic regions are indicated inwhite andgray,
respectively. In bold and boxed, SNPs that con-
form the risk haplotype associated with adult
ADHD in the Spanish dataset. (B) Allelic combina-
tions associated with adult ADHD in the Spanish
and German samples. ADHD, attention-deficit/hy-
peractivity disorder; SNP, single nucleotide poly-
morphism; tagSNPs, tagging single nucleotide
polymorphisms.

M. Ribasés et al. BIOL PSYCHIATRY 2009;66:926–934 929

www.sobp.org/journal

292



The single-marker analysis was first performed in the German
sample. We found no evidence of population substructure (Fst
coefficient: Theta � .000, 95% CI � .000–.001; Pritchard and
Rosenberg: p � .32) and detected a nominal association between
rs8079626 and ADHD (Table 1 and Table S4 in Supplement 1),
one of the SNPs identified in the multiple-marker analysis of the
Spanish sample. The multiple-marker approach showed evi-
dence of association between adult ADHD and a two-marker
haplotype (rs8079626/rs7210438) that contains two of the four
SNPs present in the BAIAP2 risk haplotype of the Spanish sample
(global p value � .019; Figure 1, Table 4). Consistently with the
results in the Spanish cohort, we observed an overrepresentation
of the A-C allelic combination in the German ADHD sample (p �
.030; OR � 1.21 [1.03–1.42]), whereas the G-C haplotype was
downrepresented (p � .0062; OR � 1.28 [1.07–1.53]; Figure 1,
Table 5). As in the Spanish series, once we subdivided patients
according to the ADHD subtypes, the association between
BAIAP2 and adult ADHD remained significant only in the
combined ADHD sample (global p value � .0031; Table 4).
No evidence of association between adult ADHD and the

BAIAP2 gene was detected in the Norwegian cohort in the
analysis of single or multiple markers (Table S4 in Supplement 1).

Discussion

The purpose of this study was to analyze the involvement of
brain asymmetry-related genes in the susceptibility to ADHD
through a population-based association study. There are consis-
tent data that support the existence of functional asymmetry in
the brain (39,40,42). This segregation of human brain functions
between hemispheres is associated with asymmetries in anatom-
ical structures (42,61). In addition to environmental effects,
growing evidence supports that genes play an essential role in
the development of the human brain (39–41). Although little is

known about genetic factors underlying brain lateralization,
several genes are differentially expressed in the two hemi-
spheres, some of which could be involved in the development of
right-left asymmetries (42). As patients with ADHD show devia-
tions from the typical pattern of cerebral asymmetry that may
account for a large number of ADHD-related symptoms (12,
62,63), we suggest a relationship between genes differentially
expressed in brain hemispheres and the vulnerability to this
neurobehavioral disorder.
We performed the first comprehensive screen of common

variants in six functional candidate genes showing at least
1.9-fold differential expression between hemispheres (42), con-
ducted an initial case-control study in a Spanish sample, and
provided preliminary evidence for the contribution of BAIAP2 to
adult ADHD. Subsequently, SNPs within this ADHD-associated
gene were tested for replication in two additional independent
adult samples from Germany and Norway. Despite the well-
characterized and large case-control populations, the BAIAP2
gene showed evidence for replication in the German but not in
the Norwegian cohort. These results point to reconsider the
robustness of this finding and raise several considerations:

1. Discrepancy could be attributed to clinical heterogeneity
either within or across European populations. However, all
patients fulfilled DSM-IV criteria for ADHD, and the Spanish
and German ADHD samples were evaluated using a com-
mon set of diagnostic instruments.

2. Different frequencies of clinical subtypes or comorbid
disorders that co-occur with ADHD could also explain the
lack of association in one of the three populations consid-
ered (Table S5 in Supplement 1).

3. The study design ensured a high level of genetic coverage
in BAIAP2 (86.7%) and the replication cohorts were well-
powered (�80%) to detect a nominal effect of the magni-

Table 2. Haplotype Analysis of 13 BAIAP2 SNPs in a Clinical Sample of 270 Adult ADHD Patients, 178 Combined ADHD Adult Subjects, and 270 Control
Subjects from Spain Using the UNPHASED Software

Markera Haplotype

ADHD Combined ADHD

Global
p Value

Best Haplotype p Value
(Adjusted p Value)

Risk Haplotype-OR
(95% CI)

Global
p Value

Best Haplotype p Value
(Adjusted p Value)

Risk Haplotype-OR
(95% CI)

5 6 .0046 .0011 (.0051) 1.55 (1.19–2.01) — — —
5 6 8 .0032 .0015 (.0096) 1.40 (1.09–1.79) — — —
5 6 8 11 .0052 .0016 (.0079) 1.64 (1.20–2.22) 6.6e-04 4.2e-04 (.0018) 1.87 (1.33–2.64)

In bold the best allelic combination (highest OR); 5-rs8079626, 6-rs11657991, 8-rs7503597, and 11-rs7210438.
ADHD, attention-deficit/hyperactivity disorder; CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.

Table 3. Haplotype Distributions of rs8079626, rs11657991, rs7503597, and rs7210438 BAIAP2 SNPs in 270 Adult ADHD Patients, 178 Combined Adult
ADHD Subjects, and 270 Control Subjects from Spain

ADHD Combined ADHD

Markera Haplotype
Cases

(n � 270)
Control Subjects

(n � 270)
Haplotype-Specific p Value;

OR (95% CI)
Cases

(n � 178)
Control Subjects

(n � 270)
Haplotype-Specific p Value;

OR (95% CI)

5 6 8 11
G G G C 99 (27.2) 124 (31.5) — 64 (27.4) 124 (31.5) —
A G G C 139 (38.2) 108 (27.4) .0016; 1.64 (1.20–2.22) 97 (41.4) 108 (27.4) 4.2e-04; 1.87 (1.33–2.64)
A C G C 53 (14.6) 84 (21.3) .014; 1.59 (1.09–2.32)b 28 (12.0) 84 (21.3) .0017; 1.99 (1.25–3.17)b

A C T T 73 (20.0) 78 (19.8) — 45 (19.2) 78 (19.8) —
�2 � 12.8; df � 3; p � .0052 �2 � 17.1; df � 3; p � 6.6e-04

ADHD, attention-deficit/hyperactivity disorder; CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.
a5-rs8079626, 6-rs11657991, 8-rs7503597, and 11-rs7210438.
bWhen odds ratio � 1, the inverted score is shown.
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tude estimated in the Spanish adult ADHD population.
However, population-specific effects such as different LD
patterns cannot be discarded.

4. Furthermore, it is possible that the true effect is less than the
point estimate (OR � 1.50, 95% CI � 1.12–2.0) in the initial
finding due to the winner’s curse effect (64). This could
mean that the real risk in Northern European populations is
closer to an OR of 1.2 (95% CI� 1.00–1.45), as estimated in
the German sample, implying that larger samples are
required to detect significant association.

5. The absence of association in one of the replication popu-
lations might also indicate that common BAIAP2 SNPs of
moderate effect may not play a major role in ADHD. Further
genetic analyses in other large datasets are required to
confirm these results and disclose the functional variants
involved.

6. Finally, we have previously conducted a pooled genome-
wide association analysis using an Affymetrix 500K SNP
chip in 343 adult ADHD cases and 250 control subjects from
Germany, �90% of which have also been examined in the
present study (44). When reanalyzing these data, it became
evident that two SNPs in BAIAP2 were nominally signifi-
cant: rs8080815 (p � .024) and rs8066330 (p � .002). These
SNPs are located 950 and 1902 base pair (bp) proximal from
and in strong LD (D= � 1) with rs7210438, one of the
variations contained in both the German and Spanish risk
haplotypes. Furthermore, several SNPs in a putative isoform
of BAIAP2, BAIAP2L1 (BAIAP2-like 1), were also nominally
significant: rs13232181 (p � .004), rs7812180 (p � .0006),
and rs6465675 (p � .028).

BAIAP2 is expressed at higher levels in the left human cerebral
cortex (42) and participates in neuronal proliferation, survival,

and maturation (65–68). It encodes the insulin receptor tyrosine
kinase substrate protein of 53 kDa (IRSp53) (69), a member of a
group of downstream signaling molecules that participate in the
signal transduction pathways of insulin and insulin-like growth
factor 1 (IGF-1). Interestingly, IRSp53 selectively localizes at
synapses (70) and although its specific function is unknown, it
may participate in the insulin and/or IGF-1 dependent signaling
pathways at the postsynaptic apparatus of excitatory synapses
(71) and might be involved in insulin receptor-dependent learn-
ing and cognitive behavior in adult rats (72). Interestingly,
several groups have suggested the involvement of abnormal
cerebral glucose metabolism in ADHD, although results are
controversial (73–75). BAIAP2 expression in rat cerebral cortices
is enhanced by treatment with methamphetamine, a drug that
has successfully been used to treat ADHD (76). A potential role
for the insulin receptor signaling pathway in the pathogenesis of
ADHD is also suggested by our previously conducted genome-
wide association study (GWAS), where not only BAIAP2 and its
isoform BAIAP2L1 were nominally significant, but also GRB10,
which encodes a protein known to bind to and regulate the
insulin receptor (44).
The fact that the association between ADHD and BAIAP2 was

only observed in the adult group is in agreement with previous
results and suggests a distinct genetic load between persistent
and remitting ADHD (5,6,8,9). In this regard, alterations in this
gene might contribute to the maintenance of ADHD symptoms in
the subgroup of children in whom the disorder will persist
throughout the life span. Alternatively, confounding factors, such
as environmental influences, comorbidities, or IQ, could also
contribute to these differences and should be considered in
further analyses. Follow-up studies of child ADHD patients may
allow us to discern between individuals with and without

Table 4. Haplotype Analysis of 13 BAIAP2 SNPs in 639 Adult ADHD Patients, 429 Combined ADHD Adult Patients, and 612 Control Subjects from Germany
Using the UNPHASED Software

Markerb Haplotype ADHD Combined ADHD

Global
p Value

Best Haplotype p Value
(Adjusted p Value)

Risk Haplotype-OR
(95% CI)

Global
p Value

Best Haplotype p Value
(Adjusted p Value)

Risk Haplotype-OR
(95% CI)

5 11 .019 .0062 (.018) 1.21 (1.03–1.42) .031 .014 (.038) 1.24 (1.03–1.48)

4 5 11 .035 .0074 (.029) 1.21 (1.02–1.46) — — —
4 5 8 11 .071 .033 (ns) — — — —

In bold the best allelic combination (highest OR); 4-rs8067235, 5-rs8079626, 8-rs7503597, and 11-rs7210438.
ADHD, attention-deficit/hyperactivity disorder; CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.

Table 5. Haplotype Distributions of rs8079626 and rs7210438 BAIAP2 SNPs in 639 Adult ADHD Patients, 429 Combined ADHD Adult Patients, and 612
Control Subjects from Germany

ADHD Combined ADHD

Markera Haplotype
Cases

(n � 639)
Control Subjects

(n � 612)
Haplotype-Specific p Value;

OR (95% CI)
Cases

(n � 429)
Control Subjects

(n � 612)
Haplotype-Specific p Value;

OR (95% CI)

511
A C 590 (51.2) 537 (46.4) .030; 1.21 (1.03–1.42) 406 (51.8) 537 (46.4) .030; 1.24 (1.03–1.48)
G C 315 (27.4) 376 (32.6) .0062; 1.28 (1.07–1.53)b 214 (27.3) 376 (32.6) .014; 1.28 (1.05–1.57)b

A T 247 (21.4) 243 (21.0) — 164 (20.9) 243 (21.0) —
�2 � 7.9; df � 2; p � .019 �2 � 7.0; df � 2; p � .031

ADHD, attention-deficit/hyperactivity disorder; CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.
a5-rs8079626 and 11-rs7210438.
bWhen odds ratio � 1, the inverted score is shown.
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symptomatic remission and their genotype data could be ana-
lyzed back to determine the genetic influence on the stability of
ADHD symptoms.

Methodological Limitations
In the present study, we carried out a quite conservative

two-stage statistical approach to address multiple testing. We first
performed an association study considering single markers.
However, as this strategy may neglect information about the joint
contribution of different SNPs, for the single gene nominally
associated with ADHD, we further moved on to a multiple-
marker analysis. Although this approach allowed us to limit the
number of tests, it may also increase the probability of false
negative results for those genes in which the multiple-marker
approach was not performed (77) and we do not know a priori
whether individual SNPs and/or a combination of markers confer
susceptibility to ADHD. However, we cannot overlook the fact
that, although haplotype differences were significant after adjust-
ment for multiplicity, the BAIAP2 individual SNPs identified
under the single-marker approach did not remain significant after
the Bonferroni correction. As this multiple correction is often
overconservative, particularly when the dependence between
statistical tests is high (78), further studies are required to gain
more insight into the involvement of individual BAIAP2 SNPs, as
well as specific haplotypes, in ADHD.
Because SNPs were selected to ensure genetic coverage

according to LD criteria and all four BAIAP2 SNPs that make up
the ADHD risk haplotype are intronic and located far from any
splice site or branch point, the BAIAP2 sequence variants
associated with ADHD may not have functional implications by
themselves but rather be in LD with the causative variants. This
idea is also supported by the fact that the Spanish and German
risk haplotypes overlap (Figure 1). Further sequencing of
BAIAP2 may allow the identification of genetic variants directly
involved in the predisposition to this complex phenotype.
Our findings provide tentative evidence for the contribution of

BAIAP2 to adult ADHD, support its participation in the persistence
of the disorder, and suggest that genetic factors influencing abnor-
mal cerebral lateralization may be involved in the predisposition to
this neurodevelopmental disorder. To our knowledge, this is the
first association study showing that a gene potentially involved in
cerebral asymmetry may be considered a good candidate for
ADHD. However, further investigation is required to replicate our
results and to establish the participation of brain asymmetry-related
genes in the adult outcome of the disorder.
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                         ORIGINAL INVESTIGATION     

 Candidate pathway association study in cocaine dependence: 
The control of neurotransmitter release      

    NO È LIA     FERN À NDEZ-CASTILLO  1,2,3  ,       BRU     CORMAND  1,2,3  ,       CARLOS     RONCERO  4,5,6  ,  
     CRISTINA     S Á NCHEZ-MORA  1,4,7  ,       LARA     GRAU-LOPEZ  6  ,       BEGO Ñ A     GONZALVO  6  ,       
LAIA     MIQUEL  6  ,       ROSER     COROMINAS  1,2  ,       JOSEP ANTONI     RAMOS-QUIROGA  4,5  ,      
 MIQUEL CASAS 4,5   &  MARTA     RIBAS É S  4,7    

  1  Departament de Gen è tica, Facultat de Biologia, Universitat de Barcelona, Catalonia, Spain,   2  CIBER Enfermedades Raras, 
Barcelona, Catalonia, Spain,   3  Institut de Biomedicina de la Universitat de Barcelona (IBUB), Catalonia, Spain,   
4  Department of Psychiatry, Hospital Universitari Vall d ’ Hebron, Barcelona, Catalonia, Spain,   5  Department of Psychiatry 
and Legal Medicine, Universitat Aut ò noma de Barcelona, Catalonia, Spain,   6  Outpatient Drug Clinic Vall Hebron. 
Psychiatry Services. Hospital Universitari Vall d ’ Hebron, Barcelona, Catalonia, Spain, and   7  Psychiatric Genetics Unit, 
Hospital Universitari Vall d ’ Hebron, Barcelona, Catalonia, Spain                              

 Abstract 
  Objectives.  Cocaine is the second most used illegal drug in Europe. The transition from use to dependence involves both 
genetic and environmental factors. Genetic variation in neurotransmitter systems is involved in the susceptibility to cocaine 
dependence. We examined the possible contribution to cocaine dependence of 16 genes involved in the cellular machinery 
that controls neurotransmitter release: genes encoding proteins of the SNARE complex ( STX1A ,  SNAP25 ,  VAMP1  and 
 VAMP2 ), fusion control elements ( SYT1,   SYT2 ,  CPLX1 ,  CPLX2 ,  CPLX3  and  CPLX4 ) and regulatory elements ( STXBP1 , 
 SYP, SNPH ,  NSF,   NAPA  and  RAB3A ).  Methods.  We genotyped 121 SNPs, selected according to genetic coverage criteria, 
in 360 cocaine-dependent patients and 360 controls from Spain.  Results.  Single and multiple-marker analyses revealed a 
strong association between cocaine dependence and the  NSF  gene, encoding the  N -ethylmaleimide-sensitive factor   
( P  �   5.1e-04, OR  �  2.44 (1.45 – 4.00) and  P  �   0.001, OR  �  1.82 (1.28 – 2.59), respectively). The presence and absence 
of psychotic symptoms were also studied. Interestingly, when we considered the time between initial consumption and the 
onset of cocaine dependence, we observed that the association was mainly restricted to the group of patients that rapidly 
developed drug dependence ( � 2 years;  P   �  2.98e-06, OR  �  1.33 (1.20 – 1.47)).  Conclusions.  Our data show preliminary 
evidence that  NSF  may predispose not only to cocaine dependence, but also to an early onset of the dependence.  

  Key words:   Cocaine dependence  ,   NSF  ,   SNARE complex  ,   case-control association study  ,   synaptic exocytosis   

  Introduction 

 Cocaine is the second most used illegal drug in 
Europe, with around 13 million consumers (3.9% of 
adult Europeans) (EMCDDA Annual Report 2009; 
European Monitoring Centre for Drugs and Drug 
Addiction). Cocaine is a powerful addictive drug 
with almost 16% of cocaine users developing cocaine 
dependence within 10 years after the fi rst cocaine 
use (Wagner and Anthony 2002), and 5 – 6% within 
the fi rst 2 years (O’Brien and Anthony 2005). The 
transition from use to dependence is not a fi xed 
pharmacological property of cocaine, since both 

environmental and genetic factors infl uence cocaine 
dependence. Heritability studies have estimated that 
60 – 70% of an individual ’ s risk for developing cocaine 
dependence is due to genetic factors (Kendler and 
Prescott 1998; Tsuang et al. 1998; Kendler et al. 
2000), although the underlying genetic susceptibility 
factors are poorly understood. 

 Cocaine binds to the dopamine, serotonin and 
norepinephrine transporters (DAT1, SERT and 
NET, respectively), inhibiting the reuptake of these 
neurotransmitters and increasing their levels at the 
neuronal synapses (Kuhar et al. 1991; Kalivas 2007). 

  Correspondence: Marta Ribas é s, Department of Psychiatry, Hospital Universitari Vall d ’ Hebron, Passeig Vall d ’ Hebron 119 – 129, 08003 
Barcelona, Catalonia, Spain. Tel:  � 34 93 2746734. Fax: � 34 93 4894587. E-mail: mribases@ir.vhebron.net  

 (Received   29   July   2010  ; accepted   16   December   2010  ) 
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2   N. Fern à ndez-Castillo et al.   

endocannabinoid (Ballon et al. 2006; Zuo et al. 2009) 
and cholinergic neurotransmitter systems (Grucza 
et al. 2008). 

 All these neurotransmitter systems are candidates for 
being involved in cocaine dependence and depend on 
mechanisms that control neurotransmitter release at the 
synapse, including synaptic vesicle docking, fusion and 
recycling. The process is complex and involves different 
proteins such as the  N -ethylmaleimide sensitive factor 
(NSF), the soluble NSF attachment proteins (SNAPs), 
the SNAP receptors (SNAREs), synap tobrevins (VAMP1, 
VAMP2), syntaxin-1 and SNAP-25, the SM protein 
Munc18-1 (STXBP) and small GTPases from the 
RAB3 family (Rizo and Rosenmund 2008). Interest-
ingly, cocaine induces expression changes of some genes 
encoding proteins involved in this neurotransmitter 
release machinery, such as synaptotagmin, synaptobre-
vin (VAMP1), syntaxin-1, synaptophysin and RAB3A 
(Freeman et al. 2002; Yuferov et al. 2003; Ahmed et al. 
2005). 

 Based on previous data that link different neurotrans-
mission systems with cocaine dependence, we hypoth-
esized that alterations in the neurotransmitter release 
machinery may be involved in the genetic susceptibility 
to this disorder, as well as cocaine induced psychotic 
symptoms and time between initial consumption and 
the onset of cocaine dependence. We performed a case –
 control association study in 360 cocaine-dependent 
patients and 360 sex-matched controls, with SNPs cov-
ering 16 candidate genes that encode proteins of the 
neurotransmitter release machinery: SNARE complex 
formed by syntaxin 1A, SNAP-25 and synaptobrevins 
( STX1A ,  SNAP25 ,  VAMP1  and  VAMP2 ), the fusion 
control elements synaptotagmins and complexins 
( SYT1,   SYT2 ,  CPLX1 ,  CPLX2 ,  CPLX3  and  CPLX4)  
and the regulatory elements Munc18.1 ( STXBP1 ) ,  
synaptophysin ( SYP ), syntaphilin ( SNPH ),  NSF , 
 α SNARE ( NAPA ) and  RAB3A .   

 Methods and materials  

 Subjects 

 The patient sample consisted of 360 cocaine depen-
dent patients (mean age 34.6  �  7.6 years and 83% 
males ( n   �  299)) recruited and evaluated at the Psy-
chiatry Department of the Hospital Universitari Vall 
d ’ Hebron (Barcelona, Spain) according to DSM-IV 
TR criteria (Diagnostic and Statistical Manual of 
Mental Disorders, 4th ed., text revision). The Struc-
tured Clinical Interview (SCID) (First et al. 1997) 
was administered and volunteers with current DSM-
IV diagnosis of cocaine dependence were included 
in the study. Other drug dependences were assessed 
in 334 patients (92.8%): alcohol dependence was 
present in 22.7% of the patients ( n  �   76), cannabis 

Interestingly, the dopamine (DA) neurotransmission 
and the indirect activation of DA receptors have 
been established as central mediators of cocaine 
response (Woolverton and Johnson 1992; Volkow 
et al. 1996, 1999, 2002). Other neurotransmitters 
such as serotonin or glutamate also play an impor-
tant role in cocaine effects (Spealman 1993; Walsh 
and Cunningham 1997; Filip 2005; Filip et al. 2001, 
2004). Thus, cocaine indirectly infl uences glutamate 
transmission in the limbic system producing persis-
tent changes in neuronal function that alter the 
behavioral effects of cocaine (Gass and Olive 2008; 
Kalivas and O’Brien 2008; Thomas et al. 2008; Uys 
and LaLumiere 2008). 

 In addition, animal models and also pharmaco-
logical and association studies support an essential 
role of these neurotransmitter systems in cocaine 
dependence. The rewarding effects of cocaine were 
abolished in homozygous  DAT1 ( – / – ) SERT ( – / – ) and 
heterozygous  DAT1 ( – / – ) SERT ( � / – ) double knock-
out mice (Sora et al. 2001; Hall et al. 2002, 2004; 
Uhl et al. 2002). Interestingly,  NET ( – / – ),  SERT ( – / – ) 
and  NET ( – / – )/ SERT ( – / – ) knock-outs showed an 
even increased rewarding cocaine effect (Sora et al. 
1998; Xu et al. 2000; Hall et al. 2002). Other knock-
out studies also revealed an important role of the 
endocannabinoid system in cocaine self-administra-
tion and in the consolidation of the psychostimulant 
addictive process (Soria et al. 2005). 

 Pharmacological studies also provide insights into 
the role of neurotransmitter systems in cocaine depen-
dence. Dopamine receptor D3 antagonists block 
cocaine acquisition and place preference and reduce 
cocaine induced reinstatement of self-administration 
(Vorel et al. 2002; Di Ciano et al. 2003). Glutamate 
agonists reduce the euphoric effects of cocaine and 
withdrawal symptoms (Dackis and O’Brien 2003; 
Dackis et al. 2003; Malcolm et al. 2006; Hart et al. 
2008). Cannabinoid receptor agonists attenuate relapse 
induced by environmental cocaine-associated cues or 
cocaine re-exposure and antagonists induce relapse to 
cocaine seeking after a prolonged withdrawal period 
(De Vries et al. 2001; De Vries and Schoffelmeer 2005). 
In addition, some promising medications that may 
prevent cocaine relapse (such as gamma-vinyl GABA 
 “ GVG ” , tiagabine and topiramate) are related to 
GABA neurotransmission (Dewey et al. 1997; Morgan 
and Dewey 1998; Cornish and Kalivas 2000; Gonzalez 
et al. 2003). 

 Finally, positive associations have been described 
between cocaine dependence and polymorphisms in 
genes of the dopaminergic (Noble et al. 1993; Com-
ings et al. 1999; Ballon et al. 2007; Guindalini et al. 
2006; Fern à ndez-Castillo et al. 2010), serotoninergic 
(Patkar et al. 2001; Mannelli et al. 2005), noradren-
ergic (Cubells et al. 2000; Guindalini et al. 2008), 
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   Association of  NSF  with cocaine dependence          3

of  STX1A , rs1968583 in exon 2 of  SYT2  (both 
exonic and synonymous) and rs2293945 in intron 6 
of  SYP  (previously studied in ADHD (Brookes et al. 
2005)).   

 Plex design, genotyping and quality control 

 From the initial selection of 145 SNPs, a VeraCode 
assay of 141 SNPs was designed (four SNPs did not 
pass the pipeline). SNPs were genotyped using the 
Illumina BeadXpress platform and the GoldenGate 
Genotyping Assay (Illumina, San Diego, CA, USA). 
This technology is based on allele-specifi c primer 
extension and highly multiplexed PCR with universal 
primers. Raw hybridization intensity data processing, 
clustering and genotype calling were performed using 
the genotyping module in the Illumina GenomeStu-
dio package. The genotype cluster plots generated by 
GenomeStudio were visually inspected for quality of 
calls and edited when necessary. A total of 21 Hap-
Map individuals including 7 trios were genotyped 
and used to help in the clustering and as a control 
of the genotyping process.   

 Statistical analysis 

 The minimal statistical power was estimated  post hoc  
using the Genetic Power Calculator software (http://
pngu.mgh.harvard.edu/ ∼ purcell/gpc/cc2.html), 
assuming an odds ratio (OR) of 1.5, prevalence of 
0.0062 (16% developing dependence of 3.9% con-
sumers), signifi cance level of 0.05 and the lowest 
MAF value of 0.126. The analysis of Hardy – Weinberg 
equilibrium (threshold set at  P   �  0.01) and the com-
parison of genotype frequencies between cases and 
controls was performed using the SNPassoc R 
package (Gonzalez et al. 2007). Only when a SNP 
displayed nominal association under a codominant 
model, the dominant (11 vs. 12 � 22) and recessive 
(11 � 12 vs. 22) were considered. Genotype frequen-
cies of SNPs within the genes located on chromo-
some X ( SYP ) were only considered in the female 
sample. For the multiple testing correction we used 
the Q-value R package (Storey 2002), considering 
all the tests performed and assuming a false discov-
ery rate (FDR) of 10%, which corresponded to a 
signifi cance threshold of  P   �  5.1e-04. Additionally, 
we also corrected the signifi cant  P  values that over-
came the 10% FDR threshold by performing a 
permutation test using 10,000 permutations with 
the PLINK software (Purcell 2007). Signifi cant 
 P  values after multiple testing corrections were adjusted 
for age. The haplotype-based association study was 
restricted to the single gene that was found associated 
with cocaine dependence in the single-marker analysis 

dependence in 26% ( n  �   87), opiate dependence in 
13.8% ( n  �   46), benzodiazepine dependence in 5.1% 
( n  �   17), and amphetamine or methamphetamine 
dependence in 2.1% ( n  �  7). Seventy-six percent of 
the patients were evaluated for the presence ( n  �  149) 
or absence ( n  �   124) of psychotic symptoms, and 
71.4% ( n  �  257) reported age at the initial consump-
tion as well as age at dependence onset. Three hun-
dred and sixty sex-matched unrelated controls (mean 
age 54.9  �  16.6 years) were recruited at the Blood 
and Tissues Bank of the Hospital Universitari Vall 
d ’ Hebron. None of them had injected drugs intrave-
nously. Both patients and controls were Spanish and 
Caucasian. The study was approved by the Ethics 
Committee of Hospital Universitari Vall d ’ Hebron, 
and written informed consent was obtained from all 
the participating individuals.   

 DNA isolation and quantifi cation 

 Genomic DNA samples were obtained either from 
peripheral blood lymphocytes by the salting-out pro-
cedure (Miller et al. 1988) or from saliva using the 
Oragene DNA Self-Collection Kit (DNA Genotek, 
Kanata, Ontario, Canada). The double-stranded con-
centrations of all samples were determined on a Gem-
ini XPS fl uorometer (Molecular Devices, Sunnyvale, 
CA, USA) using the PicoGreen dsDNA Quantitation 
Kit (Molecular Probes, Eugene, OR, USA), following 
the manufacturer ' s instructions.   

 Gene and SNP selection 

 Sixteen candidate genes involved in the synaptic ves-
icle fusion and neurotransmitter release at the syn-
apse were selected for this study:  STX1A ,  SNAP25 , 
 VAMP1,   VAMP2  (SNARE complex),  SYT1 ,  SYT2 , 
 CPLX1 ,  CPLX2 ,  CPLX3  and  CPLX4  (synaptotag-
mins and complexins) and  STXBP1, SYP ,  SNPH , 
 NSF ,  NAPA  and  RAB3A  (regulatory elements). SNP 
selection was based on genetic coverage parameters 
in terms of linkage disequilibrium (LD). Genotyping 
data of CEU population for each candidate gene plus 
5-kb fl anking sequences upstream and downstream 
were downloaded from the HapMap database (Hap-
Map data release 22/phase II Apr07, dbSNPb126) 
(Thorisson et al. 2005). To minimize redundancy, 
LD was evaluated using the Haploview software 
(Barrett et al., 2005) setting a maximum  r  2  threshold 
at 0.85 for all SNPs with minor allele frequency 
(MAF) of 0.15 or 0.25 for those genes with more 
than 20 tagSNPs ( SNAP25 ,  SYT2 ,  CPLX2 ,  SNPH ). 
A total of 141 tagSNP (72 in multi-loci bins and 69 
singletons) were selected with these criteria. Three 
additional SNPs were included: rs2293485 in exon 3 
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4   N. Fern à ndez-Castillo et al.   

 The comparison of genotype frequencies between 
cocaine dependent patients and controls allowed 
identifi cation of nominal differences for eight SNPs 
located in six genes:  NSF ,  SYT1 ,  SYT2 ,  CPLX1 , 
 CPLX2  and  CPLX4  (Table I, Table SII). However, 
after correcting for multiple comparisons applying a 
FDR of 10% ( P   �  5.1e-04), only rs183211 in the 
 NSF  gene ( P   �  5.1e-04, OR  �  2.44 (1.45 – 4.00)) 
remained associated with cocaine dependence, with 
a higher frequency of carriers of the common G 
allele in cases (93.6%) than in the control group 
(85.9%). Consistently, the G allele is present in 
71.5% of cases and in 65.7% of controls. The 
rs183211 SNP in  NSF  remained signifi cantly associ-
ated with cocaine dependence after adjusting for age 
and correcting by permutation (Table I). 

 The analysis of all the possible SNP combina-
tions within  NSF  revealed a two-marker haplotype 
(rs183211 – rs1769817), that includes the SNP 
identifi ed in the single-marker analysis, associated 
with cocaine dependence (global  P   �  0.031; Figure 1), 
which remained signifi cant after correcting by per-
mutation ( P -adjusted  �  0.039). The evaluation of 
the contribution of individual haplotypes to the 
phenotype showed an over-representation of the 
G-T allelic combination ( P   �  0.013, OR  �  1.3 
(1.06 – 1.60)) and an under-representation of the 
A-T haplotype ( P   �  0.017, OR  �  1.3 (1.05 – 1.64)) 
in the cocaine dependence sample (Table IIb). 
Consistently, we also identifi ed an increased fre-
quency of individuals carrying the G-T risk haplo-
type in this clinical sample, result that remained 
signifi cant after adjusting by age ( P -adjusted  �  0.001, 
OR  �  2.16 (1.38 – 3.83; Table III). 

 When patients were subdivided based on the 
presence/absence of psychotic symptoms, we did not 
identify differences between these two subgroups 
( P   �  0.627) and observed an over-representation of 
G-T carriers in the two clinical samples when they 
were compared to the control sample (patients with 
psychotic symptoms:  P -adjusted  �  0.002, OR  �  2.51 
(1.4 – 4.5); patients without psychotic symptoms: 
 P -adjusted  �  0.0055, OR  �  2.3 (1.28 – 4.14); Table 
III), and remained signifi cant after the Bonferroni 
correction (Table III). 

 We then focused on the time between fi rst con-
sumption and onset of cocaine dependence and 
observed an earlier dependence onset among carri-
ers of the G-T  NSF  risk haplotype than in non-car-
riers ( Z   �   – 3.15,  P   �  0.0015). Interestingly, the 
main differences were clearly observed in the group 
of patients whose dependence onset started within 
two years after the initial drug use (Figure 2). When 
patients were subdivided in two subgroups, early 
( � 2 years) and late ( � 2 years) dependence onset, 
we identifi ed a higher frequency of carriers of the 

after correction for multiple comparisons. The best 
two-marker haplotype from all possible combina-
tions was identifi ed in the whole sample and addi-
tional markers (up to four) were added to the initial 
two-SNP haplotype in a stepwise manner. Signifi -
cance was estimated by a permutation procedure 
using 10,000 permutations with the UNPHASED 
software (Dudbridge 2003). Haplotypes with fre-
quencies  � 0.05 were excluded. Specifi c estimated 
haplotypes were assigned to individuals with the 
PHASE 2.0 software (Stephens et al. 2001). The 
comparison of the risk haplotype carriers in cases 
and controls as well as the effect of this risk haplo-
type in the presence of cocaine-induced psychotic 
symptoms, age at initial consumption and the time 
between initial and regular consumption were evalu-
ated using the statistical package SPSS 15.0 (SPSS 
Inc., Chicago, IL, USA). For the age at the fi rst con-
sumption and the lapse between initial consumption 
and the onset of cocaine dependence, normality was 
rejected using a Kolmogorov – Smirnov test and the 
comparison of medians was performed using the 
non-parametric Mann – Whitney  U -test. Additionally, 
time between initial consumption and onset of 
cocaine dependence was dichotomized into early 
( � 2 years) or late ( � 2 years) dependence onset and 
the comparison of the risk haplotype carriers between 
the two groups was performed with two-tailed Fish-
er ' s exact test. In the multiple-marker analysis  
P  values were also adjusted for age and, considering 
cocaine dependence as well as related phenotypes, 
the signifi cance threshold was set at 2 P   �  0.01 
after the multiple testing correction of Bonferroni 
considering fi ve comparisons (cocaine dependence, 
presence or absence of psychotic symptoms, and 
early or late dependence versus controls).    

 Results 

 We examined tagSNPs in 16 candidate genes encod-
ing proteins of the neurotransmitter release machin-
ery in 360 cocaine dependent patients and 360 
controls. Of the 145 SNPs initially selected, 23 were 
discarded (four did not pass the Veracode pipeline 
design, 19 had genotype calls  � 90% and one had a 
signifi cant departure from Hardy – Weinberg equilib-
rium in the control group). A total of 121 SNPs 
within 15 genes (the two SNPs of the  NAPA  gene 
failed) with an average call rate of 99.2% (SD  �  1.8) 
were considered for the analysis (Table SI). The 
minimal statistical power, considering the SNP 
with the lowest MAF (0.126), was 57.9% assuming 
a codominant model, 68.3% considering a domi-
nant model and 8.4% under a recessive model of 
inheritance. 
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   Association of  NSF  with cocaine dependence          5

  Figure 1.     (A) Diagram of the  NSF  gene (NM_006178). Black 
boxes indicate exons. The four tagSNPs included in the study are 
shown on top, with the two SNPs that conform the risk haplotype 
associated with cocaine dependence boxed. (B) Linkage disequilibrium 
plot of the four SNPs analyzed in the  NSF  gene, according to 
Haploview. Considering the Confi dence Interval algorithm (Gabriel 
et al. 2002), the four SNPs are located in the same LD block in 
our control sample.  

Table II. (a) Haplotype analysis of four NSF SNPs in a clinical 
sample of 360 cocaine-dependent patients and 360 controls using 
the UNPHASED software; (b) haplotype distributions of the 
rsrs183211 and rs17698176 NSF SNPs.

(a)

NSF

Marker∗ 
haplotype

Global 
P value

Best haplotype-
specifi c P value 

(Adjusted 
P-value)

Haplotype-specifi c 
OR

14 0.031 0.013 (0.039) 1.3 (1.06–1.60)

(b)

Marker∗ 
haplotype Cases Controls

Haplotype specifi c 
P value; OR (CI)

14
A T 205 (28.5) 247 (34.3) 0.017; 1.3 (1.05–1.64)∗∗
G G 111 (15.4) 116 (16.1) NS
G T 404 (56.1) 357 (49.6) 0.013; 1.3 (1.06–1.60)

NS, not signifi cant.
∗1-rs183211; 4-rs17698176.
∗∗Inverted odds ratio score is shown.
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G-T haplotype in the group of patients showing an 
early regular cocaine consumption ( P   �  2.2e-04, 
OR  �  1.85 (1.4 – 2.4)). These differences were also 
observed when this group of patients, but not those 
showing late regular drug consumption, was com-
pared with controls ( P -adjusted  �  5.77e-05, 
OR  �  3.90 (2.01 – 7.57); Table III), and was still 
signifi cant after the Bonferroni correction. No sig-
nifi cant differences were observed when we com-
pared the average age at the fi rst cocaine consumption 
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6   N. Fern à ndez-Castillo et al.   

signifi cant association with  NSF , mainly in the group 
of patients that rapidly develop drug dependence 
( � 2 years from the initial cocaine consumption). 
These results suggest that genetic factors may con-
tribute to the neurobiological mechanisms underly-
ing not only cocaine dependence but also an early 
development of this dependence. No relationship 
was observed between  NSF  and age at the fi rst 
cocaine use or the presence of cocaine-induced psy-
chotic symptoms. 

 The  NSF  gene encodes the  N -ethylmaleimide sen-
sitive factor, which participates in the SNARE com-
plex recycling, ensuring that suffi cient amounts of 
free SNAREs are available for the maintenance of 
intracellular membrane traffi cking (Barszczewski 
et al. 2008). NSF is essential for the synaptic vesicle 
turnover as it modulates the kinetics of neurotrans-
mitters release and the integrative properties of 
synapses (Schweizer et al. 1998; Littleton et al. 2001; 

between carriers and non-carriers of the G-T 
haplotype ( P -adjusted  �  0.372). Interestingly, the 
individual analysis of rs183221, the only SNP 
displaying positive signals in the single-marker anal-
ysis, also showed association with cocaine depen-
dence when those cases with early dependence were 
considered ( P -adjusted  �  6.9e-04, OR  �  2.42 
(1.45 – 4.04)).   

 Discussion 

 The present case – control association study aims at 
covering an entire candidate pathway or functional 
network rather than focusing on single candidate 
genes. To our knowledge, this is the fi rst associa-
tion study in cocaine dependence focused on 
genes coding for the main components of the neu-
rotransmitter release machinery and have found a 

Table III.  Distribution of carriers of the G-T (rs183211–rs1769817) allelic combination within the NSF gene.

Haplotypes, n (%) Adjusted for age

G-T carriers
Other 

haplotypes OR (95%CI) P OR (95%CI) P

Cocaine dependence 295 (81.9) 65 (18.1) 1.82 (1.28–2.59) 0.001 2.16 (1.38–3.83) 0.001
Cocaine dependence with psychotic 

symptoms
126 (84.6) 23 (15.4) 2.20 (1.33–3.62) 0.0015 2.51 (1.40–4.50) 0.002

Cocaine dependence without psychotic 
symptoms

102 (82.3) 22 (17.7) 1.86 (1.11–3.11) 0.017 2.30 (1.28–4.14) 0.0055

Early cocaine dependence (�2 years∗) 134 (89.9) 15 (10.1) 3.58 (2.00–6.41) 2.98e-06 3.90 (2.01–7.57) 5.77e-05
Late cocaine dependence (�2 years∗) 77 (71.3) 31 (28.7) – NS – NS
Controls 257 (71.4) 103 (28.6)

NS, not signifi cant.
In bold, signifi cant P values after Bonferroni correction (P � 0.01).
∗Time between initial consumption and dependence onset.

Figure 2. Time between initial consumption and cocaine dependence onset (years) in carriers and non-carriers of the NSF G-T (rs183211-
rs1769817) risk haplotype in cocaine-dependent patients.
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   Association of  NSF  with cocaine dependence          7

identify those functional variants directly involved in 
this psychiatric disorder.   
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Table SII. Nominal P-values observed when genotype frequencies 
of 121 SNPs within 15 candidate genes were considered in 360 
cocaine dependent patients and 360 controls.

GENE SNP P-value

SYT2 rs6427957 0.15212
rs9633344 0.46772
rs907697 0.90325
rs7552201 0.86890
rs10920427 0.75248

 rs12739678 0.06504
rs1934663 0.57648
rs7534078 0.96311
rs11585565 0.75220

 rs12121078 0.08003
rs10733069 0.16372
rs7550433 0.34683

 rs10800855 0.01254
rs6673562 0.15972

 rs4400672 0.04832
rs12141884 0.32292
rs12564274 0.20735

VAMP1 rs12964 0.15651
rs2534717 0.34739
rs2240867 0.22587
rs2072376 0.75251
rs10492096 0.39987

SYT1 rs2177963 0.62265
rs11113425 0.64354
rs2400393 0.39748
rs1732664 0.35062

 rs10861941 0.02279
rs6539445 0.83461
rs11114027 0.37482
rs7308297 0.18092
rs1465046 0.57448
rs17294719 0.36636
rs2251214 0.32359

CPLX3 rs7162232 0.67135
rs6495122 0.60608

VAMP2 rs8067606 0.80588
NSF rs183211 0.00238

rs17692129 0.83791
rs7224296 0.05305
rs17698176 0.38155

CPLX4 rs1914321 0.02163
rs499824 0.81498

 rs7228681 0.13420
rs12456930 0.08485
rs12232757 0.42805

 rs640401 0.04187
rs509886 0.20299
rs10503024 0.13737

RAB3A rs874628 0.73628
rs2271881 0.77492
rs2271882 0.25798
rs17683539 0.70461
rs2049051 0.05203

SNPH rs6109320 0.98512
rs7354385 0.58227

rs3764715 0.23104

Table SII. (Continued)

GENE SNP P-value

rs6134520 0.32681
rs4814106 0.25008
rs2281711 0.97015

SNAP25 rs1889189 0.15589

rs6039769 0.15654
rs363039 0.38271
rs363043 0.87723
rs12626080 0.54758
rs6074113 0.32190
rs362547 0.16478
rs362570 0.28418
rs6039806 0.05962
rs3025873 0.75712
rs362988 0.78774
rs6108464 0.35760
rs3787283 0.33002
rs4813925 0.57665
rs6074121 0.45345
rs6032845 0.67322
rs3025879 0.24403
rs6032846 0.14444

CPLX1 rs3733358 0.30114
rs2242237 0.46714
rs4690313 0.11870
rs3816676 0.50524
rs2306251 0.69868

 rs11722977 0.00644
rs7677766 0.75547
rs9328758 0.97542
rs11248042 0.17946
rs11248043 0.16668
rs6832751 0.65893
rs7375209 0.33853

rs11248047 0.93505
CPLX2 rs2243404 0.76688

rs7718856 0.07444

rs6874025 0.72218

rs12520557 0.76957

rs11134932 0.92888

rs10476170 0.53281

rs17065535 0.11211
rs6556225 0.36353
rs1560035 0.47697
rs4867806 0.65625
rs11134935 0.49431
rs4868538 0.16514
rs10866691 0.94357

 rs4868539 0.02956
rs890737 0.90204
rs11134938 0.57680
rs1006101 0.88312
rs10866692 0.99481
rs930047 0.51534
rs13166213 0.58418
rs11134942 0.27905
rs2114968 0.45165

STX1A rs4363087 0.90163
rs3793243 0.86838

(Continued)
(Continued)
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        7

Table SII. (Continued)

GENE SNP P-value

rs2293485 0.66049
rs941298 0.76395

STXBP1 rs2039204 0.71640
rs7852204 0.84553
rs2241167 0.62985

SYP rs2293945 0.67915
rs5906754 0.94017

In bold, nominally signifi cant p-values.
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