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Abstract
Attention deficit/hyperactivity disorder (ADHD) is a highly heritable disorder and several genes
increasing disease risk have been identified. The dopamine transporter gene, SLC6A3/DAT1, has
been studied most extensively in ADHD research. Interestingly, a different haplotype of this
gene (formed by genetic variants in the 30 untranslated region and intron 8) is associated with
childhood ADHD (haplotype 10-6) and adult ADHD (haplotype 9-6). The expression of DAT1 is
highest in striatal regions in the brain. This part of the brain is of interest to ADHD because of
its role in reward processing is altered in ADHD patients; ADHD patients display decreased
striatal activation during reward processing. To better understand how the DAT1 gene exerts
effects on ADHD, we studied the effect of this gene on reward-related brain functioning in the
area of its highest expression in the brain, the striatum, using functional magnetic resonance
imaging. In doing so, we tried to resolve inconsistencies observed in previous studies of healthy
individuals and ADHD-affected children. In a sample of 87 adult ADHD patients and 77 healthy
comparison subjects, we confirmed the association of the 9-6 haplotype with adult ADHD.
Striatal hypoactivation during the reward anticipation phase of a monetary incentive delay task
in ADHD patients was again shown, but no significant effects of DAT1 on striatal activity
were found.
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Although the importance of the DAT1 haplotype as a risk factor for adult ADHD was again
demonstrated in this study, the mechanism by which this gene increases disease risk remains
largely unknown.
& 2012 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a very
common and highly heritable neuropsychiatric disorder in
childhood that is strongly persistent over time. Approxi-
mately 15% of patients still meet full ADHD criteria accord-
ing to DSM-IV criteria in adulthood, and 40–60% remits only
partially and has increased symptom counts and impaired
functioning in adulthood (Faraone et al., 2006). ADHD has
an average prevalence between 2.5 and 4.9% in the adult
population (Simon et al., 2009).

The clinical phenotype of ADHD is characterized by
symptoms of inattention, hyperactivity and impulsivity
(Frances, 2000). Neuropsychological theories have
described three key domains that are deficient in ADHD.
Besides executive dysfunctioning and timing problems,
patients with ADHD often display reward and motivational
problems (Sonuga-Barke, 2003; Sonuga-Barke et al., 2010).
Evidence for these problems can be found on a behavioral
level, where ADHD patients show altered performance on
reward-related tasks, with steeper discounting rates and an
aversion for delay of gratification being the most studied
and replicated processes (Luman et al., 2005). In addition,
neuroimaging studies have shown ventral striatal hypoacti-
vation in ADHD patients (Scheres et al., 2007; Ströhle et al.,
2008; Hoogman et al., 2011) during reward anticipation.

Linkage and association studies have identified several
genes associated with ADHD (Franke et al., 2011). One of
these genes is the SLC6A3/DAT1 gene, for which the
association with ADHD was confirmed in meta-analyses of
candidate gene studies in ADHD (e.g., Gizer et al., 2009).
The DAT1 gene, encoding the dopamine transporter, con-
tains two frequently studied variable number of tandem
repeat (VNTR) polymorphisms. One is a 40 base pair (bp)
VNTR in the 30 untranslated region (UTR); the 9-repeat and
10-repeat alleles are the most frequent alleles, here
(VanNess et al., 2005). The second is the VNTR in intron 8,
for which the 5 and 6 repeat alleles are most common. The
10-6 haplotype of these VNTRs has been shown to increase
risk for ADHD in childhood (Brookes et al., 2006; Asherson
et al., 2007). A different haplotype, the 9-6 haplotype, was
found associated with ADHD in adults (Franke et al., 2008,
2010). This could be due to the association of the 9-6
haplotype with a more severe and persistent form of ADHD,
already present in childhood, but overrepresented in the
adult patients. Also, environmental factors known to influ-
ence dopamine transporter regulation like smoking, result
in age-dependent associations with DAT1.

Dopamine transporters are predominantly found in the
striatum and are responsible for synaptic clearance of dopa-
mine there (Volkow et al., 1998). Genetic variation of the DAT1
gene might lead to individual variation in the availability
of dopamine transporters and subsequently in dopamine
levels. This was evidenced by Single-Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET)
studies showing the 10-repeat allele to be associated with
lower availability of striatal dopamine transporters (potentially
leading to higher dopamine levels) than the 9-repeat allele
(Shumay et al., 2011; van de Giessen et al., 2009). However,
some smaller sampled studies propose the opposite (e.g., Heinz
et al., 2000), and a meta-analysis of these studies has also
stayed inconclusive (Costa et al., 2011). A recent publication by
Shumay and coworkers suggests that there is differential decay
of dopamine transporter expression with age for different DAT1
genotypes, also including the 9-6 and 10-6 haplotypes (Shumay
et al., 2011). The 9-repeat homozygotes showed a steeper
decline of DATavailability with increasing age. This could be an
alternative or additional explanatory factor for the differential
association of DAT1 haplotypes with ADHD in children and
adults.

To better understand how variation in the DAT1 gene
affects the phenotype, several studies have investigated the
association of this gene with brain responses and behavior.
Most of these studies were directly aimed at striatal
activation and some of its behavioral correlates, reward
processing and response inhibition. Three studies in healthy
adults found lower reward-related striatal activation to be
associated with homozygosity for the 10-repeat of the 30

UTR VNTR compared to 9-repeat carriership, two other
studies did not find an effect of DAT1 genotype (Table 1).
In children with ADHD, one study found lower striatal
activation to be associated with the homozygous 10-repeat
compared to 9-repeat carriership (Durston et al., 2008),
whereas another study found the opposite (B �edard et al.,
2010). So far, there have not been any functional studies on
the effects of the DAT1 gene on striatal functioning in adults
with ADHD, nor have any studies investigated the role of the
DAT1 VNTR haplotype on striatal functioning.

To learn more about the role of DAT1 in adult ADHD, in the
current study we tried to replicate the association of the 9-6
haplotype and adult ADHD. To resolve the inconsistencies
between previous genetic neuroimaging studies of DAT1, we
also studied striatal brain responses, for which ADHD patients
and controls performed a reward anticipation task inside a
Magnetic Resonance Imaging (MRI) scanner, a task known to
robustly induce striatal activation (Knutson et al., 2001;
Hoogman et al., 2011). Given the previous studies, we expected
(1) an association between the 9-6 haplotype and adult ADHD,
and (2) the striatal hypoactivation previously shown in ADHD
patients to be explained by variation in the DAT1 gene.
2. Experimental procedures

2.1. Participants

One hundred and sixty-five individuals (87 adult ADHD patients, 77
comparison subjects) from the Dutch cohort of the International



Table 1 Review of studies investigating the influence of the DAT1 3’ UTR VNTR on striatal activation in healthy subjects and patients with ADHD.

Study Population Age n fMRI Task Striatal region analyzed 9R vs. 10/10 significant
difference in VS
activation

Other findings

Dreher et al. (2009) Healthy 727 22 MID (noWin, winLow,
winHigh); anticipation
phase

Functional VS and
caudate

10/10o9R

Forbes et al. (2009) Healthy 44.276.8 86 Reward card guessing
game

VS; Sphere (20 mm,
0,10,–10)

10/10o9R

Hahn et al. (2010) Healthy 18–47 53 MID (winLow, winHigh,
loose)

VS; Sphere (20 mm,
0,10,–10)

no 10/10 had association
with impulsivity, 9R did
not

Aarts et al. (2010) Healthy 18–27 20 Combined reward/task-
switching; anticipation
phase

Left caudate (AAL) 10/10o9R In 9R a reward effect
was found (high vs. low
reward), 10R did not
show a reward effect

Nikolova et al. (2011) Healthy 44.576.7 69 Reward card guessing
game

VS; Sphere (2� 10 mm2,
12, 12, –10)

no

Durston et al. (2008) ADHD 11–20 29 Go/No-go caudate 10/10o9R 10/10o9R for caudate
in ADHD but not in
controls (n=9)

B �edard et al. (2010) ADHD 7–16 41 Go/No-go Striatum (functional
ROI)

10/1049R (left striatum
–16,–1,9)

Abbreviations: noWin=condition without reward; winLow=condition with a small reward; winHigh=condition with high reward; MID=Monetary Incentive Delay task; VS=ventral striatum;
AAL=automated anatomical labeling; ROI=region of interest.
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Multicentre persistent ADHD CollaboraTion, IMpACT (S�anchez-Mora
et al., 2010), participated in this study.

All participants underwent cognitive testing and neuroimaging.
The ADHD patients and the age-, gender- and IQ-comparable group
of healthy subjects were recruited from the department of
Psychiatry of the Radboud University Nijmegen Medical Centre
and through advertisements. Patients were included if they met
DSM-IV-TR criteria for ADHD in childhood as well as adulthood. All
subjects were assessed using the Diagnostic Interview for Adult
ADHD (DIVA) (Kooij, 2010). This interview focuses on the 18 DSM-IV
symptoms of ADHD and uses concrete and realistic examples to
thoroughly investigate whether the symptom is present now or was
in childhood. In order to obtain information about ADHD symptoms
and impairment in childhood, additional information was obtained
from parents and school reports, whenever possible. The Structured
Clinical Interview for DSM-IV Criteria (SCID-I) was used for co-
morbidity assessment. Assessments were carried out by trained
professionals (psychiatrist or psychologists). In addition, a quanti-
tative measure of clinical symptoms was obtained using the ADHD-
DSM-IV Self Rating scale (Kooij et al., 2005).

Exclusion criteria for participants were psychosis, addiction in
the last 6 months, current major depression (assessed with SCID-I),
full-scale IQ estimate less than 70 (Wechsler Adult Intelligence
Scale-III), neurological disorders, sensorimotor handicaps, non-
Caucasian ethnicity and medication use other than psychostimu-
lants or atomoxetine. Additional exclusion criteria for comparison
subjects were a current or past neurological or psychiatric disorder
according to SCID-I. Twenty-seven (31%) ADHD patients were
medication-naı̈ve at the time of the trial. Patients who used ADHD
medication (methylphenidate (n=50), atomoxetine (n=3) and dex-
troamphetamine (n=7)) were asked to withhold their medication
24 h prior to testing. Subjects had to refrain from smoking prior to
and during testing, because smoking results in global reductions of
brain activity and increased dopamine concentrations in the
striatum (Brody, 2006). The effects of smoking were controlled
for by taking smoking habits (yes/no) into account in our analysis.

This study was approved by the regional ethics committee.
Written informed consent was obtained from all participants.

2.2. Genotyping

DNA was isolated from EDTA blood samples. Genotyping of the 40
base pair VNTR in the 30 UTR and the VNTR in intron 8 of SLC6A3/
DAT1 were carried out as described before (Franke et al., 2008) at
the department of Human Genetics of the Radboud University
Nijmegen Medical Centre. Haplotypes were calculated using the
Haplostats package (R version 2.12.0) (Schaid et al., 2002). For the
behavioral and functional data analysis, risk haplotype (9-6) carriers
were compared with non-carriers. To increase comparability with
previous studies (see Table 1) reporting the effect of the 40 base
pair VNTR in the 30 UTR, we also compared 9R carriers to 10/10
homozygotes.

2.3. fMRI reward anticipation paradigm

Subjects were scanned while performing a modified Monetary
Incentive Delay task (which has shown to induce striatal activation
(Hermans et al., 2010; Knutson et al., 2001)) to study neural
responses to reward anticipation (Supplement #1 in Appendix A).
The current sample is an expansion of an earlier published sample
(ADHD: 63 versus 87 (72% overlap), comparison subjects: 41 versus
77 (53% overlap)), in which this task was applied (Hoogman et al.,
2011). Subjects were asked to respond as quickly as possible to a
target by pressing a button. Prior to this target a cue (duration 3.5–
8.5 s) was given to indicate whether a reward could be obtained or
not. After each target response the outcome was displayed.
Subjects could gain 1 Euro in the reward condition and no money
during the no-reward condition if they responded between 270 and
500 ms after target-onset. This response window was individually
adjusted (Supplement #1 in Appendix A). The task consisted of a
practice trial, after which the purpose of the task was again briefly
summarized, followed by 50 trials in which reward and no-reward
cues were randomly displayed. The experiment lasted 12 min and
12 Euros could be gained. At the end of the experiment, the
awarded money was shown on the screen and was transferred to the
participant’s bank account. Reaction times in the reward and no-
reward condition were the behavioral outcome measures. In addi-
tion to this task, participants performed other cognitive tasks inside
and outside the MRI scanner.

2.4. Statistical analysis

2.4.1. Haplotype association with ADHD
To replicate the association of the 9-6 haplotype with ADHD, a chi-
square test was performed comparing the presence of the 9-6
haplotype in ADHD patients with presence in controls. Part of the
patient sample included in this analysis was also part of earlier
publications investigating this association (overlap of ADHD patients
between studies: n=17, no overlap in controls) (Franke et al., 2008;
Franke et al., 2010). In addition, we studied the role of the 9-6
haplotype in patients with respect to ADHD severity by performing a
t-test with the number of Hyperactive/Impulsive symptoms and the
number of Inattentive symptoms as dependent variable and pre-
sence of the 9-6 haplotype as grouping variable.

2.4.2. Behavioral analysis
A repeated measures general linear model was performed to assess
the effect of cue (reward/no-reward) on response time. This
general linear model was carried out with reaction times as
dependent variable and reward/no-reward cue as within subject
variable. To test the effect of the between-subject factors, ADHD
status and DAT1 haplotype (carrier/non-carrier) or 30 UTR VNTR
genotype (9R carrier/10R homozygous) were added to the model to
identify group effects of cue-induced reaction times.

2.4.3. fMRI analysis
After preprocessing (for details on fMRI acquisition and preprocessing,
see Supplement #2 in Appendix A), first-level analyses were performed
for each subject to estimate 8 parameters of interest with a general
linear model for the events ‘cue’, ‘target’, ‘hit’, ‘miss’ in both the
reward and the no-reward condition. These events were modeled as
event-related regressors, with duration 0 and convolved with the
canonical hemodynamic response function in SPM5 (Wellcome Dept.
of Cognitive Neurology, London). Additionally, realignment parameters
were included to account for movement-related variability, and time-
derivatives were used, which resulted in 14 additional regressors of no
interest. Data were high-pass filtered using a cut-off of 1/128 Hz.

To assess neural activation associated with reward anticipation,
the reward and no-reward cues were contrasted (‘reward
cue’4‘no-reward cue’). The contrast images for these events were
submitted to a second-level random effect analysis with a full
factorial 2� 2� 2 design: ADHD status (patient/healthy control),
DAT1 haplotype or genotype and cue (reward vs. no-reward). Age
and gender were included as covariates (Becker, 1999; Mell et al.,
2009). For the whole brain analysis the main effect of cue was
tested using a threshold of po0.05, family-wise error corrected,
and a cluster size threshold of 50 voxels. Because of our a priori
hypothesis regarding the striatum, our region of interest was
determined by taking the supra-threshold striatal activation in
the whole brain analysis of our contrast of interest (‘reward
cue’4‘no-reward cue’) main effect of cue. The beta weights of
this region of interest were extracted using Marsbar (Brett et al.,
2002) and used in the analysis to investigate group effects (ADHD
status and DAT1 haplotype).



Table 3 DAT1 VNTR 3’UTR and intron 8 haplotypes and
genotypes.

Haplotype ADHD (n=87) Controls (n=77)

5-9 29 26
5-10 2 11
6-9a 25 7
6-10 112 110
6-11 3 0
13-10 1 0
14-10 1 0
14-11 1 0

Genotype ADHD (n=88b) Controls (n=77)

DAT1 3’UTR 9/9 7 4
DAT1 3’UTR 9/10 38 25
DAT1 3’UTR 10/10 38 48
DAT1 3’UTR 9/11 2 0
DAT1 3’UTR 10-11b 2 0
DAT1 intron8 5/5 2 3
DAT1 intron8 5/6 26 31
DAT1 intron8 6/6 56 43
DAT1 intron8 6/13 1 0
DAT1 intron8 5/14 1 0
DAT1 intron8 6/14 1 0

a9-6 was indicated to be the risk haplotype and showed an
association with ADHD.

bThe subject with 10-11 DAT1 3’UTR was not included in
the analysis.

Dopamine transporter haplotype and reward-related striatal responses 473
To replicate previous studies (Scheres et al., 2007; Ströhle et al,
2008; Hoogman et al., 2011), which observed striatal hypoactivation
in ADHD patients without taking the effect of DAT1 into account, a t-
test was performed with ADHD status as independent variable and
averaged task-related striatal activation as dependent variable. The
effect of the DAT1 haplotype was subsequently determined by
performing an ANOVA on task-related averaged striatal activation,
including ADHD status and DAT1 haplotype as independent variables.
In addition, the effect of the DAT1 30 UTR VNTR genotype was tested
in a similar way as the effect of the haplotype. All statistical tests
were two-sided, unless stated otherwise.

3. Results

Demographics of the sample of 87 adult ADHD patients and
77 comparison subjects are displayed in Table 2, genotype
and haplotype distribution is shown in Table 3. Patients and
controls did not differ on age, percentage men or estimated
IQ (p40.22). DAT1 risk haplotype (9-6) carriers did not differ
from non-carriers on any of the demographic variables,
neither did groups differ on such variables based on single
VNTR genotypes (DAT1 30 UTR and DAT1 intron 8; data not
shown). Patients had higher ADHD scores compared with
healthy controls (A: po0.001, HI: po0.001; see Table 2).

3.1. ADHD and the DAT1 haplotype

A higher prevalence of the risk haplotype was found in
adults with ADHD compared with healthy controls, [w2=
10.04, p=0.002, Table 3]. Also, patients carrying the DAT1
risk haplotype had more inattentive symptoms [t(85)=2.68,
p=0.009], but not hyperactive/impulsive symptoms
[t(85)=0.61, p=0.54] than patients not carrying this haplo-
type. Within the healthy comparison group no symptom
count differences based on haplotype carriership were
found.

Comparisons based on single VNTR genotypes showed
higher inattentive symptom levels in ADHD patients carrying
the DAT1 30 UTR VNTR 9-repeat allele compared with ADHD
patients homozygous for the 10-repeat allele [t(83)=2.79,
Table 2 Demographics of the study sample.

ADHD

Risk haplotypea

(n=25)
No risk
(n=62)

M SD M

Age 37.3 12.8 35.2
IQb 11.6 2.6 11.2
Inattentive symptoms 7.3 1.6 6.0
Hyperactive/Impulsive symptoms 5.8 2.3 5.5

N % N

Male subjects 6 24 30
Medication naı̈ve subjects 7 28 19

aRisk haplotype is the 9-6 haplotype of the 3’UTR VNTR and intro
bAverage of standard scores for Block Design and Vocabulary of W
p=0.007], but no differences in hyperactive/impulsive
symptoms [t(83)=0.09, p=0.93]. There were no differences
in ADHD symptom counts between patient groups based on
DAT1 intron 8 genotype or in any comparisons of single VNTR
genotypes within the healthy comparison group.
Healthy controls

haplotype Risk haplotype
(n=7)

No risk haplotype
(n=70)

SD M SD M SD

10.1 41.43 12.5 37.0 11.0
2.3 12.6 2.5 11.7 2.4
2.1 0.3 0.8 0.7 1.1
2.2 0.7 1.1 0.8 1.2

% N % N %

48 3 43 28 40
31 – – – –

n8 VNTR of DAT1.
AIS-III-R; M=mean, SD=standard deviation.
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3.2. Modified monetary incentive delay task

Subjects reacted faster in reward trials (mean=250 ms)
than no-reward trials (mean=289 ms), [F(1,161)=296.67,
po0.0001]. ADHD diagnosis (p=0.54), DAT1 haplotype/
genotype (p=0.16/0.67) or the interaction of ADHD status
and DAT1 haplotype/genotype (p=0.80/0.82) did not affect
cue-induced reaction time.

Task-related brain activation in the extended sample is
similar as before (Hoogman et al., 2011), and is displayed in
Supplement #3 in Appendix A. In the whole brain analysis
bilateral striatum, bilateral insula, right pre-supplementary
motor area, left middle frontal gyrus and right superior
frontal gyrus were more active during the anticipation of
‘reward cues’ relative to ‘no-reward cues’ (more details in
Supplement #4 in Appendix A). Further analysis focused on
the bilateral striatal activation. Like in previous studies by
others (Scheres et al., 2007; Ströhle et al., 2008) and in our
smaller sample (Hoogman et al., 2011), the analysis without
taking DAT1 haplotype or genotype into account showed
ADHD patients to have lower task-related striatal activation
compared to healthy subjects [t(162)=�2.32, p=0.02;
Supplement #3 in Appendix A].
3.3. Effect of DAT1 on striatal activation

Including both ADHD status and DAT1 haplotype in the whole
brain effect of reward cue4no-reward cue, no effect of
DAT1 haplotype was observed. Neither was there an effect
of DAT1 haplotype in our region of interest, the bilateral
striatum [F(3,160)=1.40, p=0.24; Figure 1]. There were
also no significant interactions of DAT1 haplotype with ADHD
status [F(3,160)=0.41, p=0.52], nor was there an effect on
bilateral striatal activation when only the DAT1 30 UTR VNTR
genotype was considered [F(3,158)=0.24, p=0.63]. An ana-
lysis only including patients who were medication-naive at
the time of testing (n=26) did not result in significant
Fig. 1 No effect of the DAT1 risk haplotype on reward-rela
effects of DAT1 haplotype (p=0.35) or genotype (p=0.28)
on striatal activation either. The same accounts for an
analysis only including participants with no prior smoking
habits (DAT1 haplotype [F(3,115)=0.71, p=0.40]; DAT1
genotype [F(3,115)=1.19, p=0.28]).
4. Discussion

In the current study, the role of the dopamine transporter
DAT1 gene in adult ADHD was investigated. First, the
association between adult ADHD and the DAT1 VNTR haplo-
type was studied. Second, the functional effect of the DAT1
gene on reward-related striatal activation was investigated
in ADHD patients and healthy controls.

Previous studies have shown, that in contrast to child-
hood, where the 10-6 haplotype of DAT1 is associated with
ADHD, the 9-6 haplotype is associated with ADHD in adults
(Franke et al., 2011). In the current study we confirmed this
association. In that, we have to mention that a part of the
sample investigated here was also part of earlier publica-
tions of this association (overlap of ADHD patients between
studies: n=17, no overlap in controls) (Franke et al., 2008,
2010). We report here, for the first time, that this risk
haplotype is also associated with more inattentive symp-
toms in the ADHD group. This fits well with previous findings
in childhood ADHD, where an association between the DAT1
gene and attention problems was found in several studies
(Bellgrove et al., 2005, 2009; Loo et al., 2003).

When studying the functional effect of the DAT1 VNTR
haplotype and effects of the individual DAT1 genotypes on
brain activation during a reward anticipation task, we found
no effect on striatal functioning, neither in patients nor in
controls. At best, there was a trend for striatum activity to be
higher in carriers of the 9-6 risk haplotype in both groups
(Figure 1). As shown in Table 1, several earlier studies had
described such effects for the DAT1 30 UTR VNTR polymorph-
ism. In healthy individuals, our study equalizes the number of
ted striatal activation in patients and healthy controls.
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studies observing an effect (more activity in 9-repeat
carriers, n=3) to those that did not (n=2+1). The former
studies in patients were much smaller, investigated children
and were contradicting each other in the direction of effects
of the DAT1 gene. It is expected that there are unknown
factors that determine the effects of DAT1. One of these
factors could be the specifics of the tasks used in the various
studies. In the current study, the effect of the DAT1 gene
was studied in the reward anticipation phase of a monetary
incentive task (Knutson et al., 2001), investigating the
effects of motivation (reward4no reward) on a simple
reaction time task. The study by Aarts et al. (2010) found
an effect of DAT1 30 UTR VNTR genotype on reward
anticipation when comparing high versus low reward (i.e.,
reward magnitude) in the context of a cognitively more
demanding task (task-switching). The study by Dreher and
co-workers (Dreher et al., 2009), who also reported a
significant effect of DAT1, also used a variation in reward
magnitude (3 levels) and a probability factor during the
anticipation phase. Forbes (Forbes et al., 2009) used an
alternative card guessing game involving a cognitive compo-
nent; guessing whether the next card was going to be higher
or lower then a given value. This was followed, in correct
trials by a reward. The differences in task demands might
thus have caused the discrepancies between current and
previous studies investigating DAT1 genotype effects on
reward anticipation. Indeed, it has been suggested that
the effects of striatal dopamine-dependent motivation are
highly dependent on cognitive task demands (Aarts et al.,
2011, 2010). The missing cognitive component in our task
might thus explain the absence of an effect of DAT1 on
striatal activation.

Next to specificity of the task, heterogeneity of the study
sample might also have an effect on the results. One of the
sources of heterogeneity is comorbidity; ADHD is a highly
heterogeneous disorder and co-morbid disorders are more
often present than not in ADHD (Wilens et al., 2009). There
is some evidence that the presence of one of these co-
morbid disorders, conduct disorder, has an effect on the
association between DAT1 and ADHD in children (Zhou et al.,
2008): only in ADHD patients without co-morbid conduct
disorder an association with DAT1 was observed, although
this concerned 5 single nucleotide polymorphisms of the
DAT1 gene rather than the VNTRs tested in the current study.
In addition, in adult ADHD patients, the presence of co-
morbid conduct disorder in childhood influences activity in
various regions in the brain including the left caudate part of
the striatum (Cubillo et al., 2011). Therefore, cognitive
functions in ADHD patients with or without a specific
comorbid disorder might be differently organized and thus
effects of genes may have different effects. In future studies
this should be taken into account. Although we did not have
information on conduct disorder in our patients available,
we took another source of heterogeneity into account, i.e.
enviormental factors known to affect dopamine transporter
regulation in the striatum (Krause, 2008). However, control-
ling for smoking and long-term use of stimulant medication
by excluding smokers and including only medication-naive
subjects in the analysis did not result in the identification of
significant effects of DAT1 on striatal functioning.

In the current study we try to explain how genetic variation
in DAT1 influences brain responses and consequently behavior.
To understand this process, the intermediate neuromolecular
step is also of importance: how are dopamine transporter
(DAT) levels affected by genetic variation and by the environ-
ment, and do baseline DAT levels differ between patients and
controls? Beyond effects of smoking and use of stimulants,
regulation of DAT levels is far from clear (Costa et al., 2011;
Dougherty et al., 1999; Spencer et al., 2005; Dresel et al.,
2000; la Foug�ere et al., 2006; Krause et al., 2000; Larisch
et al., 2006; Hesse et al., 2009; Jucaite et al., 2005; Volkow
et al., 2007). Nevertheless, we know that DAT1 is extremely
variable in its genetic sequence and also highly sensitive to
epigenetic regulation (Shumay et al., 2010; Nieratschker
et al., 2012). Understanding such effects would strongly
improve the analysis of DAT effects on behavior. PET studies
like the recent one by Shumay and coworkers, identifying
differential decay of DAT1 expression for different genotypes
(Shumay et al., 2011) might bring us a step closer to getting a
clearer picture DAT1 function.

Our study sample is the largest adult ADHD imaging
genetics study to date and considered large enough to
detect effects of single genetic variants (Munaf�o et al.,
2008; Mier et al., 2010; Hoogman et al., 2011). However, not
all genetic effects are equally large, as exemplified by the
study of Nikolova et al. (2011, Table 1), who investigated the
effect of five polymorphisms of genes linked with dopami-
nergic functioning, including DAT1. While the variation in
these genes together explained nearly 11% of the variance in
striatal activation, none of the genes by itself showed a
significant association with striatal activation. These results
would suggest that we might benefit from performing gene-
wide or neurobiological pathway-wide analyses in the future
to understand the polygenic effect on a neurobiological
process (Bralten et al., 2011; Ruano et al., 2010).

In conclusion, the importance of the DAT1 haplotype as a
risk factor for adult ADHD was again illustrated in this study.
However, the mechanism by which DAT1 increases disease
risk remains largely unknown. An early review of the effects
of the DAT1 30 UTR VNTR on neuropsychological functioning
did not show convincing effects of this variant on any
particular neuropsychological task (Rommelse et al., 2008).
Although it is too early to give up on DAT1 effects on striatal
activity for the reasons outlined above, other mechanisms
should thus also be considered. To date, there are two
studies investigating the effects of DAT1 on brain responses
other than those of the striatum, both in adults with ADHD.
One of them suggests that brain responses related to
cognitive interference result in hypoactivation in the dorsal
anterior cingulated cortex (ACC) in patients homozygous for
the 10-repeat allele (Brown et al., 2010). A second study
showed marginal suppressed effects of DAT1 in the left
medial prefrontal cortex during a working memory task,
and an interaction effect of diagnosis and genotype on dorsal
ACC activity (Brown et al., 2011). Studying DAT1 and the ACC
may thus provide additional insights on how DAT1 is related
to ADHD. Importantly, the proposed mechanism of DAT1 may
be one of modulating the ADHD phenotype instead of having
a direct role in causing ADHD, as has been suggested several
times (Kebir and Joober, 2011; Franke et al., 2008). In this
case more attention should be given to studying the role of
DAT1 in interaction with other genes. Finally, effects of genes
are expected to be subtle, and therefore specific knowledge
on neural correlates, external factors (like study design) and
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internal factors (like age) potentially influencing their effects
are important to consider in neuroimaging genetics studies,
and a sufficiently large sample size is of the essence.
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