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a  b  s  t  r  a  c  t

Genetic  variants  within  the  dopamine  D4  receptor  gene  (DRD4)  are  among  the  strongest
and  most  consistently  replicated  molecular  genetic  findings  in  attentional  functioning  as
well as attention  deficit  hyperactivity  disorder  (ADHD).  Functionally,  the  7-repeat  allele  of
the DRD4-48  base  pair  repeat  gene  leads  to  a sub-sensitive  postsynaptic  D4  receptor,  which
is expressed  at  a particularly  high  density  in the  frontal  lobes.  We  used  fMRI  to  investigate
the  influence  of  the  7-repeat  allele  on  BOLD  (Blood  Oxygen  Level  Dependency)  responses  in
26 healthy  children  and adolescents  while  they  performed  a combined  stimulus-response
Incompatibility  Task  (IC)  and  a  Time  Discrimination  Task  (TT).

7-repeat  non-carriers  exhibited  increased  neural  activation  of the left middle  and  inferior
frontal  gyrus  (IFG)  in  the IC and greater  cerebellar  activation  in the  TT.  Furthermore,  the  7-
repeat non-carriers  exhibited  a stronger  coupling  in  haemodynamic  responses  between  left

IFG and  the  anterior  cingulate  cortex  (ACC)  during  the  IC  and  between  cerebellar  activation
and brain  regions  that  have high  DRD4  density,  including  the  IFG  and  the ACC  during  the
TT. Our  results  indicate  that  the  7-repeat  allele  influences  both  regional  brain  activation
patterns  as  well  as connectivity  patterns  between  neural  networks  of  incompatibility  and
temporal processing.

.

Abbreviations: ACC, anterior cingulate cortex; BL, baseline; BOLD,
lood Oxygen Level Dependency; bp, base pair; CER, cerebellum; FWE,

amily wise error; IC, Incompatibility Task; IFG, inferior frontal gyrus;
, cluster size; PPI, psychophysiological interactions; SPG, superior pari-
tal  gyrus; TD, typically developing; TT, Time Discrimination Task; VNTR,
ariable number of tandem repeats.
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1. Introduction

Dopamine plays an important role in normal atten-
tion and disorders of attention such as in attention
deficit/hyperactivity disorder (ADHD) (Thapar et al., 2005;
Del  Campo et al., 2011). The dopamine receptor genes in
particular  are of great interest given that they may  con-
tribute to diverse aspects of normal and abnormal human
behaviour (Thapar et al., 2005). According to human post-

Open access under CC BY-NC-ND license
mortem  and studies with monkeys, the D4 receptor, which
is  a D2-like receptor (Strange, 1993), is expressed in sev-
eral  brain regions related to planning and reward (Simpson
et  al., 2010; Meador-Woodruff, 1994; Matsumoto et al.,
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1996; Mrzljak et al., 1996; Ariano et al., 1997; Sanyal and
Van  Tol, 1997). It plays an important role in the prefrontal
cortex and in the anterior cingulate cortex (ACC) (see Oak
et  al., 2000, for a review). These brain regions are critical for
regulating executive functions (Seeman et al., 1993). A fre-
quently  studied polymorphism of the DRD4 gene, which is
located  on chromosome 11p15.5, is a 48-base pair variable
number of tandem repeat (VNTR) in exon III. This region of
the  DRD4 gene encodes the third cytoplasmic loop of the
D4  receptor, which is responsible for the coupling of a G-
protein  and activates intracellular responses to dopamine
release by changing intracellular cAMP levels (Oak et al.,
2000).  The 48-bp fragment can be repeated from 2 to 11
times  (Van Tol et al., 1992). In functional terms, the DRD4
7-repeat allele seems to alter the function of the encoded
receptor by making it less sensitive to dopamine compared
to  other numbers of repeats (Schoots and Van Tol, 2003;
Asghari et al., 1995).

Most  of the evidence concerning the relevance of dif-
ferences in the expression of the DRD4 receptor and
attentional functioning is based on research within the
field  of ADHD. The association between ADHD and the
48  bp repeat polymorphism of exon III of the DRD4 gene
is  the strongest and most consistently replicated molec-
ular  genetic finding in ADHD (Banaschewski et al., 2010).
A  meta-analysis of more than 30 studies found that the
DRD4  7-repeat (DRD4-7r) allele increases the risk for ADHD,
although this increase is only moderate with a pooled odds
ratio  of 1.34 (Faraone and Doyle, 2001; Li et al., 2006).

Studies investigating cognitive differences associated
with the different DRD4-48 bp repeat genes in children and
adults  with ADHD have produced heterogeneous results.
Some  neuropsychological studies showed that participants
carrying the 7-repeat allele indeed performed poorer on
tasks  of executive functions (Kieling et al., 2006; Langley
et  al., 2004) than those with other gene variants. In contrast,
other  studies have reported that children with ADHD who
carry  the 7-repeat allele have better performance on those
tasks  (Johnson et al., 2008; Swanson et al., 2000). However,
some studies have failed to find any differences in atten-
tional performance between carriers of the 7-repeat allele
and  those without it (Barkley et al., 2006; Konrad et al.,
2010).  There is an obvious lack of studies which deal with
the  effect of DRD4 gene variants on attentional and execu-
tive  functions in healthy participants. In addition, to date,
only  a limited number of studies used neuroimaging to
explore  the relationship between the DRD4 7-repeat allele
and  differences in brain anatomy or function, although sev-
eral  studies have suggested that neuroimaging methods
might be particularly powerful for unravelling gene-brain
behavioural relationships (Weinberger et al., 2001). While
no  other study has yet investigated the impact of DRD4-
risk  alleles on neural networks associated with executive
functions, there is first evidence that DRD4 impacts on
brain  circuits associated with neural responses in brain
areas  involved in reward processing such as insula and
cingulate cortex (Camara et al., 2010; Forbes et al., 2009).

Since,  genetic variants may  have a more direct effect
on  brain functions than on behavioural phenotypes (e.g.,
Goldberg and Weinberger, 2004), the aim of the current
fMRI study was to explore how genetic variation in the
e Neuroscience 2 (2012) 417– 427

dopamine-regulating gene DRD4 affects the pattern of
neural  activation associated with executive functions in
typically  developing children and adolescents. We  decided
to  investigate children and adolescents since neural net-
works  during development differ from those of adults
(see Konrad et al., 2005; Durston and Casey, 2006) and
genetically mediated disorders of attention (such as ADHD)
typically have their onset during childhood. We  analysed
behavioural and BOLD responses in typically developing
children using two  tasks examining executive functions, a
combined  stimulus-response Incompatibility Task (IC) and
a  Time Discrimination Task (TT), with the same set of stim-
uli  for both. The rationale for choosing these two  tasks
were to analyse neural mechanism underlying two differ-
ent  aspects of executive functions (Rubia and Smith, 2004)
that  are known to be modulated by dopamine (Konrad
et  al., 2004; Rubia et al., 2009) and which are known to
be  impaired in many subjects with attentional disorders
(Rubia and Smith, 2004; Nigg, 2000; Vloet et al., 2009).
We  predicted that groups with and without the 7-repeat
allele would display differences in neural activation pat-
terns,  particularly in brain regions with high dopaminergic
receptor density such as the prefrontal cortex. Given the
functional consequences of the 7-repeat allele (Asghari
et  al., 1995) and the association between the risk allele
and  ADHD (Li et al., 2006), one might hypothesise that
7-repeat-carriers show reduced BOLD responses in brain
areas  critical for EF task performance, although the unclear
and  contradicting results of previous neuropsychological
studies and the lack of comparable neuroimaging studies
hinder a precise prediction of the direction of this effect.

Consecutively, psychophysiological interactions were
analysed to further investigate how the DRD4-48 bp repeat
gene  modulates functional connectivity within neural net-
works  related to executive functions.

2. Materials and methods

2.1.  Subjects

Twenty-six, typically developing 8–16-year-old Cau-
casian children and adolescents (17 boys, 9 girls,
Mage = 11.4 ± 2 years) were recruited by board announce-
ments in local primary and secondary schools. All subjects
were  carefully screened for childhood psychiatric disor-
ders  using a standardised semi-structured interview for the
diagnosis  of mental disorders in children (Unnewehr, 1995;
Kaufman  et al., 1997; Delmo et al., 2001) and were free of
any  past or present mental disorders (i.e., ADHD, perva-
sive  developmental disorders, etc.). Each subject’s IQ was
also  estimated based on a short version of the Wechsler
Intelligence Scale for Children III (Tewes et al., 1999). An
IQ  below 85 resulted in exclusion from the study. All par-
ticipants were screened for any contraindications against
fMRI  and were trained prior to scanning in a mock fMRI-
scanner to familiarise them with the scanner environment.
Please note that some data were included in Neufang et al.

(2008).  The inclusion in this study was  based on the avail-
ability  of blood samples from the participants as well as on
the  consent given by participants and parents to participate
in  genetic studies.
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The study was carried out in accordance with the lat-
st  version of the Declaration of Helsinki. The protocol
as reviewed and approved by the local ethics committee.
ritten informed consent was obtained after providing a

omplete  description of the study to the subjects and their
arents.  Subjects were compensated for their expenses.

.2.  Genotyping

All  participants were genotyped for the DRD4 48-bp
epeat VNTR polymorphism.

Table  1 summarises the characteristics of the samples.
The groups did not differ significantly with regard to

ge  (p = 0.420), IQ (p = 0.847) or sex distribution (p = 0.206).
enotyping was performed by the Department of Child
nd  Adolescent Psychiatry, University of Duisburg-Essen,
ermany. Polymerase chain reaction fragment length anal-
sis  was performed as described previously (Hinney et al.,
999).  Briefly, the 48-bp repeat in the third exon of the
RD4  gene was amplified using primers D4-42 and D4-3
ccording to the guidelines outlined by Lichter et al. (1993).
CR  products were run in ethidium bromide-stained 2.5%
garose  gels. Positive controls for the variant alleles were
un  in each gel. All genotypes were scored independently
y an experienced lab technician and subsequently by
ne  scientist. Discrepancies were resolved unambiguously,
ither by reaching a consensus or by re-genotyping.

.3. Task, experimental design

All participants were asked to perform a combined
timulus-response IC (adapted from Davidson et al., 2006)
nd  a TT (adapted from Smith et al., 2003). In the com-
ined paradigm, each stimulus consisted of two symbols,
hich were presented consecutively on the left or right

ide  of the screen. The symbols could either be 1 square
nd 1 heart, or 2 squares or 2 hearts. All symbols were
alanced for responses (i.e., the same number of right and

eft  answers were given), symbols, and presentation order.
he  symbols were presented with a simultaneous onset,
ut  for different durations, with the shorter-duration sym-
ol  being presented for 250 ms  (reference item) and the

onger-duration symbol being presented from 500 ms  to
00  ms.  Hence, one symbol was presented 250 to 350 ms

onger  than the other symbol (average difference = 300 ms).
esponses were given by pressing one of two parallel but-
ons  and communicated using a fibre optic response device.
he  buttons were situated beside the participant in the
canner and responses were given by using the index or
he  middle finger of the right hand respectively. In the
T,  subjects were instructed to indicate on which side of
he  screen the symbol was presented longer (e.g. the left
and-side) by pressing the button on the same side (e.g.
he  left one of the two parallel buttons). In the IC task, sub-
ects  were asked to press the button on the same side of
he  screen on which the second symbol had appeared, if
he  symbols were identical. If two different symbols were

resented, the subject had to press the button opposite to
he  position of the second symbol (i.e., a spatially incom-
atible response). The ratio of compatible/incompatible
rials in the IC task, as well as the difference in symbol
e Neuroscience 2 (2012) 417– 427 419

presentation length in the TT, was  varied to create two lev-
els  of task difficulty. In the TT, the easier condition had
a  mean presentation difference of 350 ms  (low task dif-
ficulty, TT low), while the more difficult condition had a
mean  presentation difference of 250 ms (high task diffi-
culty,  TT high) (Smith et al., 2003). In the IC task, the easier
condition consisted of a slightly higher ratio of incom-
patible trials (60:40%, IC low), while the more difficult
condition had a much higher ratio of incompatible trials
(80:20%, IC high) (Casey et al., 2002). Block design was
employed with blocks of either TT or IC trials. In addition,
task difficulty was manipulated in a blockwise manner.
However, since functional data analyses did not reveal a
significant effect of task difficulty on neural activation pat-
terns  for both task conditions, blocks of high and low task
difficulty were combined in further data analyses.

The experiment consisted of 4 runs; each run had 4
blocks of the same task. To minimise working memory
load, the specific task symbol was  presented for 1500 ms
at  the beginning of each block (every 10th stimulus). There
were  15-sec breaks between each run serving as a low-
level  baseline condition. Stimuli were presented using a
visual  stimulation device (goggles, Silent VisionTM, Avotec,
FL,  USA).

2.4. Data acquisition

A  SONATA MRI  system (Siemens, Erlangen, Germany)
operating at 1.5 T was used to obtain T2*-weighted echo-
planar  (EPI) images with BOLD (Blood Oxygen Level
Dependency) contrast (matrix size: 64 × 64; voxel size:
3.12 mm × 3.12 mm).  In total, 266 volumes of 30 4-mm-
thick axial slices were acquired sequentially with a 0.8-mm
gap  (repetition time = 3.2 s, echo time = 66 ms). The first
five  volumes were discarded to allow for T1 equili-
bration effects. Images were spatially realigned to the
first  volume to correct for inter-scan movement and
were normalised to a standard EPI template (resam-
pled to 3 mm × 3 mm × 3 mm voxels). The data were
then smoothed with a Gaussian kernel of 8-mm, full-
width at half-maximum to accommodate inter-subject
anatomical variability. A high-pass filter (using a cut-off
of  512 s) and a correction for temporal autocorrela-
tion in the data (AR 1 + white noise) were applied to
accommodate serial correlations. After the acquisition
of the functional scan (∼14.2 min), high-resolution T1-
weighed anatomical brain scans were collected using a
rapid  acquisition gradient-echo (MP-RAGE) pulse sequence
(TE  = 3.93 ms,  TR = 2200 ms,   ̨ = 15◦, FOV = 256 mm,  matrix
size  = 256 × 256, voxel size = 1 mm × 1 mm × 1 mm,  160
slices, slice thickness = 1 mm).

2.5. Statistical analyses of the imaging data

Data were analysed using Statistical Parametric Map-
ping  software (SPM2, Wellcome Department of Imaging
Neuroscience, London (http://www.fil.ion.ucl.ac.uk/spm2.

html; Friston et al., 1995) using random-effects models.
There was  no significant effect of task difficulty. There-
fore, we performed a first-level analysis incorporating the
five  conditions (i.e., TT high, TT low, IC high, IC low, and

http://www.fil.ion.ucl.ac.uk/spm2.html
http://www.fil.ion.ucl.ac.uk/spm2.html
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Table  1
Characteristics of the DRD4 groups.

DRD4-genotype 7-repeat-absent 7-repeat-present

N Overall 16 Overall 10
Male 10 Male 7
Female 6 Female 3
Min–Max M (SD) Min–Max M (SD)

Age 8.0–15.0 11.7 (2.4) 9.1–4.1 11.0 (2.0)
IQ 85–126 103.1  (12.0) 83–118 102.0 (13.3)
IC  reaction time (ms) 628–1105 930(153)  601–1136 921(148)
IC  error rate (%) 00–48.07  21.21 (19.95) 3.57–41.14 23.75 (25.85)

37 (90) 

21.17 (2

TT  reaction time (ms) 758–1157 9
TT  error rate (%) 1.25–47.5 

the baseline condition or BL) into one design matrix. For
each  session, the five conditions were modulated as a
boxcar  function convolved with the synthetic haemody-
namic response function (HRF). The six head movement
parameters were included as confounds. Estimated motion
parameters were examined on a subject-by-subject basis to
ensure  that the amount of absolute motion did not exceed
3  mm.

All  subjects exhibited less than 1.5 mm of absolute
motion over the course of the experiment and genotype
groups did not differ with respect to the total amount of
head  movement during the scan.

The first-level analysis was primarily designed to iden-
tify  neural networks that were activated by the two  tasks.
Thus,  for each participant, condition-specific effects were
estimated according to a general linear model, with param-
eter  estimates passed into a second-level one-sample t-test
with  non-sphericity correction. The condition-specific
effects were as follows: TT (TT high + TT low) > BL and
IC  (IC high + IC low) > BL. These random-effects analyses
assessed the data based on inter-subject variance and
thereby allowed for inferences about the population from
which  the subjects were drawn. Two-sample t-tests were
performed on contrast images to investigate differences
in neural activation between the 7-repeat present and
the  7-repeat absent groups. We  used a region-of-interest
(ROI)-based approach with a height threshold of p < 0.05,
FWE  (family wise error)-corrected, restricting our analy-
ses  to those ROIs known to be activated by our executive
tasks. These areas were the prefrontal cortex (Goghari and
MacDonald, 2009; Neufang et al., 2008) the parietal cortex
(Neufang et al., 2008) as well as the cerebellum (Neufang
et  al., 2008; Rubia and Smith, 2004). Anatomical ROIs were
constructed using the WFU  Pickatlas software (Tzourio-
Mazoyer et al., 2002; Maldjian et al., 2003). For all ROI
analyses, small volume corrections were applied across
each  respective region.

In  addition, in order to determine gene effects on brain
areas commonly involved in both, the IC and TT tasks, we
performed a random effects conjunction analysis, based on
inclusive  masking, as suggested by Nichols et al. (2005).
This  conservative analysis corresponds to a logical AND
operation, showing those voxels, which are significant

in both the TT Task (TT high + TT low) > BL and IC Task
(IC  high + IC low) > BL. For this analysis, the threshold for
each  contrast entered into a conjunction analysis was  set at
p  < 0.001 uncorrected. Between-group differences between
718–1155 924 (151)
2.59) 1.25–47.5 19.38 (17.33)

genotypes were then reported at a threshold of p < 0.05,
FWE  (family wise error)-corrected across the whole brain.

Neural  activation was  localised using the anatomy
toolbox developed by Eickhoff et al. (2005). In addition,
SPM(T)images were overlaid on the averaged group T1-
image,  which was calculated from the subjects’ normalised
T1-images.

To  further explore the influences of genotype on the
functional associations between different brain areas, we
conducted psychophysiological interaction (PPI) analyses.
Based  on the results of the two-sample t-tests, the maxima
of  the genotype-dependent differential activation patterns
obtained in the BOLD signal time course were used as
seeds  for a PPI analyses (see also Monk et al., 2008). A PPI
analysis attempts to explain neural responses in one brain
area  in terms of its interactions with other brain regions
and cognitive/sensory processes. Thus, a psychophysiolog-
ical interaction can be interpreted as a condition-specific
change in the coupling of neural activation between brain
regions. The PPI analysis consists of a design matrix with
three  regressors: (i) the “psychological variable”, repre-
senting the cognitive/sensory process of interest, (ii) the
“physiological variable”, representing the neural response
in  a given brain region, and (iii) the interaction between (i)
and  (ii).

The  psychological variable used in the current study
was  a vector coding for the specific task convolved with
the  HRF. The individual time series for the left inferior
frontal gyrus (IFG) and the cerebellum, respectively, were
obtained by extracting the first principal component from
all  raw voxel time series in a sphere (8-mm radius) cen-
tred  on the coordinates of the subject-specific activations.
These time series were mean-corrected and high-pass fil-
tered  to remove low-frequency signal drifts. This process
produced the physiological factor that was  then multi-
plied by the psychological factor to produce the interaction
term. PPI analyses were then carried out for each subject
by  creating a design matrix with the interaction term, the
psychological factor, and the physiological factor as regres-
sors.  Subject-specific contrast images using the contrast
[1  0 0], where the first column represented the interaction
term, were then entered into a random-effects group anal-
ysis,  comparing the groups according to genotype (7-repeat

absent  versus 7-repeat present). Task-specific ROI-analyses
were performed (prefrontal cortex, parietal cortex, cere-
bellum)  with a significance threshold set at p < 0.001,
uncorrected for multiple comparisons, extent threshold
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 > 5. We  decided for this more liberal threshold since PPI
nalyses are inherently less powered than their univariate
ounterparts (as only the unshared variance between the
hree  regressors is attributed to the interaction term). Vox-
ls  that surpassed the threshold in these PPI analyses can
e  interpreted as showing a genotype-based difference in
onnectivity with the seed region as a function of EF task
Uncapher et al., 2011).

.  Results

.1. Genotyping

Carriers of the 7-repeat allele were equally distributed
cross boys and girls (7-repeat absent: 10 males, 6 females;
-repeat present: 7 males, 3 females). The groups did not
iffer  significantly with respect to age or IQ (see Table 1).
he  n values were as follows: 7-repeat absent, N = 16 and
-repeat present, N = 10; the most common DRD4 allele
as  the 4-repeat allele (84.6% with 50% homozygous), fol-

owed  by the 7-repeat allele (38.5%) and the 2-repeat allele
19.2%).  Other DRD4 gene variants were rare. Genotypes
ere in Hardy-Weinberg equilibrium.

.2. Behavioural results

Mixed-model  ANOVAs with the factors TASK and
ROUP were calculated to analyse the percent correct

esponses and the reaction times (RTs).
Number of correct responses: ANOVA for the percent

orrect responses revealed no significant main effect of
roup  (F1,24 = 0.003, p = 0.96) or task (F1,24 = 0.245, p = 0.625)
s well as no significant interaction effect (F1,24 = 0.237,

 = 0.631).
Reaction times: ANOVA models with RTs as depen-

ent variables revealed no significant main effect of
roup (F1,24 = 0.061, p = 0.808) or task (F1,24 = 0.27, p = 0.872)
s well as no significant interaction effect (F1,24 = 0.004,

 = 0.949).
Since the groups did not differ in terms of behavioural

erformance, we could examine the effects of genotypes
n  brain activity independently of significant behavioural
roup differences.

.3.  Functional results

Two-sample  t-tests were performed on contrast images
o  investigate group differences in neural activation
etween the DRD4 groups (7-repeat allele non-carrier
ersus 7-repeat allele carrier). The results stem from
he  ROI-analyses described under Section 2.5. Consis-
ent with our hypothesis, the groups had significantly
ifferent BOLD responses during the IC task in frontal
ortical areas involved in executive functions, specifi-
ally, in the left IFG and left middle frontal gyrus using a
OI-based analysis (x = −36, y = 30, z = 12; T = 5.28, p-FWE-
orrected < 0.05, k = 40). The 7-repeat present group had

ignificantly decreased haemodynamic responses com-
ared  to the 7-repeat absent group (see Fig. 1A and B).

When  individuals performed the TT, differences in
eural activation between the different gene variants
e Neuroscience 2 (2012) 417– 427 421

were located in the cerebellum in the ROI-based analysis
(x  = −15, y = −48, z = −36; T = 4.54, p-FWE-corrected < 0.05,
k  = 16). In accordance with the pattern of neural activation
observed during the IC task, the 7-repeat present group had
significantly decreased haemodynamic responses com-
pared  to the 7-repeat absent group (see Fig. 2A and B).

A  conjunction analysis (whole brain analysis) across
both tasks confirmed DRD4-genotype effects on haemody-
namic responses in two clusters in the left middle frontal
gyrus.

Please see Table 2 for a summary of all resulting con-
trasts.

3.4. PPI analysis

Based  on the genotype-dependent between-group dif-
ferences, the BOLD signal time courses at the local maxima
in  specific regions within the IFG (x = −36, y = 30, z = 12)
for  the IC task and within the cerebellum (x = −15, y = −48,
z  = −36) for the TT were entered into PPI analyses at the
second level. ROI analyses were performed (see Section
2.5)  and are presented in the following. During the IC
task,  the connectivity analysis revealed that there were
differences between the DRD4 genotypes in the associ-
ation between haemodynamic responses in the left IFG
and  the ACC (ROI-analysis: x = 6, y = 27, z = 24; T = 3.60,
p-uncorrected < 0.001, k = 50), as shown in Fig. 3A. Carri-
ers  of the DRD4-7 repeat allele showed reduced coupling
between the interhemispheric inferior frontal brain regions
compared to non-carriers of the risk allele.

During the TT, the correlation between haemodynamic
responses in the cerebellum, the right IFG (ROI-analysis:
x = 45, y = 24, z = −15; T = 3.61, p-uncorrected < 0.001, k = 5)
and  the ACC (ROI-analysis: x = −3, y = 36, z = −6; T = 3.54, p-
uncorrected < 0.001, k = 25) was different with respect to
DRD4  genotype, as evident in Fig. 3B. Again, there was a
reduction of the correlation of haemodynamic responses in
the  7-repeat present group relative to the 7-repeat absent
group.

4.  Discussion

The results of the present study confirmed that the
genotype of the DRD4-48 bp repeat affects neural acti-
vation patterns in children and adolescents during both
the  response IC and the TT, two tasks that tap the exec-
utive domain. In line with our hypothesis, we found
that carriers of the DRD-4 risk allele showed reduced
prefrontal and cerebellar brain activation during EF tasks,
similarly to findings previously described for subjects
with ADHD (see Vloet et al., 2009; Dickstein et al., 2006
for  a meta-analysis). During the IC, we found DRD4-48 bp
repeat  gene-dependent differences in neural activation
patterns in the left IFG. Coupling differences were observed
between left IFG and ACC. The location of genotype depen-
dent  differences in neural activation patterns during the IC
task  is in line with other studies showing that the IFG and

ACC  are important for individual differences in executive
functioning (Osaka et al., 2004; Morimoto et al., 2008). The
conjunction analysis also confirmed main gene effects on
left  prefrontal cortex activity located in the middle frontal
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patibil
36, y = 3
Fig. 1. (A) Genotype based analysis of the BOLD response during the Incom
differences  for the Incompatibility Task in the inferior frontal gyrus (x = −

gyrus. During TT, there were DRD4-48 bp repeat gene-
dependent differences in neural activation patterns in the
cerebellum, as well as differences in neural connectivity
between the ACC, IFG and SPG. For both the IC and TT,
haemodynamic responses and connectivity were higher
in  the group with 7-repeat allele non-carriers compared

to  the group of 7-repeat allele carriers. The analysis of
psychophysiological interactions revealed that there were
genotype-based differences in the functional coupling of
haemodynamic responses between brain regions that are

Table 2
Summary of results. Contrast: 7-repeat absent > 7-repeat present.

Task Analysis k p-FWE-correc

IC ROI  40 0.001 

TT  ROI 16 0.001 

Conjunction IC∩TT Wholebrain 18 0.002 

11 0.003  
ity Task. Contrast: 7-repeat absent > 7-repeat present. (B) Brain activation
0, z = 12).

known  to interact during executive functioning (Neufang
et  al., 2008). These differences in functional associations
indicate that a specific genotype not only modulates
activity in circumscribed brain regions but also has a
significant effect on connectivity between brain regions.

At  first glance, the genotype-dependent differences

in neural activation patterns during the TT may  seem
unexpected given that the cerebellum does not have a
high  density of D4 receptors (Moreland et al., 2004). In
general,  cerebellar activation is observed during time

ted T x y z Anatomical region

5.28 −36 30 12 Left inferior frontal gyrus
4.54 15 −48 −36 Cerebellum

6.25 −39 39 24 Left middle frontal gyrus
6.10 −36 30 9 Left middle frontal gyrus
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Fig. 2. (A) Genotype based analysis of the BOLD response during the Time Discrimination Task. Contrast: 7-repeat absent > 7-repeat present. (B) Brain
activation  differences for the Time Discrimination Task in the cerebellum (x = −15, y = −48, z = −36). (C) Brain activation differences for the conjunction
of  both tasks (Incompatibility and Time Discrimination Task) in the middle frontal gyrus (x = −39, y = 39, z = 24, x = −36, y = 30, z = 9). Contrast: 7-repeat
absent > 7-repeat present.
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Fig. 3. (A) Genotype based group comparison of the psychophysiological interactions associated with the left inferior frontal gyrus and connectivity strength
rast: 7-r
l gyrus a

 7-repea
between  the left IFG and the ACC during the Incompatibility Task. Cont
psychophysiological interactions associated with the left inferior fronta
regions  during the Time Discrimination Task. Contrast: 7-repeat absent >

processing tasks, and cognitive models of time perception
have implicated the cerebellum in the regulation of timing
mechanisms in particular if very small time difference
(<1 s) have to be detected (Ivry and Fiez, 2000). However,
Monuteaux et al. (2008) found differences in cerebellar
volume between 7-repeat allele carriers and those without
this  gene variant in 24 participants with ADHD, suggesting
that there are DRD4-48 bp repeat gene-dependent effects

on  cerebellar structures. To further explore this issue, psy-
chophysiological interactions were calculated. The results
revealed that the 7-repeat non-carriers exhibited greater
coupling between cerebellar activity and haemodynamic
epeat absent > 7-repeat present. (B) Genotype based group comparison
nd connectivity strength between the cerebellum and associated brain
t present.

responses in the ACC and IFG, than did the 7-repeat car-
riers.  This difference in neural connectivity between the
cerebellum and brain regions with dense DRD4 receptor
expression may  help to explain the influence of the DRD4-
48  bp repeat gene on cerebellar activity during the TT.

Unfortunately, to date no other functional neuroimag-
ing study has investigated the association between the
same  DRD4 polymorphism and neural networks of exec-

utive  functions. Therefore, replication of this study is
urgently needed. However, the results are in line with pre-
vious  fMRI studies that demonstrated the importance of
genetic  differences of D2-type receptors, to which the D4
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eceptor belongs on neural networks associated with plan-
ing,  feedback-based learning and reward (Camara et al.,
010;  Fan et al., 2003; Klein et al., 2007). For example, Fan
t  al. (2003) studied the insertion/deletion of a guanosine
esidue at the upstream position −1217 of the DRD4 gene
nd  found greater conflict-related brain activity in the ACC
n  participants carrying the insertion variant of the poly-

orphism. Moreover, Klein et al. (2007) demonstrated that
resence  of the A1-allele, leading to a reduced receptor
ensity, is associated with a reduced BOLD response to
egative feedback in the medial prefrontal cortex. In line
ith  this, carriers of the DRD4 allele in our study showed

 reduced response to the cognitive stimuli of both our
asks,  which might be related to the 7-repeat allele’s mod-
lation  of subsensitivity of the DRD4 receptor. Although
he  transcriptional effects of this polymorphism are not
ompletely known (Ogawa, 1995; Kereszturi et al., 2006)
ne  might speculate that a subsensitive dopamine recep-
or  might result in a reduced neural response to cognitive
timuli as well as altered connectivity between different
rain regions. This line of argumentation could also sup-
ort  those neuropsychological findings that demonstrated
he presence of the 7-repeat allele as a risk factor for impair-

ents  in executive functions and may  go hand in hand with
he  associations between this polymorphism and ADHD
Faraone and Doyle, 2001; Li et al., 2006).

However, in our study we could not replicate the
ehavioural results found in neuropsychological studies
hat  investigated differences between carriers of the DRD4
-repeat  allele and carriers of other gene variants. This lack
f  behavioural differences could probably stem from the
ack  of power or could be due to the fact that our sample was
omposed of healthy subjects whereas other neuropsycho-
ogical studies were conducted mainly with patients with
DHD.  However, given the fact that behavioural results
ave been contradictory so far, the lack of behavioural
ifferences in the present study gave us the opportu-
ity to focus on functional differences in haemodynamic
esponses without accounting for behavioural variation. As
as  been shown earlier (Fink et al., 1996, 2002) functional
euroimaging can unravel differences in neural processes
hat  remain undetected by neuropsychological measures.
dditionally, it has to be noted that in previous studies chil-
ren  or adolescents with ADHD were compared to each
ther  or healthy controls regarding their genotype whereas
e  compared a sample of healthy participants. Thus, we

voided  to confound diagnosis with genotype effects.
Our  results confirmed the hypothesis on the influence of

he  DRD4-48 bp repeat gene on neural activation patterns
nd  task-dependent connectivity patterns between brain
reas  associated with executive functions. Modulation of
erebellar  activity by the DRD4-48 bp repeat gene could
e  explained by genotype-dependent differences in func-
ional  coupling between the cerebellum and the ACC, IFG.
hus,  our connectivity analyses provide important infor-
ation  by showing that there is an association between

enotype and the functional connectivity between cere-

ellar  activation and activation in brain areas that have a
igh  density of DRD4 receptors. However, given the more

iberal  threshold chosen for the connectivity analyses (not
orrected for multiple comparisons), our findings have to
e Neuroscience 2 (2012) 417– 427 425

be  considered with caution and require replication in inde-
pendent  samples.

Overall,  our findings confirm an influence of DRD4-
genotype on prefrontal functioning during typical
development which has not been shown consistently
in neuropsychological measures. Thus, the inclusion of
neuroimaging will remain important and indispensable
to further explore the relationship between genotype and
executive functions.
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