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Motivation is important for learning and cognition. Although dopaminergic (D2) transmission in the ventral striatum (VS) is associated

with motivation, learning, and cognition are more strongly associated with function of the dorsal striatum, including activation in the

caudate nucleus. A recent study found an interaction between intrinsic motivation and the DRD2/ANKK1 polymorphism (rs1800497),

suggesting that A-carriers of rs1800497 are significantly more sensitive to motivation in order to improve during working memory (WM)

training. Using data from the two large-scale imaging genetic data sets, IMAGEN (n¼ 1080, age 13–15 years) and BrainChild (nB300,

age 6–27), we investigated whether rs1800497 is associated with WM. In the IMAGEN data set, we tested whether VS/caudate

activation during reward anticipation was associated with WM performance and whether rs1800497 and VS/caudate activation interact

to affect WM performance. We found that rs1800497 was associated with WM performance in IMAGEN and BrainChild. Higher VS and

caudate activation during reward processing were significantly associated with higher WM performance (po0.0001). An interaction was

found between the DRD2/ANKK1 polymorphism rs1800497 and VS activation during reward anticipation on WM (po0.01), such that

carriers of the minor allele (A) showed a significant correlation between VS activation and WM, whereas the GG-homozygotes did not,

suggesting that the effect of VS BOLD on WM is modified by inter-individual genetic differences related to D2 dopaminergic

transmission.
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INTRODUCTION

Dopamine is known to affect working memory (WM)
performance as well as processes relating to reward and
motivation, which may indirectly influence WM perfor-
mance (Vijayraghavan et al, 2007; Williams and Goldman-
Rakic, 1995). Density of dopamine transporters and
receptors in the brain have been shown to affect WM
performance (Backman et al, 2011) and recent research
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Karolinska institute, Retzius vÃ¤g 8, Stockholm 17177, Sweden, Tel:
+46727033334, Fax: +468333864, E-mail: charlotte.nymberg@ki.se
22See appendix.
Received 20 December 2013; revised 14 March 2014; accepted 14
March 2014; accepted article preview online 9 April 2014

Neuropsychopharmacology (2014) 39, 2357–2365

& 2014 American College of Neuropsychopharmacology. All rights reserved 0893-133X/14

www.neuropsychopharmacology.org

http://dx.doi.org/10.1038/npp.2014.83
mailto:charlotte.nymberg@ki.se
http://www.neuropsychopharmacology.org


shows that dopaminergic genes known to affect receptor
densities in the brain also influence WM (Söderqvist et al,
2013). Here, we investigate whether the DRD2/ANKK1
polymorphism and it’s interaction with striatal activation
reflecting levels of motivation affect WM performance.

Density of D2 receptors in the striatum have been shown
to affect motivation, as shown in a study of rodents where
postsynaptic D2 receptor overexpression in the ventral
striatum (VS) increased the animal’s motivation in terms of
willingness to expend effort to obtain a goal (Trifilieff et al,
2013). Dopaminergic neurotransmission is also central for
WM performance (Aalto et al, 2005). In humans, cortical
dopamine release is observed during the performance of
WM tasks (Aalto et al, 2005). The value of cortical D1
density (McNab et al, 2009) and D2 binding in the striatum
for WM has been established using positron emission
tomography (Backman et al, 2011).

A widely studied dopaminergic polymorphism affecting
reward processes and cognition is the DRD2/ANKK1
variant rs1800497 (Glu713Lys). The polymorphism is known
to be in linkage disequilibrium with the DRD2 gene (Neville
et al, 2004) and is believed to affect dopamine binding in the
striatum amongst healthy volunteers (Hirvonen et al, 2004).
A recent study from our group showed that the DRD2/
ANKK1 polymorphism is associated with WM performance
after cognitive training. Furthermore, an interaction be-
tween DRD2/ANKK1-genotype and measured intrinsic
motivation (ie, engaging in a task for the sake of pure
interest) on WM improvement was identified after WM
training. The results suggest an association between
intrinsic motivation and improvement during WM training
amongst minor allele-carriers (A) of rs1800497 (Söderqvist
et al, 2013) (Figure 1). Previous research suggest that
individuals who carry the A-allele show a reduced density of
D2 receptors in the striatum and are more likely to develop
disorders of reward deficiency such as alcohol dependence,
smoking, and show ADHD symptoms (Blum et al, 1996;
Jonsson et al, 1999; Tripp and Wickens, 2008). This might

indicate a higher sensitivity to motivational factors amongst
A-carriers through striatal dopamine levels. Following up on
the study by Söderqvist et al (2013), we aimed to investigate
whether brain activity in the VS and caudate reflecting
motivational drive as measured by the monetary incentive
delay (MID) task is associated with WM performance.

The striatum, particularly the VS, is the neural substrate
mediating feelings of reward and motivation. Single-cell
recordings in macaque monkeys show that neurons in the
VS are activated in response to external rewards (eg, fruit
juice) (Schultz et al, 1997), consistent with previous
research of rodents (Wise and Bozarth, 1984). Following
up on these results, functional MRI studies of humans
suggest that the VS responds to extrinsic rewards such as
money or candy (Diekhof et al, 2012; Knutson et al, 2001b;
Luking and Barch, 2013). These studies show that the
expectation of a reward given successful performance on a
task, elicit VS, and particularly nucleus accumbens, activity
proportional to the amount of reward at stake (Knutson
et al, 2001a; Schott et al, 2008). The role of the VS during
WM tasks has been investigated in recent studies suggesting
that the VS is more strongly activated to correct than
incorrect responses during a WM task (Satterthwaite et al,
2012) and that it may have an important role in tracking
responses (Chatham and Badre, 2013). The VS also has an
important role during tasks that require intrinsic motiva-
tion (Murayama et al, 2010; Wolf et al, 2011).

Caudate BOLD is primarily involved in instrumental
learning as well as response inhibition and WM (Durston
et al, 2002; Mcnab and Klingberg, 2008) including develop-
ment of WM during childhood (Darki and Klingberg, 2014;
Ullman et al, 2014). In reward-related contexts, the caudate
is suggested to have a role in maintaining the reward
outcomes of actions to optimize future choices potentially
leading to rewards (O’Doherty et al, 2004). The caudate also
has a role in learning and memory, where a more active role
in obtaining the reward is taken by the participant (Postle
and D’Esposito, 1999; Ziermans et al, 2012).

Several imaging studies have investigated brain activity
during WM (Beck et al, 2010; Taylor et al, 2004) while
simultaneously modulating levels of reward. In general,
rewards during WM tasks increases activity in dorsolateral
prefrontal and parietal cortex. However, these findings have
not explored whether inter-individual differences in brain
activity during a motivational task is associated with WM
performance. So although the increase in brain activity
induced by motivation results in faster reaction times (Beck
et al, 2010), changes in response bias (Taylor et al, 2004),
and better recall in long-term memory tasks (Pochon et al,
2002), it has not been shown whether the increase in striatal
or cortical activity is related to improved performance
in terms of higher accuracy in WM trials or generally
improved performance on cognitive tasks. Furthermore,
genetic variations in COMT and MAOA have been
associated with VS BOLD (Camara et al, 2010; Nymberg
et al, 2013a), but these studies did not make any connection
with WM and it is unclear whether the effect of reward-
related brain activity on WM is moderated by genetic
variations in dopaminergic genes.

Using two independent data sets, the international
IMAGEN study and the Swedish BrainChild cohort, we
investigate genetic and neural mechanisms that may affect
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Figure 1 The estimated perceived competence measured by the
intrinsic motivation inventory is shown on the x-axis in relation to actual
improvements in working memory of training. Data points and line fittings
are illustrated according to rs1800497 genotypes. This figure is adapted for
purposes of this paper based on data from a sample presented in
Söderqvist et al (2013).

DRD2/ANKK1 modulates the effect of VS activation on WM
C Nymberg et al

2358

Neuropsychopharmacology



WM. The IMAGEN study is composed of genetic, neuroi-
maging, and behavioral data from B2000 13–15-year-old
adolescents, whereas the BrainChild data set is composed
of genetic, neuroimaging, and cognitive data from B300
children, adolescents, and young adults, age 6–27 years.
Whereas the caudate is activated during performance of
WM tasks, VS BOLD, reflecting motivational drive has not
been associated with WM performance. As previous studies
suggest that D2 receptor densities in the caudate and VS
differentially affect motivation, with D2 receptor density in
the VS being of greater importance for motivation, we aim
to establish whether the DRD2/ANKK1 genes, known to
affect D2 receptor density, also have differential effect on VS
and caudate BOLD (Trifilieff et al, 2013). Our hypothesis
was that the interaction between DRD2/ANKK1 polymorph-
ism and motivation on WM training (Söderqvist et al, 2013)
would be seen in an equivalent interaction with reward-
related activity in VS, but not caudate. We furthermore
hypothesized that the behavioral effect previously observed
during training would be observed in WM performance.

MATERIALS AND METHODS

Imagen

Participants
Behavioral and neuroimaging data. The IMAGEN

sample is comprised of 2000 adolescents that were tested
at eight assessment centres (London, Nottingham, Dublin,
Berlin, Hamburg, Paris, and Dresden)(Schumann et al, 2010).
In this study, 1080 participants (48% males, 14.4±0.4 years,
13.3–15.4 years (mean age±SD, range)) were included based
on the following criteria: (1) had complete, quality controlled
MRI data from the reward anticipation phase of the MID task
(n¼ 1472); (2) had complete, quality controlled cognitive data
and intelligence quotient (IQ) data based on the Wechsler
intelligence scale for children (WISC) (n¼ 1338); and (3) had
complete genetic data for DRD2/ANKK1 Taq1a SNP rs1800497
(n¼ 1080; GG: n¼ 669; AA/AG: n¼ 441; 4.9% of sample were
AA-homozygous). Information regarding exclusion criteria
and movement outliers is available in Supplementary Informa-
tion. This study is based on results from Söderqvist et al
(2013) who divided genotype groups into AA/AG versus
GG-homozygotes; thus, we merged the AA and AG groups.
Previous analyses of the IMAGEN data set have addressed
questions regarding reinforcement-related behavior. These
studies particularly target questions of how brain function
affects normal and pathological behavior in adolescence.
For reviews on the IMAGEN data set, please see (Nymberg
et al, 2013b; Schumann et al, 2010).

Genetic data. Deoxyribonucleic acid was extracted
from blood samples. The DRD2/ANKK1 Taq1a genotype
is located on chromosome 11q23.1, rs1800497. Genotyping
procedures have been previously published (Nymberg et al,
2013a). Information regarding genotyping is available in the
Supplementary Information. Means and SD of cognitive
behavior, divided by genotype are available in Table 1.

Cognitive tests
Visuospatial WM. WM was assessed through the

CANTAB (Beck et al, 2010). Within this computerized task,

subjects were required to search through boxes that appear
on the screen with the aim to find a blue token hidden
inside. After two practice trials with two boxes there were
four test trials with each of two, three, four, six, and eight
boxes. If the participant returns to an empty box that has
already been opened this constitutes a ‘between search
error’. Thus, in this task we measure the number of errors
that participants make. A lower number indicates better
performance.

Intelligence. IQ was assessed using the WISC (Wechsler,
1974).

Magnetic resonance imaging
Functional MRI task. The participants performed a

modified version of the MID task to study neural responses
to reward anticipation (Knutson et al, 2001b). This event-
related task consisted of 66 10-s trials. In each particular
trial, participants were presented with one of three cue
shapes, with 22 trials of each type (cue, 250 ms), denoting
whether a target (a white square) would subsequently
appear on the left or right side of the screen and whether 0,
2, or 10 points could be won in that particular trial. After a
variable delay (4000–4500 ms) of fixation on a white cross-
hair, participants were instructed to respond by pressing a
button with their left or right index finger as soon as the
target appeared. Feedback on whether and how many points
were won during the trial was presented for 1450 ms after
the response. Using a tracking algorithm, task difficulty (ie,
target duration varied between 100 and 300 ms) was
individually adjusted such that each participant successfully
responded on B66% of trials. Participants had first com-
pleted a practice session outside the scanner (for B5 min),
during which they were instructed that for each five points
won they would receive one food snack in the form of small
chocolate candies. The current study used the contrast
‘anticipation high win versus no win’. Only successful ‘hit’
trials were included for analysis.

MRI data acquisition. Structural and functional MRI
data were acquired at eight IMAGEN assessment sites with
3T MRI scanners of different manufacturers (Siemens,
Philips, General Electric, Bruker). The scanning variables
were specifically chosen to be compatible with all scanners.

Table 1 Demographics

AA/AG (n¼441) GG (n¼ 669) p-value

Working memory errors 19.32 (13.6) 17.27 (12.7) 0.012

ADHD symptoms 2.84 (2.26) 2.67 (2.21) 0.25

Conduct symptoms 1.57 (1.50) 1.57 (1.57) 0.78

Emotional problems 1.93 (2.00) 1.87 (2.08) 0.59

Verbal IQ 113.1 (14.6) 112.6 (14.5) 0.38

Reasoning IQ 108.8 (13.3) 109.6 (13.5) 0.25

Abbreviations: ADHD, attention deficit hyperactivity disorder; IQ, intelligence
quotient; WISC, Wechsler intelligence scale for children; WM, working memory.
Means and SD of A-carriers and GG-homozygotes on the WM task of the
CANTAB, the Strength and Difficulties Questionnaire, and WISC. Differences
between the genotype groups are shown under p-value.
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The same scanning protocol was used at all sites. In brief,
high-resolution T1-weighted 3D structural images were
acquired for anatomical localization and co-registration
with the functional time series (TR¼ 2300 ms, TE¼ 2.8 ms,
256� 256� 160 matrix, voxel size: 1.1� 1.1� 1.1). T2*-
weighted images were acquired with a gradient-echo, echo-
planar imaging (EPI) sequence. For the MID task, 300
volumes� 40 slices were acquired for each subject (2.4 mm
slice thickness, 1 mm gap). The echo-time was optimized to
provide reliable imaging of subcortical areas (TR¼ 2200 ms,
TE¼ 30 ms, 64� 64 matrix, voxel size: 3� 3� 3 mm).

MRI analysis. Preprocessing and statistical analysis of
fMRI data were performed in SPM8 (Statistical Parametric
Mapping, http://www.fil.ion.ucl.ac.uk/spm). Slice-time cor-
rection was conducted to adjust for time differences owing
to multislice-imaging acquisition; all volumes were aligned
to the first volume and non-linear warping was performed
to an EPI template. Images were then smoothed with a
Gaussian kernel of 5-mm full-width at half-maximum. At
the first level of analysis, changes in the BOLD-response for
each subject were assessed by linear combinations at the
individual subject level; for each experimental condition,
each trial was convolved with the hemodynamic response
function to form regressors that account for potential
noise variance associated with the processing of reward
anticipation. Estimated movement parameters were added
to the design matrix in the form of 18 additional columns
(three translations, three rotations, three quadratic and
three cubic translations, and each three translations with a
shift of ±1 TR). Furthermore, each individual fMRI time
series underwent an automatic spike detection method.
The spike detector algorithm uses a mean-squared-based
metric to identify unexpected values temporally and
spatially slice per slice. We used a non-parametric outlier

detection procedure based on density estimation to detect
and exclude individuals with contrast maps that exceeded
criterion values in cortical and subcortical regions (Fritsch
et al, 2012). These outlier criteria are used in previous
studies, for eg, see (Loth et al, 2013; Nees et al, 2012).
Controlling for cortical/subcortical outlier variables in the
model did not affect the results and there are no genotype
differences in the cortical or subcortical outlier variables
(po0.10). To analyze the anticipation phase, we contrasted
‘anticipation of high win (here signaled by a circle) versus
anticipation of no win (here signaled by a triangle)’. The
individual contrast images were subsequently included in a
second-level random effects analysis. The VS (MNI: ±14, 8,
� 8, 9 mm radius) was extracted using the MarsBar toolbox
(http://marsbar.sourceforge.net) as defined by (O’Doherty
et al, 2004; Schneider et al, 2012). The left and right caudate
was extracted based on the automated anatomical labellings
(Tzourio-Mazoyer et al, 2002). Averaged beta-values based
on all voxels in the ROIs were used for all analyses (Figure 2).

Analysis. Analyses were performed in SPSS version 21.
All results are based on the full model, ie, CANTAB WM¼
Striatal BOLDþ rs1800497þ Striatal BOLD� rs1800497þ
covariates (centre and gender). In all analyses the VS and
caudate are analyzed separately. Significance levels related
to MRI results are corrected for these two regions. Owing to
the high correlation between left and right VS and left and
right caudate BOLD responses, we have not corrected for
multiple testing based on hemisphere.

Brainchild

Participants
Behavioral data. Behavioral data were collected at two

time points. The first round comprised 331 individuals
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Figure 2 (a) Sagittal slice indicating caudate region of interest (ROI) in red and VS ROI in green (x¼ � 16); (b, c) individuals with lower VS/caudate blood
oxygenation level dependent (BOLD) defined through a median split of BOLD responses during reward anticipation make significantly more errors on a
WM test relative to individuals with high VS/caudate BOLD.
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(50.5% male, 12.2 years±4.5, 6–25 years (mean age±SD,
range)) and the second round 270 individuals (48.9% male,
13.7±4.0 years, 7–27 years (mean age±SD, range)). The
second round took place 2 years after the first testing
session. In round 2, measurements of 256 participants
tested at the first instance were repeated. Participants from
rounds 1 and 2 were included in analyses using a mixed
model ANOVA, as described in the analysis section below.
The participants had been recruited using random sampling
from the population registry in Nynäshamn in Sweden. The
study was approved by the local ethics committee of the
Karolinska University Hospital, Stockholm.

Genetic data. Deoxyribonucleic acid was extracted
from either blood or saliva samples. Genotyping procedures
have been previously published (Dumontheil et al, 2011).

Cognitive tests
Visuospatial WM. WM performance was assessed

using the Automated Working Memory Assessment (AWMA)
battery (Dumontheil and Klingberg, 2012). The task
involves remembering the location and order of dots
displayed sequentially in a four-by-four grid for 1000 ms
each, with a 500 ms interval between dots. After training
with one, two, and three dots the test started with one dot.
Each level consisted of six trials. Four correct answers were
required for moving to the next level, where one more dot
needed to be remembered. The test ended when three errors
were committed on one level. The score used was the total
number of correct trials. Thus, a higher score is better.

Intelligence. IQ was assessed through Raven’s progres-
sive matrices (Raven et al, 1998).

Analysis. Analyses were performed in SPSS version 21.
A mixed linear model was performed using the repeated
covariance type ‘compound symmetry’. The time point at
which data had been collected (T1 or T2) was entered as a
repeated variable. WM performance acted as the dependent
variable, whereas rs1800497-genotype, age, and IQ were
entered as predictor variables.

RESULTS

Effect of rs1800497 on WM

Imagen. The effect of rs1800497 on the CANTAB WM
between search errors was analyzed with a general linear
model, controlling for sex and centre effects. This analysis
suggested that GG-homozygotes produced significantly
fewer errors, ie, showed higher WM performance (F1, 1070¼
6.39, po0.012, partial Z2: 0.006). The association between
rs1800497 and WM slightly increased when also adding
verbal IQ (based on the WISC) as a covariate (F1, 1067 ¼ 7.39,
po0.007, partial Z2: 0.007).

Brainchild. Linear mixed models with age� 1
Z, sex, and

rs1800497-genotype entered as covariates were used to test
for genetic effects on performance on the AWMA. An effect
of rs1800497-genotype was identified, with a significantly
higher performance on the AWMA identified in individuals

homozygous for the G-allele (F1, 315.7¼ 6.66, p¼ 0.010). The
SNP by age interaction on AWMA performance was not
significant (p¼ 0.74). The association between rs1800497
and WM remained significant when adding IQ-scores in the
form of Ravens as a covariate (F1, 310.4 ¼ 6.42, p¼ 0.036).

Effect of rs1800497 on BOLD-Response

Imagen. No direct effects of the rs1800497 polymorphism
on either VS (left VS: p¼ 0.50, right VS: p¼ 0.18) or caudate
activation (left caudate: p¼ 0.94, right caudate: p¼ 0.29)
were identified when controlling for centre, gender, and
handedness. No significant genotype differences were
identified in the number of successfully completed trials
(p40.14), suggesting that the tracking algorithm of the MID
task was effective.

Effect of rs1800497, Striatal BOLD, and
rs1800497� Striatal BOLD on WM

Imagen. Next, we tested the full model of rs1800497þ
striatal BOLD during reward anticipationþ rs1800497�
striatal BOLD during reward anticipation on WM. Four
models were completed as left VS, right VS, left caudate, and
right caudate varied as predictor variables (Figure 3b).
Considering that we tested two regions (VS and caudate),
we report corrected significance levels.

Main Effect of rs1800497 on WM

The effect of rs1800497 on WM was significant also in these
models (po0.0001, partial Z2: 0.012–0.015).

Main Effect of Striatal BOLD-Response on WM

A positive BOLD-response was identified in both the VS and
the caudate during the contrast anticipation high reward
anticipation versus no reward. Increased activation of the
VS during this contrast was associated with better WM
(measured as between search errors) (left VScorrected:
F1,1068 ¼ 21.97, po0.0001, partial Z2 0.020; right VScorrected:
F1,1068 ¼ 16.84, po0.0001; partial Z2: 0.016) after controlling
for centre and gender. The associations remained signifi-
cant after adding verbal IQ as a covariate (left VScorrected:
F1,1067 ¼ 20.57, po0.0001, partial Z2: 0.019; right VScorrected:
F1,1067 ¼ 16.17, po0.0001, partial Z2:0.015) (Figure 2). Simi-
larly, increased BOLD in the caudate during reward anticipa-
tion was associated with better performance on the CANTAB
WM task (left caudatecorrected: F1,1068¼ 18.38, po0.0001, partial
Z2: 0.017; right caudatecorrected: F1,1068¼ 16.05, p¼ 0.00013,
partial Z2: 0.015). Again, these associations remained signi-
ficant after controlling for verbal IQ (left caudatecorrected:
F1,1072 ¼ 18.03, po0.0001, partial Z2: 0.017; right
caudatecorrected: F1,1067¼ 15.51, po0.00017, partial Z2: 0.014).

Rs1800497� Striatal BOLD-Response Interaction on
WM

We identified a significant interaction between rs1800497
and VScorrected BOLD on WM (left VScorrected � rs1800497:
F1,1068 ¼ 10.48, p¼ 0.002, partial Z2: 0.010; right VScorrected �
rs1800497: F1,1068 ¼ 7.25, p¼ 0.014, partial Z2: 0.007)
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suggesting that A-carriers, who on average performed
worse on tests of WM, show a significantly higher accuracy
on the WM task with higher VS activation (Figure 3).
These interactions remained significant in the left VS
after covarying for verbal IQ (left VScorrected � rs1800497:
F1,1067 ¼ 8.14, p¼ 0.004, partial Z2: 0.008; right VScorrected �
rs1800497: F1,1067 ¼ 4.61, p¼ 0.064, partial Z2: 0.004).
Interactions between caudate BOLD and WM were not
significant after correcting for multiple testing (left
caudatecorrected � rs1800497: F1,1068 ¼ 3.34, p¼ 0.14; right
caudatecorrected � rs1800497: F1,1068 ¼ 4.92, p¼ 0.054).
Although the main effect of left VS BOLD accounted for
1.4% of the variance in WM performance in the full sample,
when investigating the variance accounted for by left
VS BOLD amongst the A-carriers, 5.6% of the variance is
accounted for, whereas only 0.2% of the variance is
accounted for amongst the GG-homozygotes.

DISCUSSION

The results of this study show that VS and caudate activity
during reward anticipation have a small but significant
effect on WM performance in a large sample of adolescents.
Whereas striatal activity has previously been associated
with WM (Satterthwaite et al, 2012; Ziermans et al, 2012),
this is the first study to show that striatal activity during a
reward task is associated with WM performance measured
outside the scanner, suggesting that striatally mediated
motivation is important for WM performance (Figure 3b).
Furthermore, the study suggests that the DRD2/ANKK1
polymorphism rs1800497, which has previously been shown
to interact with motivation to influence improvement after
WM training, also interacts with VS activity during reward
processing to affect WM performance. Individuals who
carry the lower expressed A-allele show reduced WM
performance relative to GG-homozygotes. According to
previous studies, A-carriers also tend to develop disorders
of reward deficiency, such as alcohol abuse, and ADHD

more frequently (Blum et al, 1996; Comings and Blum,
2000); here we show that these individuals show a positive
association between reward-related VS activity and WM
performance.

In a study of a different sample, Söderqvist et al (2013)
showed that individuals who carry the A-allele of rs1800497
are more sensitive to intrinsic motivation during WM
training in order to improve their WM relative to the
GG-homozygotes (Söderqvist et al, 2013). The study
suggests that A-carriers improve significantly more on a
task of WM after completing several weeks of cognitive
training. The sample showed no association between
rs1800497 and WM at baseline and the significant interac-
tion between rs1800497 and motivation on WM remained
after controlling for baseline performance. Our study
suggests that that A-carriers of rs1800497 may also be
significantly more sensitive to VS activity during reward
processing in order to perform well on a WM task.
However, the A-carriers also perform significantly worse
on a tasks of WM. Thus, we speculate that the relative
performance of A-carriers and GG-homozygotes depends
on the amount of activity in VS, and on the level of
motivation during testing. Although this association of
rs1800497-genotype on WM was not identified in the study
by Söderqvist et al (2013), the findings fit well with previous
research suggesting that individuals who carry the A-allele
show reduced density of D2 receptors in the VS and are
more likely to develop disorders of reward deficiency such
as excessive drinking, smoking, and show ADHD symptoms
(Blum et al, 1996; Jonsson et al, 1999; Volter et al, 2012). We
speculate that the reward deficiency, which has previously
been associated with A-carriers of rs1800497, does not only
affect motivation but indirectly also impacts on WM
performance. In our sample, we did not identify significant
associations between rs1800497 and ADHD/drinking beha-
viors, but we cannot exclude that unknown third variables
drive the observed interaction.

In conclusion, these results add clarity to the neural
mechanisms that underlie associations between motivation
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Figure 3 (a) rs1800497� ventral striatum (VS) blood oxygenation level dependent (BOLD) interaction suggesting that individuals carrying the A-allele
make more errors on a working memory (WM) (r¼ � 0.24, po0.0001, r2¼ 5.6%) when they have reduced VS BOLD during reward anticipation. The
negative correlation was not significant amongst GG-homozygotes (r¼ � 0.04, p¼ 0.27, r2¼ 0.2%). Residuals of WM errors after controlling for centre and
gender are shown. (b) Depiction of main effects and interactions from the model rs1800497þ striatal BOLDþ rs1800497� striatal BOLD¼WM
(controlling for centre and gender) based on the IMAGEN sample. The non-significant effects of rs1800497 on BOLD responses are based on the individual
analyses. The figure shows significant main effects of rs1800497 on WM, main effects of caudate and VS BOLD on WM as well as interactions between
rs1800497 and BOLD responses on WM.
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and WM. Previous studies implicate striatal function as
important for WM. We suggest that striatal BOLD during
reward processing is an important factor underlying perfor-
mance on tasks of WM, but that individuals differ in their
response. In combination with the study by Söderqvist
et al (2013), this study suggests that individuals who show
reduced WM based on ANKK1/DRD2 genotype may be able
to increase their performance through increased motiva-
tion, which is associated with striatal activation. Future
research should aim to investigate the effect of striatal
activation during different phases of reward processing on
WM performance in an MRI task that integrates both
reward processing and WM. It would also be of use to better
understand the molecular mechanisms by which rs1800497
affects D2 receptors in the striatum in humans. Finally, it
would be of interest to determine whether motivation
during WM training affects striatal activation.
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R Brühl, A Ihlenfeld, B Walaszek, F Schubert. Institute of
Neuroscience, Trinity College, Dublin, Ireland: C Connolly,
J Jones, E Lalor, E McCabe, A Nı́ Shiothchái. Department of
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et de la Recherche Médicale, Service Hospitalier Frédéric
Joliot, Orsay, France: J-L Martinot, E Artiges, N Bordas,
S de Bournonville, Z Bricaud, F Gollier Briand, H Lemaitre,
J Massicotte, R Miranda, J Penttilä. Neurospin, Commi-
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