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Switzerland, 8 Center for Integrative Human Physiology, University of Zürich, Zürich, Switzerland, 9 Department of Psychology, University of Potsdam, Potsdam, Germany

Abstract

Background: Dopamine plays an important role in orienting, response anticipation and movement evaluation. Thus, we
examined the influence of functional variants related to dopamine inactivation in the dopamine transporter (DAT1) and
catechol-O-methyltransferase genes (COMT) on the time-course of motor processing in a contingent negative variation
(CNV) task.

Methods: 64-channel EEG recordings were obtained from 195 healthy adolescents of a community-based sample during a
continuous performance task (A-X version). Early and late CNV as well as motor postimperative negative variation were
assessed. Adolescents were genotyped for the COMT Val158Met and two DAT1 polymorphisms (variable number tandem
repeats in the 39-untranslated region and in intron 8).

Results: The results revealed a significant interaction between COMT and DAT1, indicating that COMT exerted stronger
effects on lateralized motor post-processing (centro-parietal motor postimperative negative variation) in homozygous
carriers of a DAT1 haplotype increasing DAT1 expression. Source analysis showed that the time interval 500–1000 ms after
the motor response was specifically affected in contrast to preceding movement anticipation and programming stages,
which were not altered.

Conclusions: Motor slow negative waves allow the genomic imaging of dopamine inactivation effects on cortical motor
post-processing during response evaluation. This is the first report to point towards epistatic effects in the motor system
during response evaluation, i.e. during the post-processing of an already executed movement rather than during movement
programming.
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Introduction

The perception-action-cycle involves different stages, from the

orienting to a warning stimulus to the preparation of a reaction

movement and the evaluation of the given response. Due to the

high time resolution of electroencephalography, these stages can

be excellently assessed in contingent negative variation (CNV)

paradigms, which involve a cue followed by a later imperative

stimulus which requires a motor response [1]. The early

component of the CNV reflects an orienting response and early

response preparation [2,3,4]. The late component of CNV reflects

the preparation of the motor response and the anticipation of the

imperative stimulus [5,6]. Postimperative negative variation

(PINV) refers to motor and cognitive response evaluation and

may include a short-term memory trace of the planned movement

which needs to be compared to reafferent sensory feedback about

the actually performed movement [7,8,9]. Dopamine modulates

the neuronal signal-to-noise ratio in order to focus prefrontal

cortical resources [10] and plays an important role in focusing
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attention on relevant stimulus characteristics [11]. Thus, dopa-

mine plays an important role in all three stages, orienting [12],

response preparation [13] and response evaluation [14]. However,

it has not been examined yet, how specific genetic variations affect

the different cognitive and motor processing stages:

The duration of dopaminergic action is limited by dopamine

inactivation, i.e. mainly methylation by catechol-O-methyltrans-

ferase (COMT) in the prefrontal cortex [15] and reuptake via the

dopamine transporter (DAT1) in the striatum [16].

In the current study, we investigated the effects of three

functional polymorphisms in the COMT and DAT1 genes on the

orientation reaction, movement programming and stimulus post-

processing (indexed by the early and late components of the CNV

as well as the motor postimperative negative variation component),

during a continuous performance test with speeded button press

response movements.

A widely studied functional COMT polymorphism, character-

ized by the substitution of valine for methionine at codon 158 [17],

results in less enzyme activity and higher extracellular dopamine

levels [18]. The 10-repeat allele of a variable number tandem

repeat (VNTR) polymorphism in the 39-untranslated-region of

DAT1 and the 6-repeat allele of a VNTR in intron 8 lead to

greater DAT1 expression [19] and reduced striatal dopamine

levels, though the controversy about whether the 10-repeat allele

results in greater or lower DAT expression [20] is not finally

resolved yet. The co-occurrence of both DAT1-expression

increasing VNTRs, the 6R–10R haplotype, has been reported to

strengthen this effect [21,22]. Thus, here we examined the DAT1

haplotype and its interaction with the COMT Val158Met

polymorphism in relation to motor PINV.

Previous fMRI genomic imaging studies have demonstrated that

higher prefrontal (Met COMT allele [23,24,25]) and lower striatal

(10R DAT1 allele [24]) dopamine levels resulted in more focused

prefrontal cortical activation.

We hypothesized that motor CNV component amplitudes

would be genetically affected in a similar way to prefrontal cortex

BOLD responses in working memory tasks [24]. In this case, the

Met-COMT allele and the 6R–10R DAT1 haplotype would be

associated with more focused motor activation with lower

amplitudes. An alternative hypothesis was that DAT1 and COMT

effects on motor CNV components would show exactly the inverse

pattern because more prefrontal resources could be required in

prefrontal-motor loops to act on less intense motor representations

[26]. Because DAT1 and COMT both affect the termination of

dopaminergic neurotransmission, we hypothesized that motor

PINV would be more strongly affected than early CNV or the

initial motor potential peak, because the duration and amplitude

of motor post-processing during motor PINV could depend on the

speed of inactivation of dopamine released during the preceding

response. Even if this specific hypothesis would be falsified, the

assessment of the two functional genetic polymorphisms would

allow an examination of dopaminergic effects on reaction-related

EEG potentials in healthy adolescents.

Methods

Participants
The current data analysis was conducted on the sample of the

Mannheim Study of Children at Risk, a prospective longitudinal

study of the outcome of early risk factors from infancy into

adulthood [22]. Children born between 1986 and 1988 were

recruited from two obstetric and six pediatric hospitals of the

Rhine-Neckar Region of Germany. Infants were included

consecutively into the study according to a 2-factorial design

intended to enrich and to control the risk status of the sample (full

details of the sampling procedure have been reported previously

[27]). As a result, approximately two thirds of the study sample

had experienced obstetric complications such as preterm birth,

and about two thirds of the families had psychosocial adversities

such as marital discord or chronic difficulties. Of the initial sample

of 384 participants, 18 (4.7%) were excluded because of severe

handicaps (neurological disorder, intelligence quotient ,70 or

motor quotient ,70), 28 (7.3%) were drop-outs at age 15, 35

(9.1%) refused to take part in blood sampling or had incomplete

genetic data, and from 43 (11.2%), no, or no reliable, EEG data

were available. Intelligence was assessed at the age of 11 years

using the Culture Fair Test 20 [28,29]; the motor quotient was

determined at age 11 years by a short version of the Body

Coordination Test for children KTK [30]. 65 subjects (16.7%)

were excluded from the current analysis due to a current

psychiatric DSM-IV diagnosis. 21 subjects of the remaining 195

(10.8%) had to be excluded because they were not right-handed as

indicated by a handedness index above +60 in the Edinburgh

Handedness Inventory [31]. All subjects were free of psychoactive

medication at the time of the recording. The study was approved

by the ethics committee of the Medical Faculty of the University of

Heidelberg/Mannheim. Written informed consent was obtained

from all participants and their parents. All subjects had a corrected

visual acuity of 0.8 or higher.

Recordings
Continuous 64-channel DC EEG was recorded by Neuroscan

Sympamps amplifiers (Neuroscan Inc., TX, USA). Sintered silver/

silver chloride electrodes were positioned by an equidistant

electrode cap (Easycap, FMS, Germany). Electrode impedances

were kept below 10 kOhm. Vertical electrooculogram (VEOG)

was recorded by electrodes 1 cm below and above the left eye.

Horizontal electrooculogram (HEOG) was calculated by leads F99

and F109 next to the outer canthi. Small deviations of electrode

positions from the international 10-10 system are indicated by

apostrophes. The recording reference was placed near the left

mastoid. Offline, data were transformed to average reference. The

sampling rate was 500 Hz. An anti-aliasing low-pass filter with a

cut-off frequency of 100 Hz was employed. The visual stimulation

was presented by Gentask of the Neuroscan Stim software

package. Reaction times were collected from response triggers

from the response pad.

Task
Subjects performed a computerized A-X version of the

continuous performance test (CPT; constructed by doubling the

number of trials of a common previous multicenter version

[32,33,34]). 800 black-colored capital letters were presented on

white background in the center of the computer screen for 150 ms.

The stimulus onset asynchrony (SOA) between the different letters

was 1600 ms. Whenever an ‘A’ was followed by an ‘X’ (50%

probability), subjects had to respond with a fast right-hand button

press with their index finger on the response pad. The ‘A’ was

followed by an ‘X’ 80 times and by another letter 80 times.

Additionally, single distractor letters were presented.

An ‘X’ without a preceding ‘A’ occurred 80 times. Another nine

letters of the alphabet (‘B’, ‘C’, ‘D’, ‘E’, ‘F’, ‘G’, ‘H’, ‘J’, ‘L’) were

employed as distractors. The distractor ‘H’ occurred 160 times

(frequent distractor). The distractors ‘B’, ‘C’, ‘D’, ‘E’, ‘F’, ‘G’, ‘J’,

and ‘L’ appeared 40 times each.
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Data pre-processing
For the analysis of early and late CNV, continuous recordings

were segmented into stimulus-locked segments from 400 ms prior

to the distractor before the warning stimulus ‘A’ to 1600 ms after

the imperative stimulus ‘X’ (5.2 seconds in total). The 400 ms

before the warning stimulus ‘A’ served as baseline.

For the analysis of the initial motor potential peak during

movement execution and the analysis of motor post-processing,

response-locked epochs of 4 seconds were created, beginning

2800 ms before the response until 1200 ms afterwards. The first

400 ms of this interval served as baseline (2800 to 2400 ms before

the response). Only trials with correct responses within 800 ms

were included in the analysis. Taking into account the stimulus

onset asynchrony of 1600 ms, this assured that the baseline

interval was situated before the onset of the warning letter ‘A’ even

for slow responses. The warning letter ‘A’ of a target sequence was

never directly preceded by another target sequence. Thus, during

the baseline, the subjects had processed a distractor letter and were

waiting for the next stimulus to occur. Reaction times took at least

approximately 150–200 ms, even for fast responses. We verified

that there were no gene effects on the baseline time interval which

could have influenced the results.

Data were corrected for eye movements and blinks by the

algorithm of Gratton and Coles (Brain Vision Analyzer,

BrainProducts GmbH, Munich, Germany). Average reference

was calculated offline. Data were 30 Hz low-pass filtered by a

zero-phase shift Butterworth filter with a slope of 48 dB/octave.

Potentials exceeding 150 mV amplitude were rejected automati-

cally as artifacts; remaining smaller artifacts were removed by an

experienced EEG technician who was blind to the study

hypotheses.

We calculated lateralized movement-related potentials by

subtracting the potentials at each electrode on the right

hemisphere from the potentials measured at its homologue on

the left side of the head (e.g. C3–C4). In this way, the resulting

polarity reflects the polarity for potentials which were lateralized

contralateral to the response movement with the right hand. In a

previous study, we had found that lateralization in trials with the

dominant right hand closely resembled the final lateralized

movement-related potential [9]. A complete calculation of the

lateralized movement-related potential to eliminate all stimulus-

related lateralized potentials was not possible because only

responses by the right hand were available. However, due to a

mean reaction time of about 350 ms and a motor PINV interval

400–800 ms after the response, summing up to a window 750–

1150 ms after the imperative stimulus ‘X’ which was presented in

the center of the visual field, there should be only very small

influences of lateralized stimulus-related processes.

Data analysis
Early CNV (orienting reaction). Early CNV amplitude was

measured at its topographical maximum at Fz during the time

interval 600–900 ms [2,35].

Late CNV (movement preparation and programm-

ing). The amplitude of the motor part of late CNV amplitude

was determined as the mean potential 200 ms before the

imperative stimulus (‘X’) over the left (contralateral to the response

movement) motor (pooled leads C3, CP39, C59) and the

supplementary motor area (pooled leads Cz, FCz9, FC19, FC29;

[6,36]). Lateralization of CNV over the motor area was also

assessed (pooled leads C3, CP39, C59 minus C4, CP49, C69).

Motor potential (movement execution). The lateralized

initial motor potential peak was determined from 120 to 0 ms

before the button press and represents a correlate of the sending of

the command to muscle contraction from the primary motor

cortex (pooled leads C3–C4, CP39–CP49, C59–C69 [9]).

Motor PINV (movement post-processing). We analyzed

lateralized movement-related post-processing (mPINV) over the

motor area (pooled leads C3–C4, CP39–CP49, C59–C69) during

the interval 400–800 ms after the unilateral index finger response

movement, comparable to our previous studies [9,14,37,38].

Source analysis
Source analysis was carried out on the group grand averages,

which provide the best signal-to-noise ratio. Dipole source

modelling with equivalent dipoles allows the examination of

group differences in the time course of event-related potential

components. According to our previous study [9], we performed a

Table 1. Genetic influences on reaction times and reaction time variability (6 standard deviation).

Reaction time RTSD1

DAT1

6R–10R/6R–10R (N = 79) 353663 ms 91628 ms

at least one non-6R–10R allele (‘‘DAT 1 other’’; N = 95) 353656 ms 89631 ms

COMT

Met/Met (N = 35) 359665 ms 89631 ms

Val/Met (N = 96) 349660 ms 89629 ms

Val/Val (N = 43) 359653 ms 92630 ms

DAT16COMT

6R–10R/6R–10R+Met/Met (N = 15) 346652 ms 90626 ms

6R–10R/6R–10R+Val/Met (N = 46) 354666 ms 91626 ms

6R–10R/6R–10R+Val/Val (N = 18) 359668 ms 91636 ms

DAT1 other+Met/Met (N = 20) 369673 ms 89635 ms

DAT1 other+Val/Met (N = 50) 344654 ms 87632 ms

DAT1 other+Val/Val (N = 25) 358641 ms 93626 ms

1RTSD = intraindividual standard deviation of reaction times (reaction time variability).
doi:10.1371/journal.pone.0037814.t001
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source analysis by the automated RAP-MUSIC algorithm with

SBSI on the motor PINV peak (400–600 ms after the response

trigger). Two topographies were allowed according to the

complexity of the scalp surface potential. Separate models were

fit on the DAT1 6R–10R/6R–10R+COMT Met/Met (highest

motor PINV amplitudes) and the DAT1 other+COMT Val/Val

group (low motor PINV amplitudes), because qualitative differ-

ences in motor PINV topography were found between the genetic

groups.

In a second complementary approach with distributed sources

instead of equivalent dipoles, sLORETA with the BESA default

parameters (BESA GmbH, Munich, Germany) was performed on

the same motor PINV time interval (non-lateralized data) in order

to describe the extension of the distributed cortical sources of the

lateralized motor PINV as exact as possible.

Genotyping
EDTA anticoagulated venous blood samples were collected.

Leukocyte genomic deoxyribonucleic acid (DNA) was isolated with

the Qiamp DNA extraction kit (Qiagen, Chatsworth, California).

Genotyping of the COMT single nucleotide polymorphism

(SNP) was completed using TaqMan (SNP) Genotyping Assays

(7900HT Fast Real-Time-PCR-System; Applied Biosystems,

Foster City, California). Amplification conditions for COMT

rs4680 were: 3.0 ml TaqManH Mastermix, 0.3 ml/0.15 ml Taq-

ManH oligonucleotide mix (206/406), 1.70 ml dH2O and 1 ml

DNA solution (,30 ng) in 96-well format in a 6 ml reaction.

Amplification was performed by initial heating of 10 min–95uC,

40 cycles of 15 sec–95uC/1 min-60uC and final 10 min-4uC.

TaqManH assay-on-demand ID C_25746809_50 detected the

alleles of rs4680 (hCV25746809) in the sequence context of

CCAGCGGATGGTGGATTTCGCTGGC[A/G]TGAAGGA-

CAAGGTGTGCATGCC.

The 40-bp VNTR polymorphism in the 39-untranslated-region

(UTR) of DAT1 was genotyped with the primers and reaction

conditions of Sano et al. [39]. Polymerase chain reaction was

carried out using a nucleotide mix consisting of 7.4 mM

deoxyadenosine triphosphate, deoxycytidine triphosphate, and

deoxythymidine triphosphate and 3.7 mM deoxyguanosine tri-

phosphate and 7-deaza-29-deoxyguanosine 59-triphosphate (Amer-

sham Biosciences, Piscataway, NJ). After an initial denaturation

step, 35 cycles of amplification of 1 minute at 94uC, 1 minute at

63uC, and 35 seconds at 72uC were performed. The 30-bp intron

8 VNTR polymorphism was genotyped according to the

procedure by Vandenbergh et al. [40]. All genotypes were scored

independently by 2 individuals who were blind to the presented

data. The VNTRs had been genotyped in the context of the study

of Laucht et al. [22]. No deviations from Hardy Weinberg

equilibrium were detected (DAT1 30 bp VNTR intron 8 p = 0.78;

DAT1 40 bp VNTR 39UTR p = 0.10; COMT p = 0.20).

Both DAT1 VNTRs were analyzed combined as haplotype. In

accordance with the previous literature and in order to avoid small

groups containing only a low number of subjects, with respect to

the DAT1 haplotype, subjects were dichotomized into homozygous

carriers of the 6R–10R haplotype, which have previously been

demonstrated to increase the risk of psychiatric disorders [22], and

those who carried at least one non-risk haplotype.

In detail, the following genotype groups were formed: (1) DAT1

haplotype: 6R–10R/6R–10R (N = 79) versus at least one non-6R–

10R haplotype (N = 95); and (2) COMT: Val/Val (N = 43) versus

Val/Met (N = 96) versus Met/Met (N = 35).

Statistical analysis
To examine the effect of the DAT1 haplotype (at least one non-

6R–10R-haplotype was coded as ‘0’; 6R–10R/6R–10R was coded

as ‘1’) and COMT (Val/Val = 0; Val/Met = 1; Met/Met = 2) on

the target parameters (early CNV, late CNV, motor potential peak

and lateralized motor PINV amplitudes), linear regression analyses

were performed. In order to test for a significant epistasis between

DAT1 and COMT, regression models with and without an

interaction term were compared. Significant interactions were

further examined by conducting separate regression analyses for

each DAT1 haplotype level with COMT genotype as a predictor.

All analyses included gender as a covariate. The same regression

analysis as for EEG parameters was performed on behavioral

measures, i.e. reaction time, reaction time variability, the number

of omission and commission errors. In order to further examine

the functional meaning of motor PINV, Pearson correlation

coefficients were calculated between motor PINV amplitude and

the behavioral measures.

Results

Behavioral data
Mean reaction time was 352658 ms (6 SD), with no significant

effects of genetic variants. Trend level towards genetic influences

on reaction time variability was not reached either (Table 1).

There were on average 2.562.7 omission errors and 2.463.0

commission errors in the CPT task. While DAT1 and COMT did

not show any significant main effects or interactions on the

number of commission errors, there was a significant interaction

between the two functional polymorphisms with respect to

omission errors (DAT1 haplotype beta = 20.25; t = 1.8; p = 0.07;

COMT beta = 20.16; t = 1.7; p = 0.098; DAT1 haplotype x COMT

beta = 0.31; t = 2.0; p = 0.047). However, separate regression

analyses for the two DAT1 haplotype groups with respect to

COMT effects on omission errors did not yield significant results.

Figure 1. Time course and topography of the motor PINV by DAT1 haplotype. Top: The time course of the response-locked motor PINV
over the contra- and the ipsilateral motor area is shown. Negativity is up. There were no differences between the genotype groups during response
preparation (contingent negative variation, CNV) after the cue (‘A’). Differences selectively affected the post-processing interval. During the button
press (vertical dashed line), response selection during the P300 shadows the movement-related potentials. Thus, we calculated the lateralized motor
PINV: Time course of the lateralized motor PINV when the potential over the contra- and ipsilateral motor areas is subtracted. This eliminates the
symmetrically distributed parts of stimulus-related processing. Negativity is up. The peak immediately preceding the button press, which is related to
the cortico-spinal command to muscle contraction, was influenced rather in the opposite direction to the motor PINV. Middle: Topography of the
motor PINV: Isopotential line maps of the voltage topography and of the current source density (CSD) are shown, the head is presented in the top
view from above, the nose is pointing upwards. Negativity and current sinks are reflected by blue areas, positivity and current sources are illustrated
by red areas. Note the contralateral lateralization. Bottom: sLORETA source analysis results illustrating the effects of DAT1 polymorphisms on the
lateralized motor PINV: Note the stronger centro-parietal activation in Brodman areas 1–4 and 40 for the 6R–10R/6R–10R group, which is missing in
the non 6R–10R/6R–10R group (marked by squares and blue arrows). Activation in the premotor area and frontal eye field (BA 6/8) was more bilateral
in the non 6R–10R/6R–10R group (red arrows). The blue dipole indicates that RAP-MUSIC yielded a spatial component that showed a localization and
orientation which explained the lateralized centro-parietal activation only for the 6R–10R/6R–10R group (details not shown). The crossing red lines
were set to a point near the motor cortex hand area in order to illustrate the cortical activation in this area (cf. Figure 4).
doi:10.1371/journal.pone.0037814.g001
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Event-related potential data
Effects of DAT1 and COMT on orienting reaction,

movement preparation and execution-related event-

related potential components. Linear regression analyses

revealed no significant impact of DAT1, COMT or their interaction

on early and late CNV as well as on the initial motor potential

peak for any examined target area (all p.0.10). Descriptive data

pointed towards a non-significant reduction of lateralized negativity

over the motor area during the initial motor potential peak for

those genotypes which were associated with an increased

lateralized motor PINV (cf. Figures 1–3).

Lateralized motor PINV during response evaluation. The

main finding of our study was that both DAT1 and COMT

significantly affected the lateralized motor PINV amplitude

(F(4;169) = 4.1; p = 0.008; each p = 0.01 for DAT1 and COMT;

linear regression model without an interaction term, see Table 2 for

regression coefficients), with the amount of explained variance rising

from 7 to 15% when an interaction term (p,0.0001) was included

(F(4;169) = 7.3; p = 0.00002; see Table 2 for regression coefficients).

Figures 1 and 2 illustrate the separate effects of the DAT1

haplotype (Figure 1) and the COMT (Figure 2) genotypes on the

time course and topography of the motor PINV. The DAT1

haplotype affected the centro-parietal negativity over the motor

area located contralaterally to the response movement. In contrast,

the COMT genotype was associated with the lateralization of the

motor PINV and also showed effects on the ipsilateral hemisphere.

Mean values and standard deviations of the lateralized motor

PINV amplitudes are given in Table 3. Figure 3 illustrates the

combined effects of DAT1 and COMT, indicating that the COMT

Met/Met genotype led to increased lateralized motor PINV

amplitudes only in the presence of the homozygous 6R–10R

DAT1 haplotype. Figure 4 (source analysis) illustrates that the

genetic effects (DAT1, COMT and their interaction) reflected

differences in lateralized motor system activation (premotor cortex,

primary motor and somatosensory cortex, posterior parietal

cortex).

Separate linear regression analyses for the two DAT1 haplotype

groups (6R–10R/6R–10R and at least one non-6R–10R haplo-

type) indicated that the COMT genotype only had a significant

effect on motor PINV amplitude in carriers of the homozygous

6R–10R DAT1 haplotypes (R2 = 21%; regression slope

21.8560.42 mV; beta = 20.46; t = 24.4; p = 0.00003) but not

for carriers of other haplotype combinations (R2 = 1%; regression

slope 0.2160.32 mV; beta = 0.07; t = 0.7; n.s.). The largest

lateralized motor PINV amplitudes occurred in those subjects

carrying the Met/Met COMT polymorphism and being homozy-

gous for the 6R–10R DAT1 haplotype. The time course of the

potential showed that the effects were specific for the motor PINV

time interval because the early negative movement-related

potentials around the button press trigger were unaffected by

genetic variation.

In our sample, the degree of lateralization of the motor PINV

was unrelated to differences in the degree of handedness between

the subject groups: There was no correlation between the

handedness index and motor PINV amplitude, as all six

genetically defined groups (2 DAT1 haplotype carrier groups 63

COMT genotypes) presented mean handedness indexes $93. The

highest handedness index was obtained for the group with at least

one non-6R–10R and the Met/Met allele, i.e. the group that

showed a smaller motor PINV lateralization than the 6R–10R/

6R–10R+Met/Met group.

Relationships between behavioral parameters and

lateralized motor PINV. There was a trend towards a negative

correlation between mean reaction time and motor PINV

lateralization (r = 20.14; t = 1.8; p = 0.066), indicating that more

lateralized negative motor PINV amplitudes were associated with

longer reaction times. Trend level for an association of larger

reaction time variability and more lateralized negative motor

PINV amplitudes was almost reached (r = 20.12; t = 1.6;

p = 0.10).

Moreover, there was a significant correlation between lateral-

ized motor PINV amplitude and the number of omission errors

(r = 20.19; t = 2.5; p = 0.01), indicating that stronger motor post-

processing during motor PINV on correct responses was

associated with a higher number of omission errors. No such

correlation of motor PINV with the number of commission errors

was obtained (r = 20.04; t = 0.49; p = 0.63).

Source analysis of motor PINV. RAP-MUSIC: One spatial

component (SC) near the central sulcus on the left hemisphere

(contralateral to the response movement; blue spatial component

#2 in Figure 4, top row) explained most of the left-sided centro-

parietal scalp surface topography of the motor PINV. Another

spatial component was used to eliminate additional activity related

to the P300/late positive complex and visual influences (Figure 4,

red spatial component #1). Residual variance during the motor

PINV time interval was reduced to 4.8% by this simple model for

the 6R–10R/6R–10R+Met/Met group showing the most pro-

nounced lateralized motor PINV. The time-course of the dipole

moment of spatial component #2 indicated transient lateralized

motor post-processing. For the DAT1 non 6R–10/6R–

10R+COMT Val/Val group, no spatial component near the

central sulcus was found (Figure 4, bottom row).

sLORETA revealed that activation in Brodman areas 6 and 8

(premotor cortex and frontal eye fields) was more lateralized in the

subjects carrying the 6R–10R/6R–10R DAT1 (Figure 1) and the

Met/Met COMT genotypes (Figure 2), with stronger effects when

the interaction between genes was examined (Figure 4). Contra-

lateral sensorimotor post-processing (Brodman areas 1–4, 40)

occurred only in the subjects carrying the 6R–10R/6R–10R

DAT1 and the Met/Met COMT genotypes (Figures 1, 2 and 4).

Figure 2. Time course and topography of the motor PINV by COMT Val158Met genotype. This Figure is organized as in Figure 1: Top: The
time course of the response-locked motor PINV over the contra- and the ipsilateral motor areas is shown together with lateralized motor PINV.
Negativity is up. There were no significant differences between the genotype groups during response preparation (contingent negative variation,
CNV) after the cue (‘A’). The COMT genotype affected both contra- and ipsilateral potentials. These differences selectively affected the motor PINV
interval. Middle: Topography of the motor PINV: Isopotential line maps of the voltage topography and of the current source density (CSD) are
shown, the head is presented in the top view from above, the nose is pointing upwards. Negativity and current sinks are reflected by blue areas,
positivity and current sources are illustrated by red areas. The arrows mark the contralateral motor area. Bottom: sLORETA source analysis results
illustrating the effects of COMT polymorphisms on the lateralized motor PINV: Note the stronger centro-parietal activation for the Met/Met compared
to the Val/Val group (marked by squares and blue arrows). However, also the frontal activity in Brodman areas 6/8 showed less lateralization in the
Val/Val group (red arrows). The blue dipole indicates that RAP-MUSIC yielded a spatial component that showed a localization and orientation which
explained the lateralized centro-parietal activation only for the Met/Met group (details not shown). The crossing red lines were set to a point near the
motor cortex hand area in order to illustrate the cortical activation in this area (cf. Figure 4).
doi:10.1371/journal.pone.0037814.g002
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Discussion

To the best of our knowledge, this is the first study to perform

time-resolved genomic imaging of the influences of functional

polymorphisms which are crucially involved in dopaminergic

neurotransmission on orienting, movement preparation, execution

and motor post-processing. Moreover, our study is the first to show

an epistatic effect, i.e. an interaction between DAT1 and COMT,

which specifically affected the motor post-processing time interval.

Interactions between these genes have been described so far by

fMRI only with respect to other cognitive functions, namely

reward sensitivity [41] and executive control [42].

In addition, a small effect with respect to an association of larger

motor PINV amplitudes with longer reaction times and increased

reaction time variability was observed. Moreover, larger motor

PINV amplitudes were linked with more omission errors. These

findings are consistent with those from another study [43]

suggesting that distraction and less movement preparation may

be associated with increased motor post-processing. A compensa-

tory increased computational effort during motor post-processing

for movements that are programmed less exactly seems plausible.

In children, both the presence of the 6R–10R DAT1 allele and

increased distractibility (indexed by increased variability of

reaction times and sometimes also increased mean reaction times)

were demonstrated to be associated with the diagnosis of attention

deficit hyperactivity disorder (ADHD) [22]. We found similar

interactions between DAT1 and COMT with regard to both the

number of omission errors (an index of inattention) and lateralized

motor PINV amplitude (which may be related to distraction as

explained above).

The significant interaction between DAT1 and COMT related to

lateralized motor post-processing indicated that COMT exerted

significantly stronger effects in homozygous carriers of the 6R–

10R DAT1 haplotype. In this case, individuals with the Met/Met

genotype showed higher motor PINV amplitudes over contralat-

eral motor areas than Val/Val carriers, while individuals with a

heterozygous COMT exhibited intermediate motor PINV ampli-

tudes.

With respect to motor PINV topography, 6R–10R/6R–10R

haplotype and Met/Met genotype carriers showed a more focal

response with a stronger motor PINV lateralization. sLORETA

source analysis revealed that, during motor memory encoding, the

extent of contralateral motor activation in the premotor cortex,

primary motor cortex as well as posterior parietal cortex depended

on DAT1 and COMT genotypes. This activity was reflected in

equivalent dipole source analysis by a spatial component near the

central sulcus, which illustrated that this activation was specific for

the post-processing interval (see dipole moments in Figure 4).

There was no evidence for an increased processing during earlier

movement execution.

Different movement stages (initiation, programming, execution

and post-processing) involve different cortical and subcortical

brain regions. While movement initiation involves the supplemen-

tary motor area and the basal ganglia [44], the programming of a

movement is accomplished by the premotor and primary motor

cortex [45] and relies on a reduction of the inhibition level in these

areas [46,47]. Though motor post-processing and movement-

Figure 3. Time course and topography of the motor PINV – combined effects of DAT1 and COMT genotypes. This Figure is organized as
in Figures 1 and 2; however, the effects of the COMT genotype on the time course of the motor PINV are illustrated separately for the homozygous
6R–10R DAT1 haplotype and for the DAT1 haplotype with at least one non-6R–10R allele. Source analysis results are presented in Figure 4. Top: The
time course of the response-locked motor PINV over the contra- and the ipsilateral motor area as well as their difference wave (lateralized motor
PINV) is shown. Negativity is up. Influences of the COMT genotype for the DAT1 haplotype with at least one non-6R–10R allele are shown. In this
condition, there were no pronounced COMT effects on motor PINV. Middle: The time course of the response-locked motor PINV over the contra- and
the ipsilateral motor area as well as their difference wave (lateralized motor PINV) is shown. Negativity is up. Influences of the COMT genotype for the
homozygous 6R–10R DAT1 haplotype are shown. In this condition, there was a strong effect of the COMT genotype on motor PINV. Bottom:
Topography of the motor PINV: Isopotential line maps of the voltage topography and of the current source density (CSD) are shown, the head is
presented in the top view from above, the nose is pointing upwards. Negativity and current sinks are reflected by blue areas, positivity and current
sources are illustrated by red areas. Note that the Met/Met COMT genotype – especially in the presence of the homozygous 6R–10R DAT1 haplotype –
increased the lateralization of the topography of the motor PINV.
doi:10.1371/journal.pone.0037814.g003

Table 2. Effects of DAT1 haplotype and COMT on the lateralized motor PINV – linear regression models1.

B SE B beta t-value p

without interaction (R2 = 0.07; p = 0.008)

Constant 20.546 0.64 mV

Sex 20.046 0.36 mV 20.008 0.1 n.s.

DAT1 20.896 0.36 mV 20.19 2.5 0.01

COMT 20.666 0.27 mV 20.18 2.5 0.01

with interaction term DAT16COMT (R2 = 0.15;
p = 0.00002)

Constant 21.496 0.66 mV

Sex 20.016 0.34 mV 20.001 0.01 n.s.

DAT1 1.236 0.64 mV 0.26 1.9 0.056

COMT 0.206 0.34 mV 0.06 0.6 n.s.

DAT16COMT 22.036 0.52 mV 20.57 3.93 0.0001

1B = regression coefficient; SE B = standard error of the regression coefficient; beta = standardized regression coefficient.
doi:10.1371/journal.pone.0037814.t002
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Figure 4. Combined effects of DAT1 and COMT on lateralized motor PINV – source analysis. A) Spatio-temporal dipole and sLORETA
source analysis of influences of COMT and DAT1 polymorphisms on lateralized motor PINV. Left: RAP-MUSIC spatial component model
fitted on the motor PINV peak. For the homozygous 6R–10R/Met group (highest lateralized motor PINV amplitudes), spatial component #2 explained
left lateralized motor PINV topography, while spatial component #1 eliminates additional activity related to the visual post-processing and the P300/
late positive complex. In contrast, for the homozygous other/Val group low lateralized motor PINV amplitudes, no comparable activation could be
found. Middle: Dipole moments for the homozygous 6R–10R/Met group (highest lateralized motor PINV amplitudes) compared to the homozygous
other/Val group (low motor PINV amplitudes). Colours and numbers refer to the models presented on the left. The vertical dashed line indicates the
time of the button press trigger. The interval of the motor PINV peak (400–600 ms after the response) is marked in orange. Right: sLORETA source
analysis for the same two genetic groups. The location of spatial component #2 for the homozygous 6R–10R/Met group depicted on the left is

Dopaminergic Gene Effects on Motor Potentials

PLoS ONE | www.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e37814



programming seem to involve the similar brain areas, the

development of motor PINV amplitude during childhood and

adolescence dissociates clearly from the development of move-

ment-preparation related potentials [6,35], indicating that both

processes differ qualitatively and that different neuronal networks

seem to be involved. While there is an increase of movement-

preparation related negativity during childhood and adolescence,

motor PINV shows the opposite development and a potential

decrease during maturation. In children, movement-preparation

related potentials are associated with a positive polarity, while

motor PINV has a negative polarity [6,35].

Thus, a selective influence of DAT1 and COMT only on motor

PINV without influences on preceding movement-related poten-

tials is plausible as these potentials all reflect functionally different

and separable processes, stages and networks. A differential

modulation of motor PINV and contingent negative variation by

dopamine antagonists (first generation antipsychotics) and in

Parkinson’s disease has been shown [14]. Our own data on the

effects of methylphenidate on movement-related potentials [43]

further support this dissociation of dopaminergic effects on pre-

and post-movement potentials. A dopaminergic modulation of

motor learning has been suggested [48] and may be important for

post-processing and working memory encoding in the motor

system and across different sensory modalities [37]. However,

these hypotheses on why the motor PINV interval is specifically

affected need to be addressed by further research.

Although no electromyographic data were available, move-

ment-related potential lateralization is mostly independent of

muscle force [49,50,51]. Our earlier findings in right-handed

healthy adults showed that most of the signal with respect to the

motor PINV component is contained in right-hand trials, as the

lateralized motor PINV amplitude for button presses with the non-

dominant left hand is small [9]. Moreover, the genetic influences

in our sample on motor PINV lateralization were not mediated by

differences in handedness either, as the Edinburgh Handedness

Inventory scores followed a different pattern (cf. results section).

A model of genetic influences on dopaminergic activity
during stimulus post-processing

The COMT Met allele is likely to increase tonic dopamine levels

and to reduce phasic dopamine responses [52]. As the Met and

Val COMT alleles are co-dominant [18], heterozygous subjects

should present an interim position between the homozygous

individuals. COMT effects are mediated mainly via D1 dopamine

receptors in the prefrontal cortex [10,53]. COMT knockout mice

show a prefrontal dopamine increase, with no similar effect in the

striatum [54].

The explanation of why higher prefrontal (Met COMT allele)

and lower striatal (10R DAT1 allele) dopamine levels result in a

more focused prefrontal cortical activation refers to the action via

different types of dopamine receptors (D1/D2) and the nature of

interactions in the cortico-striato-thalamo-cortical system [24]:

While DAT1 effects take place in the striatum and are mediated

by D2 receptors, COMT effects occur in the prefrontal cortex and

are mediated by D1 receptors.

According to the tonic-phasic model [55], homozygous COMT

Met allele carriers have an increased tonic dopamine level, but

produce reduced phasic responses, with COMT Val allele carriers

showing the inverse pattern [56]. Tonic prefrontal dopamine levels

may be related to context maintenance, while phasic D2-receptor-

related striatal dopamine levels may refer to working memory

updating [57]. Prefrontal control can decrease striatal dopamine

levels [58]. Our data may be best explained by an increase in

dopamine concentrations in the prefrontal cortex (COMT Met-

allele), which increases prefrontal cortex control of tonic dopamine

level in the striatum [52,58]. In the striatum, an increased DAT1

expression induced by the 6R–10R haplotype [21] would also lead

to decreased tonic dopamine levels, which produce larger phasic

dopaminergic responses. When actions are followed by larger

phasic striatal dopamine responses, this could lead to enhanced

cortical motor post-processing, due to strong striato-cortical

connections in the motor system. Phasic striatal dopamine

responses could be elicited by movement execution. Dopaminergic

action could continue during a movement post-processing period

of about one or two seconds in order to facilitate an association of

actions and their consequences and may differ from striatal

contributions to movement initiation and preparation [59]. In our

study, individuals with the homozygous DAT1 6R–10R haplotype

and the COMT Met/Met genotype exhibited the largest motor

PINV amplitudes. However, functional responses in the striatum

(e.g. reward cue-related BOLD responses or dopamine release)

have been found to be larger for carriers of the 9R-allele in some

but not all studies [60,61]. Thus, it is important to state that the

exact mediating molecular mechanisms behind our findings still

need to be disentangled in further studies.

At first glance, it seems highly plausible that genes which relate

to dopamine inactivation affect stimulus post-processing. Howev-

indicated (coordinates x = 20.30, y = 20.12, z = 0.54). The crossing red lines were moved to the point where this dipole projects onto the cortical
surface in order to illustrate the cortical activation which was explained by this spatial component. Note that there were two areas with a stronger
lateralized activation for the homozygous 6R–10R/Met group, one located more frontally around Brodman areas 6 and 8 (red arrow, premotor cortex
and frontal eye field); the other located more centro-parietally comprising Brodman areas 1–4 and 40 (blue arrow, motor, somatosensory and
posterior parietal cortex). B) Interaction between the DAT1 haplotype and COMT for the lateralized motor PINV. The error bars indicate the
95% confidence intervals.
doi:10.1371/journal.pone.0037814.g004

Table 3. Effects of DAT1 haplotype and COMT on the
lateralized motor PINV – means and standard deviations.

Separate effects of DAT1 and COMT
Motor PINV
amplitude [mV]

DAT1 haplotype

6R–10R/6R–10R (N = 79) 22.262.6 mV

Other (N = 95) 21.362.1 mV

COMT

Met/Met (N = 43) 22.463.1 mV

Val/Met (N = 96) 21.662.2 mV

Val/Val (N = 35) 21.161.9 mV

Combined effects of DAT1 and COMT

DAT1 10R-6R/10R-6R+COMT Met/Met (N = 18) 24.362.9 mV

DAT1 other+COMT Met/Met (N = 25) 20.9562.3 mV

DAT1 10R-6R/10R-6R+COMT Val/Met (N = 46) 21.862.2 mV

DAT1 other+COMT Val/Met (N = 50) 21.462.2 mV

DAT1 10R-6R/10R-6R+COMT Val/Val (N = 15) 20.7462.1 mV

DAT1 other+COMT Val/Val (N = 20) 21.361.8 mV

doi:10.1371/journal.pone.0037814.t003
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er, the finding that the post-processing amplitude rather than the

duration of stimulus post-processing was mainly affected suggests

that the effects were not directly related to the speed of dopamine

inactivation by COMT or DAT1 [18]. Genetic effects were most

likely mediated via influences on the level of tonic dopaminergic

activity [52]. In this respect, motor system maturation must also be

kept in mind, as, in children, the 6R–10R-allele has been

described to be a risk factor for ADHD, while in adults the 6R–

9R allele was associated with ADHD [62,63], pointing towards a

differential decay of dopamine transporter expression with

increasing age [20]. Thus, our findings could be specific for

healthy adolescents or even more specifically for healthy adoles-

cents with biological and psychosocial risks for mental disorders,

and may not simply generalize to adult subjects.

Conclusions
Our findings suggest that tonic prefrontal and striatal dopamine

levels interact. Specifically, in carriers of the 6R–10R/6R–

10R+Met/Met genotype, a significant enhancement of motor

post-processing could be shown in 15-year-old adolescents of a

high-risk cohort. For the first time, dopaminergic genetic

influences were observed on the time course of motor post-

processing and were separated from preceding movement

preparation and execution. Our results provide an example of

how gene-gene interactions (apart from gene-environment inter-

actions) can explain the limited effects of single genes on

endophenotypes.

Author Contributions

Conceived and designed the experiments: ML. Performed the experiments:

TR. Analyzed the data: SB ML. Contributed reagents/materials/analysis

tools: JT MR. Wrote the paper: SB ML. Data interpretation, statistical

analysis: CJS. Data interpretation, critical manuscript revision: CF FR TB

MR DB TR.

References

1. Rockstroh B, Elbert T, Canavan A, Lutzenberger W, Birbaumer N (1989) Slow

cortical potentials and behavior. Baltimore: Urban & Schwarzenberg.

2. Bender S, Resch F, Weisbrod M, Oelkers-Ax R (2004) Specific task anticipation

versus unspecific orienting reaction during early contingent negative variation.

Clin Neurophysiol 115: 1836–1845.

3. Gaillard AW (1977) The late CNV wave: preparation versus expectancy.

Psychophysiology 14: 563–568.

4. Rohrbaugh JW, Syndulko K, Sanquist TF, Lindsley DB (1980) Synthesis of the

contingent negative variation brain potential from noncontingent stimulus and

motor elements. Science 208: 1165–1168.

5. Gomez CM, Marco J, Grau C (2003) Preparatory visuo-motor cortical network

of the contingent negative variation estimated by current density. Neuroimage

20: 216–224.

6. Bender S, Weisbrod M, Bornfleth H, Resch F, Oelkers-Ax R (2005) How do

children prepare to react? Imaging maturation of motor preparation and

stimulus anticipation by late contingent negative variation. Neuroimage 27:

737–752.

7. Klein C, Andresen B, Berg P, Kruger H, Rockstroh B (1998) Topography of

CNV and PINV in schizotypal personality. Psychophysiology 35: 272–282.

8. Klein C, Rockstroh B, Cohen R, Berg P, Dressel M (1996) The impact of

performance uncertainty on the postimperative negative variation. Psychophys-

iology 33: 426–433.

9. Bender S, Becker D, Oelkers-Ax R, Weisbrod M (2006) Cortical motor areas are

activated early in a characteristic sequence during post-movement processing.

Neuroimage 32: 333–351.

10. Seamans JK, Yang CR (2004) The principal features and mechanisms of

dopamine modulation in the prefrontal cortex. Prog Neurobiol 74: 1–58.

11. Coull JT (1998) Neural correlates of attention and arousal: insights from

electrophysiology, functional neuroimaging and psychopharmacology. Prog

Neurobiol 55: 343–361.

12. Kahkonen S, Ahveninen J, Pekkonen E, Kaakkola S, Huttunen J, et al. (2002)

Dopamine modulates involuntary attention shifting and reorienting: an

electromagnetic study. Clin Neurophysiol 113: 1894–1902.

13. Linssen AM, Vuurman EF, Sambeth A, Nave S, Spooren W, et al. (2011)

Contingent negative variation as a dopaminergic biomarker: evidence from

dose-related effects of methylphenidate. Psychopharmacology (Berl).

14. Verleger R, Wascher E, Arolt V, Daase C, Strohm A, et al. (1999) Slow EEG

potentials (contingent negative variation and post-imperative negative variation)

in schizophrenia: their association to the present state and to Parkinsonian

medication effects. Clin Neurophysiol 110: 1175–1192.

15. Karoum F, Chrapusta SJ, Egan MF (1994) 3-Methoxytyramine is the major

metabolite of released dopamine in the rat frontal cortex: reassessment of the

effects of antipsychotics on the dynamics of dopamine release and metabolism in

the frontal cortex, nucleus accumbens, and striatum by a simple two pool model.

J Neurochem 63: 972–979.

16. Sesack SR, Hawrylak VA, Guido MA, Levey AI (1998) Cellular and subcellular

localization of the dopamine transporter in rat cortex. Adv Pharmacol 42:

171–174.

17. Lachman HM, Papolos DF, Saito T, Yu YM, Szumlanski CL, et al. (1996)

Human catechol-O-methyltransferase pharmacogenetics: description of a

functional polymorphism and its potential application to neuropsychiatric

disorders. Pharmacogenetics 6: 243–250.

18. Lotta T, Vidgren J, Tilgmann C, Ulmanen I, Melen K, et al. (1995) Kinetics of

human soluble and membrane-bound catechol O-methyltransferase: a revised

mechanism and description of the thermolabile variant of the enzyme.

Biochemistry 34: 4202–4210.

19. VanNess SH, Owens MJ, Kilts CD (2005) The variable number of tandem
repeats element in DAT1 regulates in vitro dopamine transporter density. BMC

Genet 6: 55.

20. Shumay E, Chen J, Fowler JS, Volkow ND (2011) Genotype and ancestry

modulate brain’s DAT availability in healthy humans. PLoS One 6: e22754.

21. Brookes KJ, Neale BM, Sugden K, Khan N, Asherson P, et al. (2007)

Relationship between VNTR polymorphisms of the human dopamine
transporter gene and expression in post-mortem midbrain tissue. Am J Med

Genet B Neuropsychiatr Genet 144B: 1070–1078.

22. Laucht M, Skowronek MH, Becker K, Schmidt MH, Esser G, et al. (2007)

Interacting effects of the dopamine transporter gene and psychosocial adversity
on attention-deficit/hyperactivity disorder symptoms among 15-year-olds from a

high-risk community sample. Arch Gen Psychiatry 64: 585–590.

23. Mattay VS, Goldberg TE, Fera F, Hariri AR, Tessitore A, et al. (2003) Catechol

O-methyltransferase val158-met genotype and individual variation in the brain

response to amphetamine. Proc Natl Acad Sci U S A 100: 6186–6191.

24. Bertolino A, Blasi G, Latorre V, Rubino V, Rampino A, et al. (2006) Additive

effects of genetic variation in dopamine regulating genes on working memory
cortical activity in human brain. J Neurosci 26: 3918–3922.

25. Egan MF, Goldberg TE, Kolachana BS, Callicott JH, Mazzanti CM, et al.
(2001) Effect of COMT Val108/158 Met genotype on frontal lobe function and

risk for schizophrenia. Proc Natl Acad Sci U S A 98: 6917–6922.

26. Fuster JM (2000) Executive frontal functions. Exp Brain Res 133: 66–70.

27. Laucht M, Esser G, Schmidt MH (1997) Developmental outcome of infants

born with biological and psychosocial risks. J Child Psychol Psychiatry 38:

843–853.

28. Cattell RB (1960) Culture Fair Intelligence Test, Scale 2 (Handbook), 3rd

edition. Champaign, IL: Institute for Personality and Ability Testing.

29. Weiß RH (1987) Grundintelligenztest CFT 20. Göttingen: Hogrefe.

30. Kiphardt EJ, Schilling F (1974) Körperkoordinationstest für Kinder (KTK).

Weinheim: Beltz.

31. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh

inventory. Neuropsychologia 9: 97–113.

32. van Leeuwen TH, Steinhausen HC, Overtoom CC, Pascual-Marqui RD, van’t

Klooster B, et al. (1998) The continuous performance test revisited with
neuroelectric mapping: impaired orienting in children with attention deficits.

Behav Brain Res 94: 97–110.

33. Banaschewski T, Brandeis D, Heinrich H, Albrecht B, Brunner E, et al. (2003)

Association of ADHD and conduct disorder–brain electrical evidence for the

existence of a distinct subtype. J Child Psychol Psychiatry 44: 356–376.

34. Brandeis D, Banaschewski T, Baving L, Georgiewa P, Blanz B, et al. (2002)

Multicenter P300 brain mapping of impaired attention to cues in hyperkinetic
children. J Am Acad Child Adolesc Psychiatry 41: 990–998.

35. Bender S, Weisbrod M, Resch F, Oelkers-Ax R (2007) Stereotyped topography
of different elevated contingent negative variation components in children with

migraine without aura points towards a subcortical dysfunction. Pain 127:
221–233.

36. Bender S, Weisbrod M, Just U, Pfuller U, Parzer P, et al. (2002) Lack of age-
dependent development of the contingent negative variation (CNV) in migraine

children? Cephalalgia 22: 132–136.

37. Bender S, Behringer S, Freitag CM, Resch F, Weisbrod M (2010) Transmodal

comparison of auditory, motor, and visual post-processing with and without
intentional short-term memory maintenance. Clin Neurophysiol 121:

2044–2064.

38. Bender S, Oelkers-Ax R, Resch F, Weisbrod M (2004) Motor processing after

movement execution as revealed by evoked and induced activity. Brain Res

Cogn Brain Res 21: 49–58.

Dopaminergic Gene Effects on Motor Potentials

PLoS ONE | www.plosone.org 12 May 2012 | Volume 7 | Issue 5 | e37814



39. Sano A, Kondoh K, Kakimoto Y, Kondo I (1993) A 40-nucleotide repeat

polymorphism in the human dopamine transporter gene. Hum Genet 91:
405–406.

40. Vandenbergh DJ, Rodriguez LA, Hivert E, Schiller JH, Villareal G, et al. (2000)

Long forms of the dopamine receptor (DRD4) gene VNTR are more prevalent
in substance abusers: no interaction with functional alleles of the catechol-o-

methyltransferase (COMT) gene. Am J Med Genet 96: 678–683.
41. Yacubian J, Sommer T, Schroeder K, Glascher J, Kalisch R, et al. (2007) Gene-

gene interaction associated with neural reward sensitivity. Proc Natl Acad

Sci U S A 104: 8125–8130.
42. Prata DP, Mechelli A, Fu CH, Picchioni M, Toulopoulou T, et al. (2009)

Epistasis between the DAT 39 UTR VNTR and the COMT Val158Met SNP
on cortical function in healthy subjects and patients with schizophrenia. Proc

Natl Acad Sci U S A 106: 13600–13605.
43. Bender S, Resch F, Klein C, Renner TJ, Fallgatter A, et al. (in revision)

Influence of Stimulant Medication and Response Speed on Lateralization of

Movement-Related Potentials in Attention-Deficit/Hyperactivity Disorder.
PLoS One.

44. Haggard P (2008) Human volition: towards a neuroscience of will. Nat Rev
Neurosci 9: 934–946.

45. Hallett M (1994) Movement-related cortical potentials. Electromyogr Clin

Neurophysiol 34: 5–13.
46. Bender S, Basseler K, Sebastian I, Resch F, Kammer T, et al. (2005)

Electroencephalographic response to transcranial magnetic stimulation in
children: Evidence for giant inhibitory potentials. Ann Neurol 58: 58–67.

47. Bruckmann S, Hauk D, Roessner V, Resch F, Freitag C, et al. (in press) Cortical
inhibition in attention deficit hyperactivity disorder: new insights from the

electroencephalographic response to transcranial magnetic stimulation. Brain.

48. Wickens JR, Reynolds JN, Hyland BI (2003) Neural mechanisms of reward-
related motor learning. Curr Opin Neurobiol 13: 685–690.

49. Masaki H, Wild-Wall N, Sangals J, Sommer W (2004) The functional locus of
the lateralized readiness potential. Psychophysiology 41: 220–230.

50. Ulrich R, Leuthold H, Sommer W (1998) Motor programming of response force

and movement direction. Psychophysiology 35: 721–728.
51. Sommer W, Leuthold H, Ulrich R (1994) The lateralized readiness potential

preceding brief isometric force pulses of different peak force and rate of force
production. Psychophysiology 31: 503–512.

52. Bilder RM, Volavka J, Lachman HM, Grace AA (2004) The catechol-O-
methyltransferase polymorphism: relations to the tonic-phasic dopamine

hypothesis and neuropsychiatric phenotypes. Neuropsychopharmacology 29:

1943–1961.

53. Karoum F, Chrapusta SJ, Brinjak R, Hitri A, Wyatt RJ (1994) Regional effects

of amphetamine, cocaine, nomifensine and GBR 12909 on the dynamics of

dopamine release and metabolism in the rat brain. Br J Pharmacol 113:

1391–1399.

54. Gogos JA, Morgan M, Luine V, Santha M, Ogawa S, et al. (1998) Catechol-O-

methyltransferase-deficient mice exhibit sexually dimorphic changes in cate-

cholamine levels and behavior. Proc Natl Acad Sci U S A 95: 9991–9996.

55. Grace AA (1995) The tonic/phasic model of dopamine system regulation: its

relevance for understanding how stimulant abuse can alter basal ganglia

function. Drug Alcohol Depend 37: 111–129.

56. de Frias CM, Marklund P, Eriksson E, Larsson A, Oman L, et al. (2010)

Influence of COMT Gene Polymorphism on fMRI-assessed Sustained and

Transient Activity during a Working Memory Task. J Cogn Neurosci 22:

1614–1622.

57. Marklund P, Larsson A, Elgh E, Linder J, Riklund KA, et al. (2009) Temporal

dynamics of basal ganglia under-recruitment in Parkinson’s disease: transient

caudate abnormalities during updating of working memory. Brain 132:

336–346.

58. Meyer-Lindenberg A, Kohn PD, Kolachana B, Kippenhan S, McInerney-Leo A,

et al. (2005) Midbrain dopamine and prefrontal function in humans: interaction

and modulation by COMT genotype. Nat Neurosci 8: 594–596.

59. Schultz W (2007) Behavioral dopamine signals. Trends Neurosci 30: 203–210.

60. Hahn T, Heinzel S, Dresler T, Plichta MM, Renner TJ, et al. (2011) Association

between reward-related activation in the ventral striatum and trait reward

sensitivity is moderated by dopamine transporter genotype. Hum Brain Mapp

32: 1557–1565.

61. Dreher JC, Kohn P, Kolachana B, Weinberger DR, Berman KF (2009)

Variation in dopamine genes influences responsivity of the human reward

system. Proc Natl Acad Sci U S A 106: 617–622.

62. Franke B, Hoogman M, Arias Vasquez A, Heister JG, Savelkoul PJ, et al. (2008)

Association of the dopamine transporter (SLC6A3/DAT1) gene 9-6 haplotype

with adult ADHD. Am J Med Genet B Neuropsychiatr Genet 147B: 1576–1579.

63. Franke B, Vasquez AA, Johansson S, Hoogman M, Romanos J, et al. (2010)

Multicenter analysis of the SLC6A3/DAT1 VNTR haplotype in persistent

ADHD suggests differential involvement of the gene in childhood and persistent

ADHD. Neuropsychopharmacology 35: 656–664.

Dopaminergic Gene Effects on Motor Potentials

PLoS ONE | www.plosone.org 13 May 2012 | Volume 7 | Issue 5 | e37814


