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Abstract

Background: Dopamine plays an important role in orienting and the regulation of selective attention to relevant stimulus
characteristics. Thus, we examined the influences of functional variants related to dopamine inactivation in the dopamine
transporter (DAT1) and catechol-O-methyltransferase genes (COMT) on the time-course of visual 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 preceding visual evoked potential components
were assessed.

Results: Significant additive main effects of DAT1 and COMT on the occipito-temporal early CNV were observed. In addition,
there was a trend towards an interaction between the two polymorphisms. Source analysis showed early CNV generators in
the ventral visual stream and in frontal regions. There was a strong negative correlation between occipito-temporal visual
post-processing and the frontal early CNV component. The early CNV time interval 500–1000 ms after the visual cue was
specifically affected while the preceding visual perception stages were not influenced.

Conclusions: Late visual potentials allow the genomic imaging of dopamine inactivation effects on visual post-processing.
The same specific time-interval has been found to be affected by DAT1 and COMT during motor post-processing but not
motor preparation. We propose the hypothesis that similar dopaminergic mechanisms modulate working memory
encoding in both the visual and motor and perhaps other systems.
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Introduction

Event-related potentials offer the possibility to examine the

influence of genes on cognitive processes with a high time

resolution. In visual processing, various stages can be described

during perception, ranging from the spatial analysis of a visual

stimulus during the P1 and N1 [1] to direct visual attention to the

subsequent fine-grained analysis of pattern details during the N2-

complex [2]. Visual perception is followed by P3 components

indexing a working memory update and stimulus evaluation [3,4].

Moreover, in paradigms which require a further memory

maintenance of the stimulus, memory encoding takes place during

the early contingent negative variation (CNV) [5,6] during visual

post-processing, i.e. during stimulus-dependent visual processing

after stimulus offset and the completion of the initial perception. A

CNV is evoked by delayed match-to-sample tasks but also by

simple cued reaction time tasks, when a cue predicts a subsequent

target stimulus. Previous studies have established that CNV is

composed of components which depend upon the cue S1 (and also

occur in a very similar way after single stimuli of the same

modality) or which depend on the target stimulus S2 (stimulus

anticipation and response preparation) [7]. The early CNV is

conditional of S1 and is thought to represent an orienting reaction
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[7] which is strongly influenced by the modality of the cue [8] but

not the modality of the target stimulus or whether a motor

response is required [7]. The early CNV peaks early after S1 and

decays to baseline towards S2, while late CNV related to response

preparation and stimulus anticipation peaks right before S2 [9].

Source analysis of a visual CNV paradigm has yielded important

generators of early CNV both in the frontal cortex (anterior

cingulate cortex) as well as in the occipito-temporal visual cortex

[10]. While frontal potentials have been associated with orienting

and recruitment of resources for task performance [9,10],

modality-specific encoding in visual areas during the same time

interval has been proposed to represent an important short-term

memory buffer [5,6]. This late negativity over occipito-temporal

areas occurs about half a second after single visual, but not

auditory or somatosensory stimuli [11,12]. Both timing and

topography thus distinguish this postprocessing component from

components related to cognitive or motor preparation. The

prolonged modality-dependent processing despite the short

stimulus duration of 150 ms (referred to here as ‘post-processing’

[11,12,14,15,16]) is particularly important because the effective

selection of relevant aspects of a stimulus often depends on the

completion of stimulus perception and evaluation. In the case of

short-lasting stimuli, the selective working memory encoding of

relevant stimulus characteristics must thus take place after the end

of the perceptual stimulation, i.e. during the post-processing

interval. Automatic attention capture by single stimuli is sufficient

to evoke this visual post-processing and working memory encoding

even without an explicit memory task [11,12]. This equivalent of

early CNV in paired stimulus tasks has been termed N700 when

evoked by single stimuli [11,12]. Post-processing which exceeds

the stimulus duration or initial stimulus perception (respectively

movement execution) occurs over modality-dependent areas

following short visual stimuli [6,13], movements [14,15], somato-

sensory stimuli [16], and auditory stimuli [5,11]. In contrast to

these modality-dependent activations during early CNV, a frontal

negativity which adds to the modality dependent activation has

been found for all sensory modalities [11,12] and may therefore

reflect a supramodal response. It has been related to an orienting

response [9] because it can habituate rapidly [17].

Dopamine modulates the neuronal signal-to-noise ratio in order

to focus prefrontal cortical resources [18] and plays an important

role in focusing attention on the relevant stimulus characteristics

[19]. The duration of dopaminergic action is limited by dopamine

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

methyltransferase (COMT) in the prefrontal cortex [20] and

reuptake via the dopamine transporter (DAT1) in the striatum

[21]. We recently demonstrated that DAT1 and COMT

influenced specifically motor post-processing (i.e. motor N700)

while pre-movement potentials were unaffected [22]. Because we

found that N700 occurs across different modalities with a

comparable time-course [11], here we investigated the effects of

three functional polymorphisms in the COMT and DAT1 genes on

time resolved visual processing. The analyses ranged from initial

stimulus perception (P1, N2) to stimulus post-processing after the

offset of the visual stimulus (early CNV).

We examined a functional COMT polymorphism, characterized

by the substitution of valine for methionine at codon 158 [23],

resulting in less enzyme activity and higher extracellular dopamine

levels [24]. With respect to DAT1, 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 have been found to lead to greater DAT1 expression [25]

and reduced striatal dopamine levels. The co-occurrence of both

DAT1-expression increasing VNTRs, the 6R–10R haplotype, has

been described to strengthen this effect [26,27]. However, the

controversy about whether the 10-repeat allele leads to greater or

lower DAT expression [28] is not yet finally resolved. 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 [29,30]. Developmental

aspects may change gene expression, 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 [31,32],

pointing towards a differential decay of dopamine transporter

expression with development [28], i.e. a steeper age-related

decrease of dopamine binding capacity for non 6R–10R carriers.

Though this adds some caveats to the interpretation of molecular

mechanisms behind influences of DAT1 genotype on EEG or

neuroimaging data, there is a wide agreement that this DAT1

polymorphism is functional. Thus, here we examined the DAT1

haplotype and its interaction with the COMT Val158Met

polymorphism in relation to visual early CNV in adolescents:

A continuous performance test (CPT) in the A-X version was

employed. In this task, the cue ‘A’ was follwed with a probability of

50% by the target stimulus ‘X’ which required a speeded motor

response. We analyzed different visual ERP components evoked

by the cue ‘A’ from initial visual perception (P1, N2), to early and

late visual CNV. Movement-related potentials have been ad-

dressed in a previous paper [22]. In analogy to our findings on

movement-related potentials, we hypothesized that visual stimulus

post-processing (early CNV) would be influenced more strongly

than the initial stimulus processing stages related to visual

perception (P1, N2 event-related potential components). More

specifically, we hypothesized that occipito-temporal early CNV

amplitudes would be genetically affected either by additive main

effects of DAT1 and COMT as described in a working memory

task [33] or that DAT1 and COMT would interact as

demonstrated in the motor modality [22]. If we would find

similar time-specific genetic modulation in both visual and motor

post-processing, a supra-modal working memory encoding mod-

ulation process could account for these findings and would deserve

further investigation.

Methods

Ethics statement
The study was approved by the institutional review board of the

Medical Faculty of the University of Heidelberg/Mannheim.

Written informed consent was obtained from all participants and

their parents according to the Declaration of Helsinki.

Participants
The exact sampling procedure has been described before [22].

In brief, from 195 healthy 15-year-olds (104 males, 91 females) of a

community-based high-risk cohort [27,34], 64-channel EEG data

were obtained. 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. 65 subjects (16.7%)

were excluded from the current analysis due to a current

psychiatric DSM-IV diagnosis. All subjects were free of psycho-

active medication at the time of the recording.

Hand dominance was assessed by the Edinburgh Handedness

Inventory [35]. 174 (89.2%) subjects were right-handed, 14 were

left-handed and 7 were ambidextrous. All subjects had a corrected

visual acuity of 0.8 or higher. In contrast to the analysis of
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lateralized movement-related potentials [22], left handed subjects

were not excluded in this paper because lateralization effects were

not a focus of the current analysis.

Recordings
Continuous 64-channel DC EEG was recorded by Neuroscan

Synamps 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 (VEOG) was calculated by leads F9’

and F10’ 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

[36,37,38]). 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. Correct

responses within 1 second were accepted. 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.

Data pre-processing
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. Continuous recordings were segmented into epochs

which comprised the time interval 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). Data were corrected

for eye movements and blinks by the algorithm of Gratton and

Coles (Brain Vision Analyzer, BrainProducts GmbH, Munich,

Germany). Potentials exceeding 150 mV amplitude were rejected

automatically as artifacts; remaining smaller artifacts were

removed by an experienced EEG technician who was blind to

the study hypotheses.

Data analysis

1. Visual post-processing (occipito-temporal early
CNV). As the main target parameter, we analyzed visual

post-processing after the warning stimulus ‘A’ (visual compo-

nent of early CNV) during the interval 600–900 ms after

stimulus onset, i.e. 450–750 ms after stimulus offset at the

pooled leads P7’, P8’, P9’, P10’ [10,12]. For comparison, the

visual N700 following the imperative stimulus ‘X’ and

following the distractors preceding the warning stimulus was

examined at the same leads (P7’, P8’, P9’, P10’) and during the

same time interval. Finally, the occipito-temporal early CNV

was assessed in the same way in trials when the cue ‘A’ was

followed by a non-target stimulus (though this does not allow to

exclude trials with lapses of attention as no response was

required in these trials).

2. Visual perception and visual stimulus anticipation
during late CNV. In order to exclude that increased stimulus

post-processing could be a by-product of increased anticipation

or increased attention during the initial stimulus perception, we

examined the same genetic effects on preceding visual potential

components:

a) Stimulus anticipation durin late CNV: The parieto-occipital

late contingent negative variation was determined over

posterior parietal/dorsal occipital areas (P3’, P4’, PO1’,

PO2’) during the 200 ms preceding the target stimulus

[10,39,40].

b) Perception/attentio: P1 was calculated as the mean amplitude

in a time window 610 ms around the positive peak 70–

140 ms after the warning stimulus at the pooled leads

O1’, O2’, P7’, P8’ [12]. Visual N2 was calculated as the

mean amplitude in a time window 610 ms around the

negative peak 140–230 ms after the warning stimulus at

the pooled leads P7’, P8’, P9’, P10’.

3. Supramodal orienting response. Finally, in order to

complete the stimulus-locked analysis, genetic effects on

orienting (frontal early CNV) were examined. Frontal early

CNV amplitude was measured at its topographical maximum

at Fz during the time interval 600–900 ms [41,42].

Source analysis of visual early CNV
Source analysis was carried out on the group grand averages

which provide the best signal-to-noise ratio on time intervals which

yielded significant genetic effects in the surface potential analysis

[22]. Simplifying our previous dipole model [12], a 4-dipole model

was fitted on the visual early CNV time interval (600–900 ms after

the cue ‘A’) by the genetic algorithm implemented in BESA. 4

dipoles were chosen because the early CNV maps showed 3

negative peaks and a fourth dipole was introduced to check for

additional activity. Residual variance and energy were minimized.

Two dipoles were constrained to a symmetric location due to the

symmetric occipito-temporal early CNV topography. As no

systematic differences in visual early CNV potential topography

or source localization were found between the genetic groups, the

dipole model was fit on the DAT1 6R–10R/6R–10R+COMT

Met/Met group (highest occipito-temporal early CNV amplitudes)

and applied to other groups after refitting the dipole orientations.

In a second step sLORETA was performed in BESA research

5.3 (BESA GmbH, Fürstenfeldbruck, Germany) on the same early

CNV time interval in order to describe the extension of the

distributed cortical sources of visual early CNV as exact as

possible. Default regularization parameters were employed assur-

ing that neither over-regularization would lead to a low number of

widespread midline sources nor an under-regularization to

numerous superficial sources.

Genotyping
EDTA anticoagulated venous blood samples were collected.

Leukocyte genomic deoxyribonucleic acid (DNA) was isolated with

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

DAT1 and COMT Influence Visual Post-Processing
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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 39-untranslated-region

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

conditions of Sano et al. [43]. 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-2_-deoxyguanosine 5_-triphosphate

(Amersham Biosciences, Piscataway, NJ). After an initial denatur-

ation 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. [44]. All genotypes were

scored independently by 2 individuals who were blind to the

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

a previous study [27]. The following genotype distribution was

obtained for the 30 bp DAT1 VNTR in intron 8 (5R/5R N = 7;

5R/6R N = 62; 6R/6R N = 119; 5R/7R N = 2; 6R/7R N = 5)

and the 40 bp DAT1 VNTR at the 39UTR (7R/9R N = 3; 9R/9R

N = 11; 9R/10R N = 76; 10R/10R N = 104; 10R/11R N = 1). 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 previous literature and 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 [27] 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 = 90) versus at least one non-6R–

10R haplotype (N = 105); and (2) COMT: Val/Val (N = 43) versus

Val/Met (N = 107) versus Met/Met (N = 45).

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

visual early CNV amplitude, linear regression analyses were

performed. Gender was entered into the model as a covariate. 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

univariate regression analyses with COMT alleles as predictor

separately for each DAT1 haplotype level, again controlling for

gender effects.

We also tested whether the results would be confirmed when the

visual N700 following the distractor and the visual N700 following

the target stimulus ‘X’ were used as dependent variables, as we

hypothesized that the visual N700 following any single visual

stimulus could be the equivalent to early CNV following the cue

‘A’.

Finally, possible genetic effects on earlier stimulus processing

and supramodal working memory updating/orienting were

assessed by t-tests to examine the possibility that increased post-

processing was only a by-product of increased earlier processing.

No correction for multiple testing was applied in order to detect

any confounding effects. Pearson correlation coefficients were

computed to assess associations between occipito-temporal and

frontal early CNV components as well as between initial visual

perception-related components (P1, N2) and subsequent visual

post-processing (occipito-temporal early CNV).

Results

Behavioral data
The task was well accomplished by the subjects, with on average

2.562.7 omission and 2.463.0 commission errors. Further details

on mean reaction time, reaction time variability, omission and

commission errors have been reported previously [22]. No

significant genetic influences on reaction time or reaction time

variability were observed. There was only a significant interaction

between DAT1 and COMT 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 haplotype6
COMT beta = 0.31; t = 2.0; p = 0.047).

Event-related potential data
Specificity of the time window: Effects of DAT1 and

COMT on cue perception and target anticipation-related

potential components. We obtained no significant effects of

DAT1 haplotype or COMT genotype on P1, N2, or occipito-

parietal late CNV amplitude (all p.0.05). For any qualitative

differences in P1, N2 or CNV between the genotype groups, see

Figures 1 and 2. There was a trend towards a smaller visual N2 for

the COMT Met/Met (26.264.0 mV) versus the Val/Val group

(27.663.4 mV; t = 1.8; p = 0.08). Interactions between the DAT1

haplotype and COMT genotype with respect to event-related

potential components that preceded early visual CNV were far

from being statistically significant (all p.0.46).

Early contingent negative variation following the warning

stimulus ‘A’. Both DAT1 and COMT polymorphisms had a

significant effect on occipito-temporal early CNV amplitude

(p = 0.02 and p = 0.05; linear regression model without an

interaction term, see Tables 1 and 2). When an interaction term

was included into the model, a trend towards an interaction

between DAT1 and COMT emerged (t = 1.8; p = 0.077).

Figure 1 illustrates how DAT1 and COMT specifically affected

the visual post-processing window following the distracter stimuli,

the warning stimulus ‘A’ and the target stimulus ‘X’. The visual

early CNV topography with the characteristic maximum over

occipito-temporal visual areas is also presented. Figure 2 shows

that the COMT effects tended to be stronger in the presence of the

homozygous 6R–10R DAT1 haplotype. There were no changes in

visual early CNV topography or duration, but occipito-temporal

early CNV amplitude was affected.

Separate linear regression analyses for the two DAT1-haplotype-

defined groups indicated that the COMT genotype only had a

significant effect on visual early CNV amplitude in homozygous

carriers of the 6R–10R DAT1 haplotype (R2 = 0.07; regression

slope 21.3060.52 mV; beta = 20.26; t = 22.5; p = 0.01) but not

otherwise (R2 = 0.03; regression slope 20.2560.32 mV; be-

ta = 20.08; t = 20.8; n.s.). The largest early visual CNV

amplitudes occurred in those subjects carrying both the Met/

DAT1 and COMT Influence Visual Post-Processing

PLoS ONE | www.plosone.org 4 July 2012 | Volume 7 | Issue 7 | e41552



DAT1 and COMT Influence Visual Post-Processing

PLoS ONE | www.plosone.org 5 July 2012 | Volume 7 | Issue 7 | e41552



Met COMT polymorphism and the homozygous 6R–10R DAT1

haplotype (Figure 3).

The results were also roughly confirmed for the occipito-

temporal early CNV followed by non-target stimuli in an additive

model (R2 = 0.04; p = 0.03). DAT1 regression slope was

20.6760.40 mV (beta = 20.12; t = 1.7; p = 0.09) and COMT

regression slope was 20.5960.29 mV (beta = 20.14; t = 2.0;

p = 0.046). Again, there was a trend towards an interaction of

DAT1 and COMT (t = 1.7; p = 0.099) in the model with an

interaction term (R2 = 0.06; p = 0.01).

Accordingly, when all trials involving the cue ‘A’ (both followed

by a target and by a non-target stimulus) were analyzed together,

the additive effects of COMT (t = 2.3; p = 0.02) and DAT1 (t = 1.9;

p = 0.06) and the trend towards an interaction between DAT1 and

COMT (t = 1.8; p = 0.066) were confirmed.

Though there was a trend towards an association of COMT

genotype and early frontal CNV amplitude (beta = 0.12; t = 1.7;

p = 0.09), there was no significant association of DAT1 (be-

ta = 0.03; t = 0.4; p = 0.69) or an interaction between COMT and

DAT1 (beta = 0.08; t = 0.5; p = 0.60) with respect to early frontal

CNV. However, there was a strong negative correlation between

early occipito-temporal and early frontal CNV (r = 20.47; t = 7.4;

p,0.00001), i.e. larger negativity over visual areas was associated

with less frontal negativity (Figure 4).

Moreover, there was a negative correlation of early occipito-

temporal CNV with both omission errors (r = 20.22; t = 3.1;

p = 0.003) and commission errors (r = 20.20; t = 2.8; p = 0.005)

but not reaction time (r = 20.11; t = 1.5; p = 0.12), indicating that

larger negativity during visual post-processing was associated with

a higher number of both types of errors.

In contrast, there was no significant correlation between P1

(r = 20.08; t = 1.2; p = 0.25) or N2 amplitude (r = 0.07; t = 1.0;

p = 0.33) and early occipito-temporal CNV amplitude despite the

large sample size.

Source analysis: Residual variance during the visual early

CNV time interval could be reduced to 7.7% by the 4-dipole

model for the 6R–10R/6R–10R+Met/Met – group revealing the

most pronounced visual early CNV. Figure 5 shows how two

symmetrical occipito-temporal dipoles (dipole #3 and dipole #4)

explained the visual early CNV time-course. Their dipole

moments during the early CNV time interval were larger in the

6R–10R/6R–10R+Met/Met than in the DAT1 other+COMT

Val/Val group. For all groups, the dipole moments returned to

baseline after the end of the visual early CNV component.

sLORETA results pointed towards activation around Brodman

areas 19 and 37. There were no hints towards topographic

differences between the genetic groups. DAT1 and COMT

polymorphisms influenced the extent to which secondary visual

areas became transiently and selectively active during visual post-

processing.

Visual N700 following a preceding distractor and the

target stimulus ‘X’/non-target stimuli which followed the

cue ‘A’. Despite qualitative results for the visual N700 following

the target stimulus ‘X’ which pointed in the same direction as for

the visual N700 following the cue (Figures 1 and 2), the

corresponding DAT1 and COMT effects (DAT1 t = 1.4; p = 0.18;

COMT t = 0.7; p = 0.46) and the interaction thereof (t = 1.4;

p = 0.18) failed to reach trend or significance level in the linear

regression model.

The corresponding additive DAT1 and COMT effects on the

visual N700 following non-target stimuli which had been preceded

by the cue ‘A’ showed a trend for DAT1 (t = 1.8; p = 0.07) but no

effect of COMT (t = 0.7; p = 0.48), while the interaction between

DAT1 and COMT reached trend level in this case (t = 1.8;

p = 0.08).

With respect to the visual N700 following the distracter which

preceded the cue, there were also no significant effects of DAT1

(t = 1.3; p = 0.19) or COMT (t = 1.5; p = 0.13) alone, but a trend

towards an interaction between the two (t = 1.7; p = 0.08).

Separate linear regression analyses for the two DAT1-haplotype-

defined groups indicated that the COMT genotype had a

significant effect on visual N700 amplitude in homozygous carriers

of the 6R–10R DAT1 haplotype only (R2 = 0.07; regression slope

20.8560.41 mV; beta = 20.22; t = 22.1; p = 0.04) but not

otherwise (R2 = 0.01 regression slope 20.0160.28 mV; be-

ta = 20.005; t = 20.05; n.s.). Again, the largest visual N700

amplitudes occurred in the subjects with the Met/Met COMT

polymorphism in the presence of the homozygous 6R–10R DAT1

haplotype.

Discussion

The present investigation reports data on genomic imaging of

the time course of visual processing. The findings outlined above

provide first evidence that genetic variation in DAT1 and COMT

influence the amount of cortical activity during visual post-

processing in the same specific time window about 500–1000 ms

after the stimulus which we previously described for the motor

system during movement post-processing [11,22]. Most impor-

tantly, the post-processing time interval was again specifically

affected, as there was no evidence for an increased processing

during visual perception. To the contrary, there was even a trend

towards less initial processing being accompanied by increased

post-processing. Individuals with the Met/Met genotype showed

higher early CNV amplitudes over visual or (contralateral motor

areas [22]) than Val/Val carriers, while individuals with a

heterozygous COMT exhibited intermediate occipito-temporal

early CNV amplitudes. Individuals with the homozygous 6R–

10R DAT1 haplotype showed higher visual early CNV amplitudes

than subjects with at least one non-6R–10R DAT1 allele. In

agreement with Alexander’s model [45], parallel fronto-striatal

circuits could be modulated by DAT1 and COMT with respect to

visual and motor post-processing/working memory encoding.

There was a strong negative correlation between visual post-

processing (occipito-temporal early CNV) and the orienting

reaction as reflected by frontal early CNV, and both source

analyses confirmed that these two negativities reflect distinct

sources. Like in the motor system, where increased motor post-

processing was associated with longer reaction times as an

indicator for less attention and response preparation, again, visual

Figure 1. Time course and topography of the early visual contingent negative variation (CNV) by DAT1 and COMT polymorphisms
separately. Top: Time course by a) DAT1 haplotype, and b) COMT Val158Met genotype. Negativity is indicated by upward deflections. Stimulus-
locked averages are displayed, the vertical dashed line indicates the time of the button press. The visual post-processing interval is selectively and
reliably affected. Only the COMT polymorphism seems to influence the visual N2 in the opposite direction to the visual early CNV. Bottom:
Topography of the early CNV (600–900 ms after the cue ‘A’). Isopotential line maps are shown, negativity is illustrated by blue areas, positivity by red
areas. The head is viewed from above, the nose is upwards. The small circles illustrate the position of the electrodes. Arrows mark the visual early CNV
maximum. The topography appears to be unaltered by DAT1 and COMT polymorphisms, but occipito-temporal early CNV amplitude is increased in
the subjects with the Met/Met and the 6R–10R/6R–10R genotypes.
doi:10.1371/journal.pone.0041552.g001
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Figure 2. Combined effects of DAT1 and COMT genotypes on early visual contingent negative variation (CNV). Top: The effect of the
COMT genotype on the time course of the visual early CNV is shown separately for the homozygous 6R–10R DAT1 haplotype and the DAT1 haplotype
with at least one non-6R–10R allele. The same conventions as for Figure 1 apply. Bottom: Topography of the visual early CNV (600–900 ms after the
cue ‘A’) – combined influences of DAT1 and COMT genotypes. Note that there were nearly no changes in visual early CNV topography but especially
in the presence of the homozygous 6R–10R DAT1 haplotype, the Met/Met COMT genotype increased visual occipito-temporal early CNV amplitude.
doi:10.1371/journal.pone.0041552.g002
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post-processing was associated with a higher number of both

omission and commission errors. I.e. worse task performance and

less controlled attention were associated with increased post-

processing. This could indicate that post-processing is used to

compensate for deficits during initial stimulus perception.

However, frontal early CNV did not show the same or an

inverse modulation by DAT1 and COMT polymorphisms as did

the occipito-temporal early CNV.

There was no significant correlation between ERP components

during initial visual perception of the cue (P1, N2) and subsequent

occipito-temporal early CNV. Taking into account the large

sample size, this means that if initial visual perception would

directly influence the amount of visual post-processing, any effect

would have to be extremely small.

There was a trend towards an interaction between DAT1 and

COMT for the visual early CNV following the cue ‘A’, the N700

following the preceding distractors and the non-X stimuli

following the cue ‘A’ which required response inhibition. With

respect to the N700 following the target stimuli, a ceiling effect

may have been present, as overall higher amplitudes were

obtained than during early CNV or N700 following a distractor.

We suggest that the effects of DAT1 and COMT on visual post-

processing are not limited to paired stimulus paradigms (early

CNV), but that a single visual stimulus is sufficient to evoke the

same visual post-processing [11,22]. The interaction effect

Table 1. Means and standard deviations of visual early contingent negative variation (CNV) amplitudes by DAT1 and COMT.

Separate effects of DAT1 and COMT

visual early CNV
amplitude [mV]
‘A’

visual early CNV
amplitude [mV]
‘X’

visual early CNV
amplitude [mV]
‘other’

DAT1 haplotype

6R–10R/6R–10R (N = 90) 22.463.2 mV 25.263.4 mV 23.162.5 mV

Other (N = 105) 21.762.3 mV 24.662.8 mV 22.662.0 mV

COMT

Met/Met (N = 45) 22.763.2 mV 25.063.1 mV 23.262.6 mV

Val/Met (N = 107) 22.162.6 mV 25.063.0 mV 22.962.3 mV

Val/Val (N = 43) 21.262.7 mV 24.463.3 mV 22.461.9 mV

Combined effects of DAT1 and COMT

DAT1 10R–6R/10R-6R+COMT Met/Met (N = 20) 23.863.8 mV 25.763.7 mV 24.163.0 mV

DAT1 other+COMT Met/Met (N = 25) 21.862.3 mV 24.362.4 mV 22.562.1 mV

DAT1 10R-6R/10R-6R+COMT Val/Met (N = 53) 22.362.9 mV 25.363.4 mV 22.962.5 mV

DAT1 other+COMT Val/Met (N = 54) 21.862.2 mV 24.762.6 mV 22.862.1 mV

DAT1 10R-6R/10R-6R+COMT Val/Val (N = 17) 21.262.9 mV 24.162.9 mV 22.461.9 mV

DAT1 other+COMT Val/Val (N = 26) 21.362.6 mV 24.663.6 mV 22.561.9 mV

doi:10.1371/journal.pone.0041552.t001

Table 2. Linear regression examining the effect of COMT and DAT1 haplotype on the visual early CNV following the cue ‘A’
(N = 195)1.

B SE B beta t-value p

without interaction (R2 = 0.06;
p = 0.01)

Constant 20.606 0.89 mV

Sex 20.536 0.39 mV 20.10 1.4 n.s.

DAT1 20.766 0.39 mV 20.14 1.94 0.05

COMT 20.696 0.29 mV 20.17 2.4 0.02

with interaction term DAT16COMT
(R2 = 0.07; p = 0.006)

Constant 20.926 1.23 mV

Sex 20.516 0.39 mV 20.09 1.3 n.s.

DAT1 0.306 0.71 mV 0.05 0.4 n.s.

COMT 20.256 0.38 mV 20.06 0.7 n.s.

DAT16COMT 21.046 0.59 mV 20.25 1.8 0.077

1B = regression coefficient; SE B = standard error of the regression coefficient; beta = standardized regression coefficient.
doi:10.1371/journal.pone.0041552.t002
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between DAT1 and COMT was not as clear as in the motor system

[22]. Additive effects of DAT1 and COMT have been described

previously for the visual system in a working memory task [33].

As already observed in the motor system, the amplitude of visual

early CNV/N700 was affected by DAT1 and COMT and not N700

duration. This suggests that it was not the direct effect of DAT1 or

COMT on dopamine inactivation by reuptake or metabolism that

was operative, but rather the effects of DAT1 and COMT on tonic

dopamine levels mediated the influences on visual post-processing

[46]. The larger occipito-temporal early CNV amplitudes in

carriers of the homozygous 6R–10R DAT1 haplotype could also

point towards visual stimuli eliciting larger phasic dopaminergic

responses in the presence of lower tonic dopamine levels, taking

into account that the 6R–10R DAT1 haplotype has been

associated with a higher dopamine turnover in children and

adolescents [28]. The finding that our present analysis of the visual

system yielded a similar time course as for the motor system could

point towards the implication of subcortical key structures such as

the basal ganglia [47] which are linked to widespread cortical

areas.

Preceding visual event-related potential components during

visual perception:

Figure 3. Effects of DAT1 haplotype and COMT on visual early contingent negative variation (CNV). The error bars indicate the 95%
confidence intervals.
doi:10.1371/journal.pone.0041552.g003

Figure 4. Scatterplot showing the negative correlation of frontal and occipito-temporal early contingent negative variation.
doi:10.1371/journal.pone.0041552.g004
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Overall, the results of the control conditions did not uphold the

correction for multiple testing and must be examined in further

studies. However, for the COMT Met/Met genotype among

homozygous carriers of the 6R–10R DAT1 haplotype, we obtained

rather a combination of (non-significantly) lower initial processing

followed by higher post-processing. Thus, no tentative influence of

COMT and DAT genotypes pointed into the same direction as the

influences of COMT and DAT on visual early CNV amplitude.

There was no hint that the effects of DAT1 and COMT on

increased post-processing could have been a consequence of

increased initial visual processing. COMT and DAT1 genotype did

not affect reaction time variability in this sample without subjects

with attention deficit hyperactivity disorder [22]. However, this

does not exclude the possibility that dopaminergic genes may

interact with other factors with respect to reaction time variability.

Our results, thus, suggest several phases of dopaminergic effects

on visual processing in visual event-related potentials and early

CNV:

a) Early visual processing: Dopamine may exert influences on

early visual perception in the retina, though it is not an

important neurotransmitter for the central pathways as

shown in patients with Parkinsons’s disease who have

decreased visual P100 amplitudes [48]. A reduced P100

amplitude in schizophrenia has been found to be associated

with working memory performance deficits [49]. However,

DAT1 and COMT polymorphisms did not affect early visual

processing in our study. It remains unclear whether the

association of reduced P100 in schizophrenia and working

memory deficits may be an indirect effect due to a common

source which affects both parameters.

b) Early CNV and working memory encoding: Early CNV

shows pronounced age effects during development with an

amplitude decrease over frontal sites [42]. Developmental

aspects may also change gene expression, 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 [31,32], pointing towards a differential decay of

dopamine transporter expression with development [28], i.e.

a steeper age-related decrease of dopamine binding capacity

for non 6R–10R carriers. Previous findings with respect to

CNV seem especially important for the interpretation of our

results: Early frontal CNV is thought to represent an

orienting reaction [7] which is strongly influenced by the

modality of the cue [8]. CNV has been found to be increased

by methylphenidate [50] though dopaminergic effects on

CNV were not unanimously replicated [51]. However, in a

widely accepted model, dopaminergic neurons in the basal

ganglia can produce an inhibition of thalamic neurons which

in turn disinhibits the cortex during CNV [9,52,53,54].

Source analysis has yielded important generators of early

CNV both in the frontal cortex (anterior cingulate cortex) as

well as in the occipito-temporal visual cortex [10]. While

frontal potentials have been associated with orienting and

recruitment of resources for task performance [9,10],

modality-specific encoding in visual areas has been proposed

to represent an important short-term memory buffer [5,6].

Supramodal fronto-parietal circuits including supplementary

motor area and the ACC have been identified [55] and could

be related to our frontal negative component, as source

analysis on grand average data can lead to a smearing of

potentials and, thus, ‘‘deeper’’ equivalent source localizations.

Figure 5. Dipole and sLORETA source analysis of influences of COMT and DAT1 polymorphisms on early visual contingent negative
variation (CNV). Left: 4-dipole source model fitted on the early CNV time interval by the genetic algorithm. Equivalent dipole 4 (pink) is symmetric
to equivalent dipole 3 (green); both explain the occipito-temporal visual early CNV maxima. Dipoles 1 and 2 pick up additional frontal activity and
activity related to the P300/late positive complex. Middle: Dipole moments for the homozygous 6R–10R/Met group (highest occipito-temporal early
CNV amplitudes) compared to the homozygous other/Val group (low occipito-temporal early CNV amplitudes). Colours and numbers refer to the
dipole model presented on the left, there were no qualitative differences between the groups. The vertical dashed line indicates the time of the
imperative stimulus ‘X’, the early CNV time interval following the cue ‘A’ (600–900 ms) is marked in orange. Right: sLORETA source analysis for the
same two genetic groups. The dipole locations of the dipole model depicted on the left are indicated. The occipito-temporal activation around
Brodman areas 19, 37 (and adjacent areas) was stronger for the homozygous 6R–10R/Met group. The crossing red lines indicate the coordinates
x = 0.40, y = 20.63, z = 20.14 (pink dipole).
doi:10.1371/journal.pone.0041552.g005
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The negative correlation which we found between frontal

early CNV and occipito-temporal early CNV could indicate

that a well timed frontal resource allocation requires less

processing in the occipito-temporal visual ventral stream to

accomplish an effective working memory encoding.

Conclusions
For the first time, dopaminergic genetic influences were

demonstrated on the time course of visual processing in 15-year-

old adolescents. We found that the same specific time interval as

for the motor system was affected. We propose that modality-

dependent memory traces in perceiving (visual) or executing

(motor) systems are modulated during memory encoding by a

dopaminergic system which affects the time interval of about 500–

1000 ms after the stimulus or movement. Earlier perceptual stages

were unaffected. Future studies will have to reveal the extent to

which an inefficient resource allocation during the orienting

response (reduced frontal early CNV associated with larger early

CNV amplitudes over visual areas) affects performance, and

contributes to an increased number of errors especially in

adolescents.
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