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Dopamine Transporter Genotype Is Associated with a
Lateralized Resistance to Distraction during Attention

Selection
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Although lateral asymmetries in orienting behavior are evident across species and have been linked to interhemispheric asymmetries in
dopamine signaling, the relative contribution of attentional versus motoric processes remains unclear. Here we took a cognitive genetic
approach to adjudicate between roles for dopamine in attentional versus response selection. A sample of nonclinical adult humans (N =
518) performed three cognitive tasks (spatial attentional competition, spatial cueing, and flanker tasks) that varied in the degree to which
they required participants to resolve attentional or response competition. All participants were genotyped for two putatively functional
tandem repeat polymorphisms of the dopamine transporter gene (DAT1; SLC6A3), which are argued to influence the level of available
synaptic dopamine and confer risk to disorders of inattention. DAT1 genotype modulated the task-specific effects of the various task-
irrelevant stimuli across both the spatial competition and spatial cueing but not flanker tasks. Specifically, compared with individuals
carrying one or two copies of the 10-repeat DAT1 allele, individuals without this allele demonstrated an immunity to distraction, such that
response times were unaffected by increases in the number of distractor stimuli, particularly when these were presented predominantly
in the left hemifield. All three genotype groups exhibited uniform costs of resolving leftward response selection in a standard flanker task.
None of these significant effects could be explained by speed-accuracy trade-offs, suggesting that participants without the 10-repeat
allele of the DAT1 tandem repeat polymorphism possess an enhanced attentional ability to suppress task-irrelevant stimuli in the left

hemifield.
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Introduction

Convergent evidence from human and animal pharmacology
shows that cholinergic (Voytko etal., 1994; Witte et al., 1997) and
noradrenergic (Coull et al., 2001) mechanisms modulate behav-
ioral and neural indices of selective attention. Although pharma-
cological evidence also supports a role for dopamine in selective
attention (Clark et al., 1989), dissociating its effects on response
selection versus attentional selection has proven controversial
(Ward and Brown, 1996). Here we show that DNA variation in a
putatively functional dopamine polymorphism is associated with
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enhanced attentional selection, particularly for stimuli presented
within the left hemifield.

Damage to one cerebral hemisphere can induce hemispatial
neglect where responses to contralesional stimuli are impaired. In
humans, left neglect after right-hemisphere damage is more fre-
quent and severe than right neglect after left-hemisphere damage
(Driver and Mattingley, 1998). Consistent with animal studies
that report spatial inattention after ascending dopaminergic
pathway lesions (Iversen, 1984), dopamine agonists reduce the
extent of spatial inattention in neurological (Fleet et al., 1987;
Gorgoraptis et al., 2012) and psychiatric disorders (Maruff et al.,
1995). Ward and Brown (1996), however, examined the impact
of unilateral dopamine-depleting lesions on covert orienting in
rats. Although unilateral dopamine depletion slowed response
times contralateral to the lesion, responses to validly and invalidly
cued targets did not differ. These authors concluded that striatal
dopamine influences response but not selective attention processes.

A few studies have reported that DNA polymorphisms of the
dopamine transporter gene (DAT1) are associated with asymme-
tries of spatial attention (Bellgrove et al., 2005, 2007, 2008, 2009;
Newman etal., 2012; Zozulinsky et al., 2014). The 10-repeat allele
of a variable number of tandem repeat (VNTR) polymorphism
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Table 1. Genotype specific demographics and associated significance tests
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DAT13’UTR VNTR group

DAT7 intron 8 VNTR group

DAT110/6 haplotype group

Zero 10-repeats  One 10-repeat  Two 10-repeats p Zero 6-repeats  One 6-repeat  Two 6-repeats p Zero copies  Onecopy  Twocopies p
(n=36) (n=182) (n=300) value (n=24) (n=167) (n=336) value (n=43) (n=212) (n=257) value
Gender: female 13 (36%) 100 (55%) 157 (52%) 0.12 10 (42%) 83 (50%) 181 (54%) 0.40 18 (42%) 113 (53%) 137 (53%) 0.36
Age (years): 224(1.0) 214 (42) 216 (5.1) 057 23.8(9.3) 214 (43) 216 (5) 009 223(6.6) 21.5(44) 215(5.1)  0.66
mean (SD)
CAARS score:  44.8(8.0) 48.8(9.7) 49 (7.9) 0.02 46.8(7.8) 476 (9) 49.1 (4.5 011 453(83) 486(93) 493(8.1) 0.2
mean (SD)
CFQ score: 353(13.6) 40.0 (15.7) 39.0 (12.6) 016 32.1(13.1) 38.1(144)  39.9(12.6) 011 355(13.6) 39.1(154) 39.6(125 0.19
mean (D)

within the 3’ untranslated region of DAT]I is an established sus-
ceptibility locus for attention deficit/hyperactivity disorder
(ADHD). In vitro and human in vivo experiments suggest this
variant is associated with increased expression of the transporter,
which could reduce available synaptic dopamine (Heinz et al.,
2000; Fuke et al., 2001; Cheon et al., 2005; VanNess et al., 2005;
Brookes et al., 2006, 2007). Allelic variation within both this
VNTR and an intron 8 VNTR has been associated with asymme-
tries of selective attention in children with and without ADHD
(Bellgrove et al., 2007, 2009). Although Newman et al. (2012)
reported an influence of the DAT1 3'UTR VNTR on lateralized
target detections in nonclinical adults, participants were not re-
quired to select a target from among competing distractors, mak-
ing it unclear whether the results merely reflect an asymmetry of
response selection rather than a specific asymmetry of attentional
selection.

Using three paradigms with varying requirements for resolv-
ing attentional competition versus response competition, we
took a cognitive genetic approach to adjudicate between roles for
dopamine in attentional versus response selection. If DAT1 ge-
notype is associated with response selection mechanisms (later-
alized or not), then global differences in speed should exist across
tasks and DAT1 genotype. If, however, DAT1 genotype is linked
to lateralized attentional selection, then DAT1 genotype should
influence the suppression of task-irrelevant stimuli, particularly
when distraction arises in the left hemifield.

Materials and Methods

Participants

Participants (N = 532) were recruited and tested at either the University
of Queensland (n = 379) or Monash University (n = 153) using identical
procedures. A “cohort” factor was included as a covariate in all analyses
to control for any subtle differences between testing locations. Healthy
right-handed participants were included in the current analysis if they (1)
completed all three tasks; (2) were of Caucasian background; (3) had
completed the Cognitive Failures Questionnaire (CFQ) and Conners’
Adult ADHD Rating Scales (CAARS), self-report scales that screened for
subthreshold attention deficits; and (4) were successfully genotyped for
the 3’-UTR and intron 8 VNTRs of the DAT1 gene. These selection
criteria resulted in the inclusion of 518 (270 females and 248 males) of the
532 participants (see Table 1 for genotype-specific demographics).

Cognitive tasks

The three cognitive tasks (see Spatial competition, Spatial cueing, and
Flanker tasks below) were presented in a dimly lit room on an 85 Hz,
12 X 16 inch CRT monitor positioned at a viewing distance of 65 cm
(stimulus visual angle, 3.6 X 3.3°). Participants were instructed to hori-
zontally align themselves with a fixation cross (+) that was presented in
the center of the screen and to make responses via a standard Dell
QWERTY keyboard with USB connection. Although use of a keyboard
for recording responses introduces some timing imprecision, empirical
and modeling research shows that this additional error variability does
not affect statistical outcomes for research designs such as that used here,

where repeated-measures experimental comparisons are emphasized
(Damian, 2010; Brand and Bradley, 2012). The tasks were presented in
counterbalanced order across participants with optional rest breaks of
=60 s between each task block. Participants were always instructed to
maintain fixation and were reminded that the tasks were easiest to per-
form when fixation was maintained. The task requirements are detailed
below and the temporal parameters of each task can be seen in Figure 1.

Horizontal saccadic latency (the interval between the appearance of a
target and the onset of eye movement) for healthy adults is typically
200-250 ms in “overlap paradigms” where the central fixation point
remains visible up to and during the time the target appears (Yang et al.,
2006), as was the case in the spatial competition and cueing tasks (Fig.
1A, B). No eye-tracking data was collected. However, because the target
was displayed in the spatial competition and spatial cueing tasks for only
150 ms, which is less than typical horizontal saccadic latency, we assumed
that participants did not have time to begin moving their eyes toward the
target. In the spatial competition task (in which the largest lateralized
DAT]1 effect was observed), the participants had no prior information
about the location of the forthcoming target and so had no information
to elicit a pretarget fixation break. In the spatial cueing task, the cue-to-
target duration (stimulus onset asynchrony) was 150 ms, which is too
brief for an eye movement toward the cue before target onset. Since the
critical dependent measure in the spatial cueing task was the reorienting
cost (fromirrelevant cues), it is highly unlikely that eye movements could
account for the lateralized effect on the spatial cueing task.

Spatial competition task. The spatial competition task began with the
simultaneous presentation of a fixation cross and an array of 16 circular
placeholders (white outlines) of 2 cm diameter that were arranged to
form a global circle (15 cm diameter) on a black background. To chal-
lenge attentional selection mechanisms, targets appeared surrounded by
either three or seven distractors, corresponding to total set sizes of four
and eight, respectively. The target in each trial was an upright or inverted
T and the distractors were plus signs (+). The distractors were presented
in either the same hemifield as the target (unilateral) or in both the same
and the opposite hemifield (bilateral; Fig. 1A shows a bilateral 8 condi-
tion). Equal numbers of each of these trial types were presented in pseu-
dorandom order. During each trial, the target could appear within any
circle (counterbalanced for left and right appearance across trials). Par-
ticipants indicated the orientation of the target by using their right index
and middle fingers, respectively, to press 1 for upright or 2 for inverted on
the number pad of the keyboard. Stimuli arrays varied in regards to both
the number and spatial layout of distractors. Participants were presented
with three practice blocks of 32 trials followed by 8 test blocks of 40 trials
(320 in total). Feedback (correct, incorrect) was given in practice blocks
only.

The spatial competition task was devised to assay attentional selection.
Although overall increases in response time with set size were expected,
we were interested in testing the specific prediction that DAT1 genotype
was linked to a lateralized attentional selection mechanism. This hypoth-
esis was tested by comparing the “set-size effect” operationalized as the
behavioral cost of additional distractors that were presented predomi-
nantly in the left or predominantly in the right hemifield.

Spatial cueing task. The spatial cueing task was an exogenous covert
orienting task based on the cued target detection task of Posner et al.
(1984), a paradigm that has been widely used to assess spatial attention.



Newman et al. ® Dopamine Transporter Gene and Selective Attention J. Neurosci., November 19, 2014 - 34(47):15743-15750 « 15745

\mer—“‘a\
\“@Na\

A Spatial Competition Task

s
[\
?tese“"““o“

(0)e)
©) ®)
O

CORRECT

e
o) o)
B e W o

O -]

"' = ‘Upright T’ -I- = ‘Inverted T’ + = ‘Distractor’

B Spatial Cueing Task e

ety @

CORRECT

"' = ‘Upright T’ -I- = ‘Inverted T’ + = ‘Distractor’

C Flanker Task

1ntef-“f\\
v
timulus Inter
iresentat‘lon

P(e—Tf.\a\
Fixation

1000MS

Figure 1.  Task schematics of the spatial competition (4), spatial cueing (B), and flanker(C) tasks used to probe attentional and response selection mechanisms.
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Covert orienting was encouraged by instructing participants to focus on
a fixation cross that was present for the entire duration of each trial. After
presenting the fixation cross alone, four circular placeholders (white
outline) of 2 cm diameter each were displayed in a square arrangement
against a black background. Cues consisted of a 100% increase in lumi-
nance of some or all of the placeholders. Cues either appeared on the
same side as the target (valid), the opposite side of the target (invalid), or
gave no information regarding the spatial location of the upcoming tar-
get (neutral; all four placeholders “illuminated”; Fig. 1B). Equal numbers
of each of these trial types were presented in pseudorandom order. In
each trial, a single target (an upright or inverted T) appeared in one of the
placeholders on a given side of the array (counterbalanced across trials
for vertical arrangement and for occurrence on left and right). A distrac-
tor stimulus (+) was presented at the other placeholder location within
the same hemifield as the target. Participants were instructed to indicate
the orientation of the target as per the competition task. Participants
completed three practice blocks of 24 trials (72 in total) followed by eight
test blocks of 36 trials (288 in total). For the spatial cueing task, two
primary dependent measures were calculated: the behavioral cost of re-
orienting attention to the target from left or right cues (“reorienting
cost”: invalid vs bilateral), and the behavioral benefit of having oriented
attention validly toward the target due to left or right cues (“orienting
benefit”: bilateral vs valid).

Flanker task. Participants completed a flanker task (Eriksen and Yeh,
1985; Eriksen and St James, 1986) comprising a single practice block of 36
trials and eight test blocks of 36 trials each (288 test trials in total). In each
trial, participants made a directional response (left or right) to a central
target arrow while ignoring four flanking distractors (Fig. 1C). Relative to
the direction of the central target, the set of flankers provided informa-
tion that was either congruent (same-facing arrows), incongruent
(opposite-facing arrows), or neutral (lines without arrowheads). Equal
numbers of each of these trial types were presented in pseudorandom
order. Participants indicated the direction of the central arrow in each
trial with their index fingers using the Z (left) and M (right) keys of the
keyboard, with emphasis on both speed and accuracy. The flanker task
was employed to challenge response competition and the critical mea-
sure was the behavioral cost of overcoming incongruent flankers (“in-
congruence cost”: incongruent vs neutral) according to the flanker
direction (left, right).

Genotyping

Saliva was collected from each participant for DNA extraction using
Oragene DNA self-collection kits (DNAgenotek). DNA was extracted
following the protocol provided by the supplier. Participants were geno-
typed for the 3'-UTR and intron 8 VNTRs of the DAT1 gene (SLC6A3).
PCR amplification of the DAT1-3" UTR marker was performed using the
following primers (50 ng each): forward, 5'-TGTGGTGTAGGGAACG-
GCCTGAG-3'; reverse, 5'-CTTCCTGGAGGTCACGGCTCAAGG-3'".
The following PCR cycling protocol was adopted: initial denaturation at
94°C for 2 min, followed by 45 cycles of denaturation at 94°C for 15 s,
annealing at 62°C for 15 s, and extension at 72°C for 45 s, with a final 5
min extension at 72°C.

PCR of the DAT1-intron 8 VNTR was performed using the following
primers (50 ng each): forward, 5'-CTCAGCTTCCTCATGTGCCT-3';
reverse, 5'-GCAGAAACAAGGAGGAGCAG-3'. The following PCR cy-
cling protocol was adopted: initial denaturation at 98°C for 30 s, followed
by 35 cycles of denaturation at 98°C for 10 s, annealing at 65°C for 30 s,
and extension at 72°C for 15 s. A final 10 min extension at 72°C was also
added. All amplification products were visualized on 1.5% agarose gels.
For the 3’-UTR and intron 8 DAT1 VNTRs, grouping variables were
coded based on the presence of the functional 10-repeat and 6-repeat
alleles, respectively. The frequency of the 10-repeat allele of the 3'-UTR
VNTR was 75%, with 36, 182, and 300 individuals possessing zero, one,
or two copies of the 10-repeat, respectively. The frequency of the 6-repeat
allele of the intron 8 VNTR was 80%, with 24, 167, and 336 individuals
possessing zero, one, or two copies of the 6-repeat, respectively. All ge-
notypes for both VNTRs were in Hardy-Weinberg equilibrium. Haplo-
types comprising the 10-repeat and 6-repeat alleles from each marker
were derived using Phase version 2.1 (Stephens et al., 2001; Stephens and
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Donnelly, 2003). Possession of the 10/6 DAT1 haplotype is a risk factor
for ADHD and has been linked to asymmetries of spatial attention in
children with and without ADHD (Bellgrove et al., 2007, 2009). For
statistical analysis, individuals were classified as possessing zero, one, or
two copies of the 10-repeat or 6-repeat alleles of the VNTRs or of the 10/6
DATT1 haplotype.

Results

Influence of DAT1 gene variants on demographic and
self-report variables

A one-way ANOVA revealed a significant effect of DAT1 3’-UTR
genotype group on mean CAARS ADHD index scores (F(, 345y =
2.6, p = 0.02), which is consistent with past reports of an associ-
ation between increasing copies of the 10-repeat DAT1 allele and
ADHD-like behavior in both clinical and population-based sam-
ples (Cook et al., 1995; Cornish et al., 2005). To optimize the
sensitivity of the genetic comparisons, all analyses were con-
trolled simultaneously for potential (subthreshold) group differ-
ences in variables that could potentially influence either attention
or response selection. These covariates included gender, CAARS
ADHD index, and everyday inattention assessed using the CFQ
and recruitment cohort (University of Queensland, Monash Uni-
versity). Descriptive statistics concerning these covariates as a
function of all genetic markers are seen in Table 1. We note that
we reran the analysis for our key findings without the use of
covariates, in line with the recommendation of Simmons et al.
(2011). This revealed that the key effects reported below hold
when covariates are not used in the analysis. This reanalysis can
be accessed on-line.

Omnibus task-component analyses

An initial 3 X 4 X 2 mixed ANCOVA of reaction time (RT)
included the between-subjects factor of DAT1 3'-UTR genotype
group (zero, one, or two 10-repeat alleles) and within-subjects
factors of Task-Component (set-size effect, reorienting cost, ori-
enting benefit, incongruence cost) and Task-Irrelevant Stimulus
Laterality (left, right). This analysis revealed a significant
DAT1 X Stimulus Laterality interaction (F, s,,) = 4.9, p = 0.008,
nf, = 0.02) resembling to some extent previous reports of an
association between DATI1 genotype and a spatial bias in re-
sponse to lateralized stimuli (Newman et al., 2012). Critically,
however, this was qualified by a significant three-way interaction
of DAT1 X Task-Component X Stimulus Laterality (F 533y =
2.6, p = 0.017, m, = 0.01) indicating that DAT1 genotype mod-
ulated task-specific effects of the various task-irrelevant stimuli
on RT. The same analysis for percentage errors (%Errors) re-
vealed no DAT1 X Task-Component X Stimulus Laterality in-
teraction (F4 ;533 = 0.59, p = 0.74).

Separate task-specific analyses of RT were undertaken below
to identify the source of the significant three-way interaction. For
completeness, and to ensure that any observed effects on RT were
not due to speed—accuracy trade-offs, the same follow-up analy-
ses were also undertaken on %Errors. We note that the equivalent
analyses focusing on the influence of the 6-repeat allele of the
intron 8 DAT1 VNTR and the 10/6 haplotype derived from both
DAT1 VNTRs were nonsignificant (RT,ons' Fs,1560) = 076,
P = 0.61; RTypi00pet Fo1166.4) = 2.0, p = 0.08; %ErTrors;, ons:
F6,1560) = 0.41, p = 0.88; %Errorsy, piorype: Fro,1515) = 0.90, p =
0.49). For this reason all further analysis focused on the associa-
tion with the 10-repeat allele of the DAT1 3'-UTR VNTR.

Spatial competition task
To identify the source of the significant interaction between
DATI1 3’-UTR X Task-Component X Stimulus Laterality re-
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cueing (B), and flanker (C) tasks. A, Set-size effect (RT, ms) during the spatial competition task was significantly reduced in the zero 10-repeat DAT1 group for left hemifield distractors. B, The
reorienting cost (RT, ms) engendered by left cues was reduced in the zero 10-repeat repeat DAT1 group. €, There was no effect of DAT1 genotype on response selection as measured by flanker task

incongruence cost (RT, ms). Error bars are =1 SE.

ported in the omnibus analysis above, we first analyzed the spatial
competition RT data, testing the influence of DAT1 genotype as a
function of distractor hemifield on the critical measure of set-size
effect (set-size 8 minus set-size 4). The DAT1 X Distractor Hemi-
field (predominantly left vs predominantly right hemifield) X
Display Type (unilateral, bilateral) ANCOVA revealed a signifi-
cant interaction of DAT1 genotype and distractor hemifield for
the set-size effect (F(,5,,) = 5.5, p = 0.004, 71}2, = 0.02) and no
other significant effect involving DAT1. For right hemifield dis-
tractors, the set-size effect did not differ significantly between the
zero 10-repeat (mean, 40.8 ms; SE, 8.8 ms), one 10-repeat (mean,
41.3 ms; SE, 3.9 ms), and two DAT1 10-repeat groups (mean, 34.3
ms; SE, 3.0 ms; all p > 0.49). For left distractors, however, the
set-size effect was significantly smaller in the zero 10-repeat
group (mean, 3.6 ms; SE, 9.1 ms) than in both the one 10-repeat
[mean, 32.3 ms; SE, 4.0 ms; p = 0.004, Cohen’s d (d)= 0.53] and
two DAT1 10-repeat groups (mean, 34 ms; SE, 3.1 ms; p = 0.005,
d = 0.56), which did not differ significantly from each other (p =
0.75; Fig. 2A). Bootstrapping (10,000 samples) the sampling dis-
tribution of the simple effect of DAT1 genotype for left hemifield
distractors confirmed that the set-size effect was significantly
smaller in the zero 10-repeat group than in both the one 10-
repeat (95% CI for difference, —46.5 to —9.5) and two DAT1
10-repeat groups (95% CI for difference, —46.9 to —12.1). These
analyses of the set-size effect on RT thus indicate an enhanced
resistance to left-sided distraction in participants with zero copies
of the DAT1 10-repeat allele. Figures depicting absolute RT val-
ues for the spatial competition task, as opposed to the set-size
effect, can be accessed on-line.

To confirm that the resistance to distraction in the zero DAT1
10-repeat group reflected a true performance benefit rather than
a speed—accuracy trade-off, the same analysis of set-size effects
was undertaken on %Errors (Fig. 2B). The set-size effects in all
conditions were consistently between 11 and 13% and did not
differ significantly between the DATI groups for left or right
distractors (all p > 0.27). Nevertheless, it is notable that for left-
hemifield distractors, the zero DAT1 10-repeat group had a nu-
merically reduced (rather than increased) set-size effect (mean,
11.5%; SE, 1.3%) relative to the one 10-repeat (mean, 12.0%; SE,
0.6%) and two DAT1 10-repeat groups (mean, 12.6%; SE, 0.5%).
Thus, the resistance to left hemifield distraction for the zero
DAT]1 10-repeat group shown in the RT data cannot be explained

by a speed—accuracy trade-off. Although there was no additional
interaction with the factor of Display Type (unilateral, bilateral),
for transparency the above DAT1 by distractor hemifield inter-
action is plotted separately for unilateral and bilateral displays
and can be accessed on-line.

Spatial cueing task

Again, to identify the locus of the significant omnibus effect for
RT, analyses of the spatial cueing data considered separately the
reorienting costs and orienting benefits afforded by left and right
cues, relative to the bilateral cueing condition. Figures depicting
absolute RT values for the cueing task, as opposed to the reori-
enting costs and orienting benefits, can be accessed on-line.

Reorienting cost

For RT (Fig. 2B), the average reorienting cost was generally lower
in the zero DAT1 10-repeat group compared with the other
groups. Specifically, the cost of reorienting from left cues in the
zero 10-repeat group (mean, 22.9ms; SE, 10.5ms) was signifi-
cantly reduced relative to the one 10-repeat group (mean,
50.2ms; SE, 4.6ms; p = 0.018,d = 0.31) and tended to differ in the
same direction from the two 10-repeat group (mean, 41.6ms; SE,
3.6ms; p = 0.09, d = 0.30). There were no DAT genotype effects
for right cues (all p > 0.5). Bootstrapping (10,000 samples) the
sampling distribution of the simple effect of DAT1 genotype con-
firmed that the cost of reorienting from invalid left hemifield cues
was significantly reduced for the zero 10-repeat group relative to
the one 10-repeat group (95% CI for difference, —45.8 to —9.1)
and two DAT1 10-repeat groups (95% CI for difference, —35.6 to
—1.6).

The reorienting cost for %Errors did not differ as a function of
DAT1 genotype for left cues (all p > 0.1). For the right cues, the
reorienting cost in the zero 10-repeat group (mean, —0.85%; SE,
1.3%) was significantly reduced relative to those with one 10-
repeat (mean, 2.3%; SE = 0.56%; p = 0.026, d = 0.41), while the
difference between one and two 10-repeat (mean, 1.3%; SE,
0.44%) groups did not differ (p = 0.182).

Orienting benefit

There was no significant effect of DAT1 3’ UTR genotype on ori-
enting benefit for either RT or %Errors for either left or right
cues.
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Flanker task

Analysis of both RT and %Errors for the critical measure of in-
congruence cost for left and right distractors revealed no signifi-
cant effects involving the DAT1 3"UTR VNTR (Fig. 2C). Figures
depicting absolute RT values for the flanker task, as opposed to
the incongruence cost, can be accessed on-line.

Additional control analysis

These results suggest that subjects with zero copies of the 10-
repeat allele of the DAT1 3'UTR VNTR benefit from enhanced
attentional selection, being particularly efficient at suppressing
task-irrelevant stimuli presented in the left hemifield. To what
extent, however, might this effect result from a generalized im-
pediment of stimulus processing in the left hemifield? In other
words, might zero 10-repeat subjects also be impaired at detect-
ing task-relevant stimuli in the left hemifield?

The analyses so far indicate that this is unlikely. If subjects
were impaired at processing all stimuli in the left hemifield, then
the cost of reorienting from right cues (and thus toward left targets)
should be greater in the zero DAT1 10-repeat group compared with
the other DAT1 genotype groups; however, the opposite trend was
in fact observed (Fig. 2B). Nevertheless, to confirm directly that the
observed suppressive effects were specific to task-irrelevant stimuli,
two additional analyses were conducted.

First, in the spatial competition task, we compared perfor-
mance for left targets between the three genotype groups, collaps-
ing across all other conditions. Second, in the spatial cueing task,
we compared performance for left targets on trials with bilateral
(neutral) cues between the groups. In both cases, a nonspecific
suppression of all stimuli in the left hemifield would predict
slower responses in the zero DAT1 10-repeat group compared
with the other genotype groups. On the other hand, an enhance-
ment of attentional selection would predict either no difference
or the opposite effect, namely, faster responses to task-relevant
stimuli presented in the “enhanced” hemifield.

For the spatial competition task, a one-way ANCOVA of
mean RT to left targets (additionally covarying for error rates to
left targets) revealed a marginal main effect of DAT1 group
(Fia,511y = 2.6, p = 0.076, n; = 0.010), driven by faster responses
in the zero DAT1 10-repeat group (mean, 672 ms; SE, 20 ms)
compared with the one 10-repeat (mean, 721 ms; SE, 9 ms; p =
0.028, d = 0.41) and two 10-repeat groups (mean, 719 ms; SE, 7
ms; p = 0.029, d = 0.39). For the spatial cueing task, the same
analysis for left targets on bilateral trials (again additionally co-
varying for error rates to left targets) revealed no significant main
effect of DAT1 group (F(5,5,1y = 2.06, p = 0.129, n; =0.008), but
pairwise comparisons show the zero DAT1 10-repeat group had
numerically faster responses (mean, 618 ms; SE, 19 ms) com-
pared with both the one 10-repeat (mean, 657 ms; SE, 8 ms; p =
0.06, d = 0.35) and two 10-repeat groups (mean, 658 ms; SE, 7
ms; p = 0.045, d = 0.36). These findings thus rule out a general-
ized impairment of stimulus processing in the left hemifield and
indicate that individuals who do not possess the 10-repeat allele
ofthe DAT1 3'UTR VNTR demonstrate a selective enhancement
in suppressing task-irrelevant stimuli, i.e., a left hemifield en-
hancement of attention.

Discussion

This study provides evidence that allelic variation in a common
polymorphism of the dopamine transporter gene (DAT1) medi-
ates aspects of attentional but not response selection. Compared
with individuals carrying DAT1 variants that increase risk for
psychiatric disorder (Brookes et al., 2006; Guindalini et al., 2006),
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individuals lacking this same variant displayed a remarkable re-
sistance to task-irrelevant distracting stimuli when these ap-
peared predominantly in the left hemifield. These results cannot
be explained in terms of a speed—accuracy trade-off, a generalized
impairment of stimulus processing in the left hemifield, or by a
leftward bias in response selection. Instead, our study provides
evidence of a genetically mediated enhancement in suppressing
task-irrelevant distraction in the left hemifield.

The primary question under study here was whether genetic
variation in the DAT1 gene was linked to a lateralized attentional
but not response selection mechanism. To assay attentional se-
lection, participants completed the spatial competition task (Fig.
1A). When distractors were predominantly in the right hemifield,
each of the DAT1 genotype groups displayed the expected set-size
effect, with RT being slower at larger compared with smaller set
sizes. This indicates invariance as a function of DAT1 genotype in
the ability to reject distracting information arising predomi-
nantly from the right hemifield. In contrast, we observed a signif-
icant effect of DAT1 genotype on the set-size effect when
distractors were presented predominantly in the left hemifield,
regardless of whether the display type was unilateral or bilateral.
This effect arose because those individuals without the 10-repeat
DATT1 allele displayed a diminished set-size effect for displays
with predominantly left-sided distractors. These results indicate
that individuals without the 10-repeat DAT1 allele have a specific
advantage in distinguishing relevant from irrelevant information
in the left but not right hemifield.

We tested the generality of our DAT1-mediated attentional
selection hypothesis using data from a Posner cueing task, in
which the data were again coded according to the hemifield of the
task-irrelevant stimulus (cue). We derived costs and benefits af-
forded by left and right cues relative to the bilateral cueing con-
dition. In line with the data from the attentional competition
task, we observed reduced reorienting costs from left cues in
individuals without the 10-repeat DAT1 allele compared with
individuals possessing this allele. These data accord with the hy-
pothesis that task-irrelevant information presented in the left
hemifield have diminished salience and therefore reduced poten-
tial to slow reorienting in individuals who do not possess the
10-repeat DATT allele. In contrast to the effects of DAT1 geno-
type on the selective attention tasks described above, no signifi-
cant effects of DAT1 genotype were observed for the flanker task.
All DAT1 genotype groups displayed a pronounced flanker in-
congruence cost, regardless of whether the flanking stimulus
primed a left compared with right motor response. Taken to-
gether, the results of this study suggest that DAT1 genotype me-
diates a lateralized attentional, but not response, selection
mechanism.

So what might be the mechanism by which DNA variation in
a dopamine gene differentially impacts attentional selection
mechanisms between the hemifields? A large amount of data now
suggests that asymmetries within the dopamine system may give
rise to lateral differences in behavior. First, it is well established
that animals exhibit spontaneous orienting behavior that is con-
sistent within the individual and is linked to asymmetries in stri-
atal dopamine. For example, Glick and Shapiro (1985) have
shown that animals spontaneously orient contralaterally to the
striatum with higher dopamine levels. Furthermore, Gordon et
al. (1994) demonstrated that orienting behavior in rodents was
linked to lower dopamine transporter (DAT) reuptake, and thus
higher levels of synaptic dopamine, in the striatum contralateral
to the preferred orienting direction. Second, a number of studies
in humans have demonstrated that dopamine agonists, including
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methylphenidate, which inhibits reuptake of dopamine via DAT,
remediate the pathological inattention to left space that is seen in
patients with hemispatial neglect and children with ADHD (Fleet
etal., 1987; Grujic et al., 1998; Sheppard et al., 1999; Gorgoraptis
et al., 2012; Silk et al., 2014). Third, Tomer et al. (2012) have
recently reported that perceptual asymmetries measured using a
free-viewing perceptual task (the Greyscales Task) in healthy
adult participants were tightly correlated with asymmetric bind-
ing of dopamine D2 receptors in the striatum, such that spatial
bias was directed contralaterally to the hemisphere with higher
D2 receptor binding. These studies clearly establish a link be-
tween perceptual biases and striatal dopamine asymmetries, with
relatively higher available dopamine in one hemisphere promot-
ing directed attention to the contralateral hemifield.

In accordance with the above, a number of previous studies
have reported associations between the DAT1 10-repeat allele
and perceptual biases, most typically measured using clinical tests
of hemispatial neglect, such as the Landmark Task. Bellgrove et al.
(2005, 2008) asked children with ADHD to perform the Land-
mark Task, in which they were required to judge which end of a
prebisected line was shorter. Children with ADHD carrying two
copies of the DAT1 10-repeat allele displayed a neglect-like per-
ceptual bias to right, indicative of weaker right hemisphere func-
tion. In contrast, ADHD individuals heterozygous for the DAT1
10-repeat allele displayed a perceptual bias to the left. Further,
Newman etal. (2012) observed a perceptual advantage for the left
hemifield in individuals heterozygous for the DATI 10-repeat
allele, with faster detection of targets in the left compared with the
right hemifield. Homozygosity for the 10-repeat allele was asso-
ciated with a relative loss of this leftward advantage. This associ-
ation between the 10-repeat DAT]1 allele and a rightward spatial
bias was recently replicated in a sample of healthy adults by Zo-
zulinsky et al. (2014).

Both in vitro gene reporter and human in vivo brain imaging
work provide evidence that the 10-repeat allele of the DAT1
3’UTR may be associated with increased DAT expression/bind-
ing (Heinz et al., 2000; Fuke et al., 2001; Cheon et al., 2005;
VanNess et al., 2005). It should be noted, however, that other
studies have either failed to confirm an association with DAT1
genotype or have not supported the direction of the association
reported above (Michelhaugh et al., 2001; Mill et al., 2002; Miller
and Madras, 2002). Nevertheless, based upon past cognitive ge-
netic data (Bellgrove et al., 2005, 2007, 2008, 2009; Newman et al.,
2012; Zozulinsky et al., 2014) and that reported herein, it is plau-
sible that the 10-repeat DAT1 allele is associated with relatively
lower available dopamine in the right hemisphere, which would
promote a rightward perceptual bias. Indeed, some evidence in
healthy subjects suggests that striatal DAT binding might be
higher in the right compared with left hemisphere in healthy
subjects (Laakso et al., 2000). Conversely, if fewer copies of the
10-repeat DAT1 allele are associated with relatively higher avail-
able dopamine in the right hemisphere, then this would promote
a leftward perceptual bias.

Although we confirm here an interaction between DATI1 ge-
notype and a spatial bias to lateralized stimuli (see Omnibus task-
component analyses, DAT1 by stimulus laterality interaction),
the results of the current study, however, go beyond any simple
perceptual bias account. Instead, we find that allelic variation in
the DAT1 gene is linked to a specific lateralized attentional mech-
anism. Those individuals not in possession of the 10-repeat
DAT]1 allele displayed an enhanced ability to suppress distracting
information in the left hemifield compared with those with either
one or two copies of this allele. We propose that individuals with-
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out the 10-repeat DAT1 allele have higher levels of synaptic do-
pamine occasioned by lower DAT reuptake. We further suggest
that the DAT1 gene may influence attentional selection in part
because of its varying effects on the development of frontoparie-
tal attention networks that are dominant in the right hemisphere.
This suggestion is supported both by the existence of dopamine
projections to the frontal and parietal cortices in addition to the
well documented projections to striatum, and by high densities of
DAT-immunoreactive axons in the parietal lobe (Lewis et al.,
2001). Thus we argue that, although perceptual biases linked to
DAT]1 genotype are consistent with asymmetric modulation of
striatal dopamine, the specific enhancement of attentional selec-
tion seen here may be due to an effect of DAT1 genotype on
dopamine modulation of frontoparietal attention networks (Pe-
tersen and Posner, 2012). This suggestion should now be con-
firmed using DAT1 genotype-controlled studies and either fMRI
or PET, in combination with behavioral measures, such as those
employed here.

Although participants were instructed to maintain fixation
across all tasks, it is possible that random fixation breaks occurred
in the current study, and it would be desirable to use eye-tracking
in the future. However, since target display times for the spatial
competition and spatial cueing tasks were brief (150 ms), it is
unlikely that sufficient time was available for systematic eye
movements to be made to the lateralized targets. Thus, it is highly
unlikely that eye movements could account for the relationship
between DAT1 genotype and lateralized attentional selection.

In summary, compared with individuals carrying one or two
copies of the 10-repeat DAT1 allele, individuals without this allele
demonstrated an immunity to increased distracters presented in
the left hemifield, suggesting they possess an enhanced atten-
tional ability to suppress task-irrelevant stimuli within the left
hemifield.

Notes

Supplemental material for this article is available at http://figshare.
com/articles/Supplementary_Information_for/1032601. The crucial ef-
fects from the results section (Fig. 2 A, B) were analyzed without the use of
covariates. The interaction of DAT1 genotype, Distractor Hemifield, and
Set Size are plotted separately for unilateral and bilateral display types.
Figures depict absolute RT values for the spatial competition, spatial
cueing, and flanker tasks, as opposed to the set-size, reorienting, and
incongruence effects (respectively), for the tasks in the main article. This
material has not been peer reviewed.
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