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Individual differences in striatal dopamine (DA) signaling have been
associated both with individual differences in executive function in
healthy individuals and with risk for psychiatric disorders defined by ex-
ecutive dysfunction. We used resting-state functional connectivity in 50
healthy adults to examine whether a polymorphism of the dopamine
transporter gene (DAT1), which regulates striatal DA function, affects
striatal functional connectivity in healthy adults, and whether that con-
nectivity predicts executive function. We found that 9/10 heterozygotes,
who are believed to have higher striatal DA signaling, demonstrated
stronger connectivity between dorsal caudate (DC) and insular, dorsal
anterior cingulate, and dorsolateral prefrontal regions, as well as
between ventral striatum and ventrolateral prefrontal cortex, than 10/10
homozygotes. Across subjects, stronger DC-seeded connectivity pre-
dicted superior N-back working memory performance, while stronger
ventral striatum-seeded connectivity predicted reduced impulsivity in
everyday life. Further, mediation analysis suggested that connectivity
strength mediated relationships between DAT1 genotype and behavior.
These findings suggest that resting-state striato-frontal connectivity
may be an endophenotype for executive function in healthy individuals.
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Introduction

Optimal dopamine (DA) signaling is critical for the function of
striato-thalamo-cortical loops that allow the striatum to dynami-
cally gate and/or update information represented in prefrontal
cortex (PFC), which enable executive functions such as impulse
control and working memory (WM) (Miller and Cohen 2001;
Hazy et al. 2007). Communication within these loops can be
assessed by temporal correlation of blood oxygen level–depen-
dent signal across brain regions (termed “functional connec-
tivity”) measured during a task-free resting state (Di Martino
et al. 2008). Previous work has shown that pharmacologic ma-
nipulations of DA affect resting-state striato-frontal functional
connectivity (Kelly et al. 2009; Cole et al. 2013). Genetic regu-
lation of DA signaling can also impact striato-frontal connec-
tivity, as connectivity during tasks varied by a polymorphism of
the DA receptor D2 gene (Cohen et al. 2007; Stelzel et al. 2010).
However, it is unproven whether resting-state striato-frontal
connectivity is also under genetic influence.

A polymorphism of the DA transporter (DAT1) gene is a
likely candidate to modulate striato-frontal connectivity. DAT1
codes for the DA transporter (DAT) protein, which regulates
DA signaling in striatum by re-uptaking released DA (Madras

et al. 2005). In vitro studies have demonstrated that lower
DAT expression was observed for the “9-repeat” than the
“10-repeat” allele (Fuke et al. 2001; Mill et al. 2002; VanNess
et al. 2005), resulting in elevated DA signaling for the 9-repeat
allele due to reduced clearance (Madras et al. 2005), though in
vivo findings have been mixed (Heinz et al. 2000; Jacobsen
et al. 2000; Krause et al. 2006). Whether these differences
reflect alterations in tonic or phasic activity, or both, is not
known. Inheritance of 2 rather than one 10-repeat alleles (i.e.,
10/10 genotype) has been associated with worse executive
function, including lower WM (Stollstorff et al. 2010), reduced
benefits of WM training (Brehmer et al. 2009), and increased
impulsivity (Gizer and Waldman 2012). Further, 10/10 subjects
had reduced striatal activation (Stollstorff et al. 2010) and less
segregated cortico-cortico connectivity networks that pre-
dicted increased impulsivity (Gordon et al. 2012a). Although
DAT expression is highest in the striatum but weak in PFC
(Hall et al. 1999; Madras et al. 2005; Sasaki et al. 2012), 10/10
subjects also had reduced PFC activation during WM (Bertolino
et al. 2006, 2009; Caldú et al. 2007; Stollstorff et al. 2010),
suggesting that DAT1 effects on striatal DA function affect PFC,
likely via striato-frontal connections. Finally, the 10/10 geno-
type has been reliably (though weakly) associated with
attention-deficit hyperactivity disorder [ADHD, (Yang et al.
2007)], a disorder characterized both by executive dysfunction
such as increased impulsivity and reduced WM (Van De
Voorde et al. 2010) and by reduced task-evoked striato-frontal
connectivity (Rubia et al. 2009; Cubillo et al. 2010). In sum,
separate lines of research have indicated that the DAT1 gene
affects DA function; that DA function influences striato-frontal
functional connectivity; that DA function and striato-frontal
connectivity both influence WM and control of impulsivity;
and that DA function, striato-frontal connectivity, WM, and
control of impulsivity are all altered in ADHD. However, it is
unknown whether DAT1 genotype affects striato-frontal func-
tional connectivity in healthy adults, and whether that connec-
tivity predicts WM and impulsivity.

We examined DAT1-related differences in seed-based striatal
resting-state functional connectivity in healthy young adults. We
predicted that 9/10 subjects would demonstrate stronger striato-
frontal connectivity than 10/10 subjects. Further, circuits invol-
ving discrete subdivisions of the striatum may have specific and
separable effects on cognition, as it is known that 1) the dorsal
caudate (DC) is critical for WM, as it is strongly active during
WM performance (Moore et al. 2013), while DC lesions disrupt
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WM function (White 2009), and 2) ventral striatum is critical for
inhibitory control, as it is active during Go/NoGo (Menon et al.
2001) and Stop-signal (Boehler et al. 2010) response inhibition
tasks. Thus, we predicted that increased DC-seeded connectivity
would be associated with faster and more accurate WM perform-
ance, while increased ventral caudate-seeded connectivity
would be associated with reduced trait-level impulsivity.

Materials and Methods

Subjects
Twenty-four 9/10 carriers (mean ± SD, age = 20.42 ± 0.85 years, 7 males)
and 26 10/10 carriers (age = 20.42 ± 0.96 years, 8 males) participated in
this study for payment after being drawn randomly from a larger pool of
Georgetown University undergraduates aged 18–22 years who had been
genotyped for DAT1. Genotype groups did not differ in either age
(t(48) = 0.16, P = 0.88) or gender (χ2 = 0.015, P = 0.90). The overall
sample was 78% white, 14% Asian, 4% African American, and 4% mixed
race, and was 10% Hispanic or latino and 90% not Hispanic or latino.
These distributions did not differ by genotype group for race (χ2 = 6.14;
P = 0.10) or ethnicity (Fisher’s exact test 2 sided P = 0.66).

Because ADHD has previously been linked to the 10-10 DAT1 geno-
type, to striato-frontal connectivity reductions, and to worse WM and
control of impulsivity, the possible presence of undiagnosed ADHD in
the sample of healthy adults could artificially increase the strength of
any observed relationships between these variables. Thus, to ensure
that the subjects did not meet criteria for ADHD, all subjects were
screened for ADHD using the recommended cutoff score of 24 on
either the inattention or the hyperactivity/impulsivity portions of the
Adult ADHD Self-report Rating Scale (Kessler et al. 2005). No subjects
were above this cutoff; one was at the cutoff for inattention (and scored
8 for hyperactivity/impulsivity, well below the cutoff for that scale),
but no results changed if this subject was excluded from analysis. Sub-
jects were also screened by verbal self-report of any current or past psy-
chiatric or neurological diagnosis, and no subjects reported any such
diagnosis. Additional exclusion criteria included self-reports of 1) use
of psychotropic medication (e.g., stimulants, SSRIs); 2) overt neuro-
logical injury or disease, seizure disorder, psychiatric diagnosis; 3) con-
traindications for MRI, for example, presence of metal, pregnancy. All
subjects gave informed consent in accordance with guidelines of the
Georgetown University Institutional Review Board. Thirty-nine of the
50 subjects tested here were examined in a previous report examining
DAT1 effects on functional connectivity (Gordon et al. 2012a), though
all subjects returned for new scans; and, thus, there were no fMRI data
overlap between this report and the previous one.

Genotyping
DNA was extracted from Oragene saliva kits (DNA Genotek, Inc.,
Ottawa, Ontario, Canada). The 40 bp variable number tandem repeat
(VNTR) polymorphism in the 3′ UTR of DAT1 was genotyped by PCR
as previously described (Daly et al. 1999) using the following primers;
Forward: 5′-TGTGGTGTAGGGAACGGCCTGAG-3′ Reverse: 5′-CTTCC
TGGAGGTCACGGCTCAAGG-3′. PCR was performed using the Accu-
prime Taq DNA polymerase system (Invitrogen) with the following
PCR program: 94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s,
60 °C for 30 s, and 68 °C for 1 min. The PCR products were then run
out on a 2% agarose gel stained with ethidium bromide. A 100 bp DNA
ladder was then used to identify the various repeat alleles by size:
7-repeat (360 bp), 8-repeat (400 bp), 9-repeat (440 bp), 10-repeat
(480 bp), and 11-repeat (520 bp). Genotyping was successful for 153
of the 158 subjects in the original sample. Observed genotype frequen-
cies in the sample were 10/10–60.1%; 9/10–33.3%; 9/9–5.9%; other,
0.6%.

Behavioral Testing
All behavioral testing was conducted at the time of genotyping, ∼2
months before scanning.

Trait Measure of Impulsivity
Subjects completed the Barratt Impulsiveness Scale (BIS) version 11
(Patton et al. 1995), on which a higher score signifies more impulsive
everyday behavior.

Working Memory Task
Subjects performed a computerized N-back task consisting of 6 72 s
N-back blocks which alternated between 2- and 3-back conditions.
Each N-back block consisted of 24 serially presented consonants ap-
pearing for 500 ms, with an intertrial interval of 2500 ms. Each block
was preceded by a screen informing the subject of the N-back con-
dition. Subjects were instructed to press the space bar when the
current letter matched the letter n trials ago (e.g., for the 2-back con-
dition, subjects see: R V N W N – button-press for N). Targets were
present on 21% of trials. Neither condition contained sequences of
stimuli that were targets in the other condition. Stimuli were presented
using E-Prime (Psychology Software Tools, Inc., Pittsburg, PA, USA).

For each condition, accuracy was calculated as % targets identified
minus % false alarms. Reaction time (RT) was calculated as the average
reaction time to successfully identified targets.

fMRI Data Acquisition
Subjects were scanned for 5:04 min during the resting state, in which
they were told to relax with eyes closed and to not think of anything in
particular. Imaging was performed on a Siemens Trio 3T scanner (Erlan-
gen, Germany). One hundred fifty-two whole-brain images were ac-
quired using a gradient echo pulse sequence (37 slices, TR = 2000 ms,
TE = 30 ms, 192 × 192 mm FOV, 90° flip angle, voxel dimensions 3 mm
isotropic). The first 4 images of the resting run were discarded to allow
for signal stabilization. Additionally, a high-resolution T1-weighted struc-
tural scan (magnetization prepared rapid gradient echo, MPRAGE) was
acquired with the parameters: TR/TE = 2300/2.94 ms, TI = 900 ms, 90°
flip angle, 1 slab, 160 sagittal slices with a 1.0 mm thickness, FOV = 256×
256 mm2, matrix = 256 × 256, resulting in an effective resolution of 1.03
mm isotropic voxels.

Image Preprocessing
Using SPM8 (Wellcome Department of Cognitive Neurology, London,
UK) implemented in MATLAB (Version 7.10 Mathworks, Inc., Sher-
born, MA, USA), images were corrected for translational and rotational
motion by realigning to the first image of the scan. Across all runs, all
subjects demonstrated <2.0 mm of translational motion in any one di-
rection (max translation = 1.25 mm) and <1.0° of rotation around any
one axis (max rotation = 0.54°). Images were then slice-time corrected,
normalized to an echo planar imaging template, resampled every 2
mm, and smoothed using a Gaussian kernel with full-width at half-
maximum of 8 mm. A band-pass filter was applied to the data in order
to restrict signal variation to frequencies between 0.01 and 0.1 Hz.
Application of a filter in this fashion has become standard in the field
as a way to help eliminate noise from non-neuronal sources (Van Dijk
et al. 2010), based on observations that the majority of the power of
resting-state fluctuations fall within this range (Biswal et al. 1995; Cole
et al. 2010; Niazy et al. 2011).

Finally, because even small amounts of motion (<2 mm) can affect
measures of functional connectivity (Power et al. 2012; Van Dijk et al.
2012), we employed the “scrubbing” technique from Power et al. (2012)
to eliminate contributions of motion. For each time point, framewise dis-
placement (FD) was calculated as the distance moved relative to the pre-
vious time point, and scans with FD> 0.5 mmwere removed from further
analysis using custom MATLAB scripts. The percent of scans removed by
scrubbing was very low on average (mean ± SD: 3.43 ± 6.70%), and the
number of scans removed did not differ by genotype (9/10: 3.24 ± 6.64%;
10/10: 3.61 ± 6.87%; t(48) = 0.20, P = 0.75) and was not correlated with
any N-back or impulsivity behavioral measure (absolute value of all r(48)
s < 0.17; all P’s > 0.25). Forty-seven of the 50 subjects retained at least 85%
of their scans. The remaining 3 subjects (1 9/10; 2 10/10) retained 77.7%,
70.9%, and 68.9% of their scans, representing at least 3:45 min of scan-
ning time in all subjects.
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Functional Connectivity Calculation

Striatal Seed Creation
Using Marsbar (Brett et al. 2003), bilateral striatal seeds were created as
spheres of radius 6 mm centered around 4 of the 6 left/right mirrored
coordinates used by Di Martino et al. (2008) to delineate striatal
resting-state functional connectivity networks. These bilateral seeds
are shown in the left column of Figure 1 and were in the head of the
DC, centered around the Montreal Neurological Institute coordinates
[±13 15 9]; in the inferior ventral striatum (VSi), centered around [±9 9
−8]; in the ventral rostral putamen (VRP), centered around [±20 12 –3];
and in the dorsal caudal putamen (DCP), centered around [±28 1 3].
Seed time courses were calculated as the average time course of all
voxels in each seed. Di Martino et al. (2008) also reported connectivity
from superior ventral striatum and dorsal caudal putamen, but found
that these connectivity patterns were very similar to those in the
nearby VSi and DCP, respectively; to avoid redundancy, we excluded
these 2 seeds from our analyses.

Nuisance Signal Identification
To identify the effects of motion and physiological noise (such as res-
piration and heart rate) that would be common to all voxels, time
courses approximating these signals were calculated using Marsbar.
Physiological noise time courses were approximated by obtaining
signal time courses from white matter and cerebrospinal fluid segmen-
tations of the MPRAGE image (Van Dijk et al. 2010). Motion time
courses were obtained as the 6 realignment parameter time courses
from the motion correction preprocessing step, expressed as absolute
differences from the first time point in each of the 3 translation and
rotation directions. Notably, the global signal was not included as a
nuisance signal, as recent work suggests that regression of the global
signal may reduce the accuracy of connectivity estimates (Chen et al.
2012; Saad et al. 2012).

Voxelwise Intrinsic Functional Connectivity Calculation
For each subject, custom MATLAB scripts were used to conduct partial
correlations between each seed’s time course and the time courses of
every voxel in the brain, while partialling out the motion and physio-
logical noise time courses. The resulting r values were converted to
Z-scores using Fisher’s transformation in order to increase normality of
the distribution, allowing further statistical analysis of correlation
strengths. This produced a brain map of the strength of intrinsic con-
nectivity with each seed.

Statistical Analysis

Overall Connectivity
For each seed in each genotype group, we identified overall patterns of
both positive and negative connectivity with the seed by entering sub-
jects’ individual connectivity maps into a voxelwise 1-sample t-test using
SPM8. These connectivity patterns are presented for illustrative pur-
poses; no hypotheses were tested in this analysis. For consistency with
the group comparison results (below), results were corrected for mul-
tiple comparisons (including both the number of voxels and the number
of seed maps tested) at P < 0.05 using Monte-Carlo simulation (Ward
2000), which established the correction threshold at P < 0.001, k = 64.

DAT1 Effects on Connectivity
For each seed, we tested for effects of DAT1 on striatal functional con-
nectivity by entering each subject’s connectivity map into a voxelwise
2-sample t-test using SPM8. Results were again corrected for voxel and
seed multiple comparisons at P < 0.05 using the same Monte-Carlo-
defined threshold as above.

Association Between DAT1-Modulated Functional Connectivity
and Executive Function
To determine whether striatal connectivity with any DAT1-modulated
region predicted executive function, we examined correlations
between DAT1-modulated striatal connectivity and our behavioral

measures. Regions of interest (ROIs) were created as the distinct clus-
ters of voxels in which striatal connectivity significantly differed by
DAT1 genotype. For each of these ROIs, each subject’s mean connec-
tivity strength with the striatal seed was calculated by extracting the
connectivity values from each voxel in the ROI and averaging across
voxels, resulting in 7 connectivity measures for each subject. For each
behavioral measure (Impulsiveness, 2- and 3-back accuracy, and 2- and
3-back RT), we investigated which of these 7 connectivity measures
(including 5 DAT1-modulated DC connectivities and 2 DAT1-
modulated VSi connectivities) most strongly predicted behavior across
subjects. Towards this end, we used SPSS to conduct a hierarchical
stepwise multiple regression for each behavioral measure in which the
7 connectivity measures were possible predictors in a regression
model explaining the variance in that behavioral measure. Alpha
thresholds for entry into the models were set at 0.05, while the
thresholds for removal were set at 0.1. Significant associations were
further examined using post hoc bivariate correlations.

To ensure that any observed associations between striato-frontal
connectivity and behavior did not arise solely due to the definition of
the ROIs as regions showing effects of genotype on connectivity, we
repeated these regressions against behavior using ROIs defined from a
previously published independent components analysis (ICA) of an in-
dependent group of subjects (from Gordon et al. 2012b). Results from
this analysis were very similar to those observed using the original
DAT1-modulated ROIs (see Supplementary Materials).

Results

Behavioral Measures

Trait-Level Impulsiveness
Across all subjects, the trait-level measure of Impulsiveness as
assessed by the total BIS score was mean ± SD = 55.66 ± 7.39.
Genotype groups did not differ in Impulsiveness (9/10:
54.00 ± 6.32; 10/10: 57.19 ± 8.06; t(48) = 1.55, P = 0.13).

Working Memory Performance
Across all subjects, WM accuracy, calculated as % targets hit−%
false alarms, was higher in the 2-back condition (91.0 ± 9.5%)
than in the 3-back condition (80.0 ± 18.5%; t(49) = 4.47, P < 0.001).
Accuracy did not differ between genotype groups in either the
2-back condition (9/10: 92.8 ± 6.8%; 10/10: 89.3 ± 11.3%;
t(48) = 1.30, P = 0.20) or the 3-back condition (9/10: 83.3 ± 18.4%;
10/10: 76.8 ± 18.3%; t(48) = 1.26, P = 0.22).

Similarly, across all subjects, average RT for successfully ident-
ified targets was faster in the 2-back condition (574.0 ± 151.8
ms) than in the 3-back condition (685.9 ± 241.7 ms; t(49) = 5.83,
P < 0.001). However, RT did not differ between genotype groups
in either the 2-back condition (9/10: 554.2 ± 139.4 ms; 10/10:
592.3 ± 163.0 ms; t(48) = 0.89, P = 0.38) or the 3-back condition
(9/10: 656.8 ± 221.4 ms; 10/10: 712.7 ± 260.4 ms; t(48) = 0.81,
P = 0.42).

Striatal Connectivity Networks
Striatal connectivity networks in each group are shown in
Figure 1, middle columns. Across groups, common patterns of
positive connectivity emerged that were very similar to those
observed by Di Martino et al. (2008) using the same seeds. No
significant clusters of negative connectivity emerged that were
common to both groups.

DC Seed
The bilateral DC seed was strongly connected to perigenual
and dorsal anterior cingulate extending into medial PFC and
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supplementary motor area, bilateral anterior insula extending
into bilateral inferior frontal gyrus, and bilateral posterior
middle frontal gyrus. Small clusters of high connectivity also
emerged in bilateral angular gyrus, bilateral anterior thalamus,
bilateral rostral putamen, left middle temporal gyrus, and
dorsal pons.

VSi Seed
The bilateral VSi seed was strongly connected to subgenual
and anterior cingulate extending into ventral and anteromedial
PFC, and posterior cingulate extending into ventral precuneus.
Small clusters of high connectivity also emerged in middle cin-
gulate cortex, anteromedial thalamus, bilateral anterior middle
temporal gyrus, and bilateral temporal pole.

DCP Seed
The bilateral DCP seed was strongly connected to bilateral
insula extending into superior temporal gyrus, bilateral primary

motor cortex, middle cingulate extending into supplementary
motor area, and bilateral supramarginal gyrus. Small clusters of
high connectivity also emerged in bilateral middle frontal gyrus,
bilateral inferior frontal gyrus, bilateral central thalamus, bilat-
eral posterior middle temporal gyrus, and bilateral cerebellum.

VRP Seed
The bilateral VRP seed was strongly connected to dorsal
anterior and middle cingulate extending into supplementary
motor area, bilateral anterior insula, bilateral caudate, bilateral
anterior middle frontal gyrus, and bilateral supramarginal
gyrus. Small clusters of high connectivity also emerged in bilat-
eral primary motor cortex, bilateral anterior and central thala-
mus, and bilateral posterior middle temporal gyrus.

Effects of DAT1 Genotype on Striatal Connectivity
For each seed, we examined whether DAT1 genotype groups
differed in functional connectivity with that seed. Results are
shown in Table 1 and Figure 1, right column.

DC Seed
9/10 subjects (n = 24) demonstrated significantly greater func-
tional connectivity with the DC than 10/10 subjects (n = 26) in
dorsal anterior cingulate, supplementary motor area, bilateral
anterior insula, and left anterior middle frontal gyrus. 10/10
subjects did not demonstrate greater functional connectivity
with DC than 9/10 subjects in any region.

VSi Seed
9/10 subjects demonstrated significantly greater functional
connectivity with the VSi than 10/10 subjects in 2 clusters
within left inferior frontal gyrus, one at the anterior end of the

Figure 1. t-Tests of connectivities from the 4 bilateral striatal seeds (first column) reveals regions which showed strong connectivity across all subjects with the 9/10 (n= 24;
second column) and 10/10 (n=26; third column) genotypes. Two-sample t-tests (fourth column) reveal regions in which 9/10 individuals had significantly stronger connectivity
with the DC and the VSi than 10/10 individuals. No region demonstrated greater connectivity for 10/10 than 9/10 individuals, and no effects of DAT1 were found for DCP- or
VRP-seeded connectivity.

Table 1
Clusters demonstrating differences in striatum-seeded connectivity between 9/10 (n= 24) and
10/10 (n= 26) subjects

Cluster location Peak coordinates Peak
T value

Cluster size
(voxels)

Seed: Dorsal caudate 9/10>10/10
Dorsal anterior cingulate 6, 24, 28 5.54 530
Right anterior insula 42, 10, −2 4.43 164
Supplementary motor area 6, −6, 66 3.90 121
Left anterior insula −36, 18, 6 3.71 69
Left middle frontal gyrus −40, 46, 26 3.45 84

Seed: Inferior ventral striatum 9/10 > 10/10
Left posterior inferior frontal gyrus −52, 12, 28 4.91 92
Left anterior inferior frontal gyrus −36, 44, 6 4.52 201
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inferior frontal gyrus, just posterior to frontopolar cortex, and
one at the posterior end, just anterior to the precentral gyrus.
10/10 subjects did not demonstrate greater functional connec-
tivity with VSi than 9/10 subjects in any region.

Putamen Seeds
No effects of DAT1 were observed on functional connectivity
with either the DCP or the VRP seeds.

Associations Between DAT1-Modulated Functional
Connectivity and Executive Function
We created ROIs from the 7 clusters showing DAT1 differences
above, and within those clusters calculated the average
strength of connectivity with the appropriate striatal seed. For
each behavioral measure, we then conducted a stepwise mul-
tiple regression model to examine whether any of these con-
nectivity values predicted the behavior. Results of the analysis
can be seen in Figure 2.

Impulsiveness
Reduced Impulsiveness was predicted by increased connec-
tivity between VSi and posterior inferior frontal gyrus
(r(48) =−0.32, P = 0.026).

Working Memory Performance
In the 2-back condition, increased accuracy was predicted by
increased connectivity between DC and right anterior insula
(r(48) = 0.33, P = 0.018), while faster RT was predicted by in-
creased connectivity between DC and dorsal anterior cingulate
cortex (r(48) =−0.31, P = 0.029). In the 3-back condition, both
increased accuracy (r(48) = 0.32, P = 0.022) and faster RT
(r(48) =−0.32, P = 0.023) were predicted by increased connec-
tivity between DC and left anterior middle frontal gyrus.

In summary, several of the striato-frontal connections that
were shown to be stronger in 9/10 than in 10/10 individuals
were correlated with behavior. In all cases, increased striato-
frontal connectivity—which was present in the 9/10 genotype
—predicted superior executive function.

Post hoc Mediation Analysis
Some previous work suggests that DAT1 genotype is associ-
ated with executive function and traits through striatal function
(Brehmer et al. 2009; Stollstorff et al. 2010; Gizer and Waldman
2012). We investigated whether DAT1 effects on WM and im-
pulsivity may be mediated through the gene’s influence over
striato-frontal connectivity by testing a mediation model for
each of the 5 significant connectivity–behavior relationships
observed above, in which we entered both DAT1 genotype
and connectivity strength as predictors in a regression testing
for effects on behavior. In this model, significant genotype
effects on behavior while accounting for connectivity indicate
a direct effect, while significant connectivity effects on behav-
ior while accounting for genotype indicate an indirect effect.

These exploratory mediation analyses indicated that the
direct effects of DAT1 genotype on the behavioral measures was
not significant (all F’s(1,47) < 0.25, all P’s > 0.6). By contrast, mul-
tiple significant indirect effects were observed: connectivity
between DC and right anterior insula predicted 2-back accuracy
(F(1,47) = 4.04, P = 0.05); connectivity between DC and dorsal
anterior cingulate predicted 2-back RT (F(1,47) = 4.37, P = 0.043);
and connectivity between DC and left anterior middle frontal
gyrus predicted 3-back RT (F(1,47) = 4.85, P = 0.033). Further, the

other 2 indirect effects were marginally significant: connectivity
between DC and left anterior middle frontal gyrus predicted
3-back accuracy (F(1,47) = 3.85, P = 0.056) and connectivity
between VSi and left posterior inferior frontal gyrus predicted
impulsivity (F(1,47) = 2.85, P = 0.098). Together, these post hoc
analyses support the notion that DAT1-behavior relationships
may be mediated through the genotype’s effects on striato-
frontal functional connectivity.

Discussion

This study is the first to demonstrate that resting-state striato-
frontal functional connectivity is affected by a polymorphism of
the DA transporter gene (DAT1), and the first to demonstrate
that DAT1-affected resting-state connectivity predicts executive
function. As hypothesized, individuals with one 9-repeat DAT1
allele, which has been linked to increased DA signaling via
reduced synaptic DA clearance (Madras et al. 2005), demon-
strated greater striato-frontal connectivity than those with 2
10-repeat alleles, and this increased striato-frontal connectivity
was associated with superior WM function and reduced
trait-level impulsivity. Post hoc mediation analyses suggested
that differences in striato-frontal connectivity may be an indirect
pathway by whichDAT1 genotype influences WM function.

The gene–connectivity–behavior linkageswe observedwithin
one subject pool extend and integrate previous work separately
describing DA–connectivity and connectivity–executive func-
tion relationships. First, striato-frontal connectivity was in-
creased by factors enhancing DA signaling, including increased
striatal DA synthesis capacity (Klostermann et al. 2013), L-dopa
administration (Kelly et al. 2009; Cole et al. 2013), and cabergo-
line administration (Cohen et al. 2007), and decreased by factors
which reduce DA signaling, including haloperidol (Cole et al.
2013) and dietary DA depletion (Nagano-Saito et al. 2008).
These associations were observed both during the resting state
(Kelly et al. 2009; Cole et al. 2013) and during performance of
various tasks (Cohen et al. 2007; Nagano-Saito et al. 2008; Klos-
termann et al. 2012). The present study extends these findings
to show that genetically influenced differences in DA signaling
affect resting-state striato-frontal connectivity, particularly
between the DC and regions such as bilateral anterior insula,
dorsal anterior cingulate, and anterior dorsolateral PFC that
well-match a known Cingulo-opercular network (Beckmann
et al. 2005; Dosenbach et al. 2007, 2008). Notably, striatum-to-
Cingulo-opercular connectivity was influenced by pharmaco-
logical DAmanipulations (Cole et al. 2013), thoughmodulations
of this network were observed using a ventral striatal seed
rather than the DC seed observed here. Second, stronger con-
nectivity between striatum and PFC has been associated with
both superior WM function and reduced impulsivity. Better
N-back performance related to stronger resting-state connec-
tivity between Cingulo-opercular PFC regions and putamen (Tu
et al. 2012), as well as to stronger task-induced connectivity
between DC and the lateral PFC (Klostermann et al. 2012).
Further, better impulse control, as measured by the same behav-
ioral scale used in the current study, was specifically associated
with stronger functional connectivity between ventral striatal
and Cingulo-opercular regions (Davis et al. 2013). This previous
work converges with the current findings that stronger connec-
tivity between striatum and the Cingulo-opercular network pre-
dicted superior WM and reduced impulsivity.
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By demonstrating linkages between a DA-regulating gene,
striato-frontal functional connectivity, and multiple domains of
executive function, the present work contributes to a model of

executive function enabled by multiple segregated DA-
sensitive striato-thalamo-frontal loops. Anatomic studies have
established that segregated connectivity loops run from

Figure 2. DAT1-modulated functional connectivity predicted behavior across 9/10 (n= 24) and 10/10 (n= 26) individuals. (A) The strength of functional connectivity from DC to
various PFC regions predicted 2- and 3-back accuracies (top row) and reaction times (bottom row). (B) The strength of functional connectivity from VSi to left posterior inferior frontal
gyrus predicted self-reported Impulsiveness. RaIns: right anterior insula. L aMFG, left anterior middle frontal gyrus; dACC, dorsal anterior cingulate cortex; L pIFG, left posterior inferior
frontal gyrus.
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striatum to thalamus to PFC, and return to striatum. These
loops exhibit anatomical specificity, such that loops through
putamen innervate premotor cortex, while loops through
caudate innervate more anterior PFC regions (Alexander et al.
1986; Schmahmann and Pandya 2006). These loops are argued
to play a causal role in “gating” the transfer of sensory infor-
mation into currently maintained PFC representations (Hazy
et al. 2007; van Schouwenburg et al. 2010), which may be the
mechanism by which PFC selectively maintains or updates
information in WM (Miller and Cohen 2001). These loops are
also hypothesized to be sensitive to striatal DA signaling,
which allows them to “learn” what information to gate, which
in turn enables optimum WM function (Hazy et al. 2007). The
present findings provide support for the idea of DA-sensitive
striato-frontal loops helping to enable WM by demonstrating
that functional connectivity between 2 regions connected by
these striato-frontal loops, the DC and the PFC, is not only sen-
sitive to genetic influences on striatal DA function, but also pre-
dicts WM performance. We note that WM testing was done a
month or 2 before scanning; while this is a limitation of the
study, it bolsters the notion that the observed gene–
connectivity–behavior linkage is relatively stable rather than
transient or state-specific.

Further, the present findings extend these concepts to other
domains of executive control by demonstrating that genetic
influences also affect connectivity between ventral striatum
and PFC, which in turn predicts control of impulsive behavior.
By demonstrating such relationships in the task-free resting-
state, the present findings help link these behaviors specifically
with communication within the striato-frontal loops, rather
than with any task-specific engagement of regions linked by
the loops.

Further, in demonstrating that WM function and impulsivity
related to different caudate-PFC circuits, this study indicates
that loops linking specific caudate and PFC subregions, which
have been associated with discrete executive functions, predict
behavior in those executive domains. DC has been character-
ized as the striatal nucleus most relevant to WM (White 2009;
Moore et al. 2013), and (Hazy et al. 2007) argues that DC
specifically gates information into WM. Meanwhile, the
nucleus accumbens and adjacent ventral striatum is known to
be critical for inhibitory control due to its central role in reward
processing (Menon et al. 2001; Cropley et al. 2006; Li et al.
2008; Boehler et al. 2010). In PFC, the dorsal cingulate,
anterior insula, and dorsolateral PFC have all been linked to
WM function (Owen et al. 2005), with the cingulate/insular
regions specifically linked to task set maintenance (which may
influence performance in easier task conditions, in which
maintaining task goals is a limiting factor on performance) and
the dorsolateral PFC linked to trial-by-trial processing (which
may influence performance in difficult conditions requiring
complex information processing) (Dosenbach et al. 2007,
2008). By contrast, the inferior frontal gyrus is critical for
response inhibition (Aron et al. 2004). The findings of the
present study mirror these distinctions, such that stronger con-
nectivity between DC and cingulate/insular cortex predicted
superior WM in easier task conditions, stronger connectivity
between DC and dorsolateral PFC predicted superior WM in
difficult task conditions, and stronger connectivity between
ventral striatum and inferior frontal gyrus predicted improved
control of impulsivity. Thus, one compelling interpretation of
these findings is that they provide support for the idea that

anatomically segregated, DA-sensitive striato-frontal loops con-
tribute to functionally segregated executive processes.
However, we also note that the apparent specificity of circuit–
behavior relationships observed here may be due in part to the
specific behavioral regression approach we employed, which
tends to allow only the most significant connectivity–behavior
relationships to survive. Thus, while the observed connec-
tivity–behavior relationships emerged because those regions
are most robustly related to the behaviors, that fact does not
mean they are the only DAT1-modulated regions related to the
behaviors. Indeed, it is possible that the behaviors may be
moderately correlated with the strength of striatal connectivity
with many or all Cingulo-opercular network nodes. Future
work focusing on a priori Cingulo-opercular regions may be
better able to test this possibility.

Findings from an exploratory mediation analysis demonstrate
that the DAT1 genotype affected WM performance indirectly
through effects on striato-frontal connectivity (indirect effects
on impulsivity were marginally reliable), which suggests that
striato-frontal connectivity may be causally intermediate
between DAT1 and executive function. We interpret these
results cautiously, as it is not entirely clear whether mediation
testing of gene–brain–behavior relationships is appropriate
when there is no significant initial gene–behavior association.
However, it has been argued that mediation testing is still appro-
priate in circumstances where the direct relationship (between
DAT1 and WM/impulsivity in this case) is likely to exist, but fails
to reach significance for power reasons (MacKinnon and Fair-
child 2009). This is probably true in the present paper, as 1) the
9/10 DAT1 group did demonstrate numerically superior per-
formance on all of the tested behaviors, though none reached
significance, and 2) while direct relationships between DAT1
and these behaviors have been shown in other populations in-
cluding children (Stollstorff et al. 2010) and ADHD adults (Gizer
and Waldman 2012), other studies in healthy adults (Blanchard
et al. 2011) or ADHD children (Rommelse et al. 2008) show no
effects of the gene on executive function. Confusingly, a few
studies have associated the 10-repeat allele with reduced impul-
sivity (Forbes et al. 2009) or fewer ADHD symptoms (Brown
et al. 2011). This may indicate either 1) that the DAT1 poly-
morphism affects behavior only in children and ADHD individ-
uals (and inconsistently at that), but has no effect on healthy
adults, or 2) that there is a noisy relationship between DAT1 and
behavior. In the present study, this noisy relationship may be
due to many different possible factors, which likely fails to
reach significance in the present population of healthy adults
because their behavioral performance is so high that it reduces
available variance. The finding of an indirect mediating
pathway from DAT1 to striato-frontal connectivity to executive
function may thus be cautiously interpreted as supporting the
presence of causal links between DAT1, striato-frontal connec-
tivity, and executive function.

These results have important implications for interpreting
previous work demonstrating effects of the DAT1 gene on PFC
function. DAT1 is highly expressed in the striatum but only
weakly expressed in PFC (Hall et al. 1999; Madras et al. 2005;
Sasaki et al. 2012), indicating that effects of DA signaling
driven by DAT1 genotype differences should manifest primar-
ily in striatum, not in PFC. However, previous work has shown
that, compared to 9-repeat carriers, 10/10 homozygotes had
both reduced PFC activation (Bertolino et al. 2006, 2009; Caldú
et al. 2007; Stollstorff et al. 2010) and elevated PFC-based
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cortico-cortico connectivity (Gordon et al. 2012a) during WM.
By demonstrating that DAT1 genotype influences connectivity
between striatum and PFC, the present results provide a likely
interpretation for those previous findings: that DAT1 genotype
differences directly affect striatal DA signaling, which in turn
influences connectivity between striatum and PFC, thus
indirectly affecting PFC function. This idea—that DAT1 effects
on PFC are causally “downstream” of direct effects on caudate—
should be investigated in future studies examining effective, or
directed, connectivity influences using techniques such as
dynamic causal modeling, which can test the hypothesis that
the caudate influence over the PFC is different in 9/10 than in
10/10 individuals.

The present findings demonstrating relationships between
the 10/10 DAT1 genotype, lower striato-frontal connectivity,
and reduced executive function may be highly relevant to the
study of ADHD, as previous work has established that each of
these 3 factors is linked to ADHD. Inheriting 2 copies of the
10-repeat allele of DAT1 confers risk for ADHD (Yang et al.
2007), a disorder that is defined in part by increased impulsiv-
ity and demonstrates reduced WM (Willcutt et al. 2005), and
which further demonstrates reduced striato-frontal connec-
tivity (Rubia et al. 2009; Cubillo et al. 2010). Our observation
of weak striato-frontal connectivity associated with reduced ex-
ecutive function in individuals who are healthy but have a
genetic polymorphism linked to ADHD raises the possibility
that resting-state striato-frontal connectivity may be an endo-
phenotype for the reduced executive function observed in
ADHD individuals, as it is consistent with primary criteria for
an endophenotype as described in (Gottesman and Gould
2003): 1) Association of the endophenotype with a psychiatric
disorder (ADHD, as shown in Yang et al. 2007); 2) Heritability
of the endophenotype (association with the 10/10 genotype);
and 3) State-independence of the endophenotype (its presence
in healthy, unaffected individuals). If striato-frontal connec-
tivity does function as an endophenotype in this fashion, it
may be relevant not only for the study of ADHD, but also for
investigations of variation in executive function within the
general population, as this circuit (and genes which alter the
circuit) would be expected to influence executive function in
any population. The endophenotype status of striato-frontal
functional connectivity should be established more definitively
by future work investigating whether linkages between DAT1,
striato-frontal connectivity, and executive function also exist in
ADHD individuals.

Interestingly, DAT1 genotype had strong effects on caudate-
seeded connectivity, but no effects on putamen-seeded con-
nectivity. DAT1 is known to be expressed similarly in caudate
and putamen (Hall et al. 1999; Sasaki et al. 2012), and pharma-
cologic DA manipulations affect putamen-PFC connectivity
(Cohen et al. 2007; Nagano-Saito et al. 2008). However, other
pharmacological work failed to show any DA-related effects on
putamen-PFC connectivity (Kelly et al. 2009; Cole et al. 2013;
Klostermann et al. 2012). Notably, the studies which observed
DA-related effects on putamen-PFC connectivity were con-
ducted during performance of a cognitive task (Cohen et al.
2007; Nagano-Saito et al. 2008), while 2 of the studies which
failed to observe putamen-PFC effects were conducted during
the resting state (Kelly et al. 2009; Cole et al. 2013), like the
present study. We speculate that putamen-PFC connectivities
may be affected by differences in DA function only when

connectivity is measured during tasks requiring DA release
rather than during the resting state.

This study tested specific hypotheses about effects of DAT1
genotype on striato-frontal functional connectivity and execu-
tive function because DAT1 has shown small but statistically
significant associations with the ADHD phenotype (Yang et al.
2007), which includes disrupted executive function (Willcutt
et al. 2005). However, it is known that striato-frontal circuits
are also affected by a polymorphism in the DRD2-Taq1A gene
(Cohen et al. 2007; Stelzel et al. 2010), and it is very likely that
it may also be affected by polymorphisms in other genes that
influence striatal DA signaling, such as those coding for other
striatal DA receptors (e.g., DRD3) or other enzymes which end
DA action (e.g., MAO). These various genes may combine to
influence striato-frontal circuits in complex ways, either addi-
tive or interactive. By establishing the specific impact of the
DAT1 gene on striato-frontal connectivity and behavior, the
present findings provide a first step that should ultimately lead
towards testing multiple simultaneous gene effects.
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