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Abstract

Background—The dopamine D4 receptor gene (DRD4) has been implicated in psychiatric

disorders in which deficits of self-regulation are a prominent feature (e.g., attention-deficit

hyperactivity disorder and substance use disorders) and in dopamine D4 receptor insensitivity

within prefrontal regions of the brain. Our hypothesis was that carriers of 7-repeats in the Variable

Number of Tandem Repeats (VNTR) of DRD4 (7R+) would recruit prefrontal brain regions

involved in successful inhibitory control to a lesser degree than non-carriers (7R−) and

demonstrate less inhibitory control as confirmed by observation of locally reduced blood

oxygenation level dependent (BOLD) % signal change and lower accuracy while performing “No-

Go” trials of a Go/No-Go task.

Methods—Participants (age=18, n=62, 33 females) were recruited from the general population of

the St. Louis, Missouri region. Participants provided a blood or saliva sample for genotyping,

completed drug and alcohol-related questionnaires and IQ testing, and performed a Go/No-Go task

inside of a 3T fMRI scanner.

Results—Go/No-Go task performance did not significantly differ between 7R+ and 7R− groups.

Contrast of brain activity during correct “No-Go” trials with a non-target letter baseline revealed

significant BOLD activation in a network of brain regions previously implicated in inhibitory

control including bilateral dorsolateral prefrontal, inferior frontal, middle frontal, medial

prefrontal, subcortical, parietal/temporal, and occipital/cerebellar brain regions. Mean BOLD %

signal change during “No-Go” trials was significantly modulated by DRD4 genotype, with 7R+

showing a lower hemodynamic response than 7R− in right anterior prefrontal cortex/inferior

frontal gyrus, left premotor cortex, and right occipital/cerebellar areas. Follow-up analyses

suggested that 7-repeat status accounted for approximately 5–6% of the variance in the BOLD

response during “No-Go” trials.
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Discussion—The DRD4 7-repeat allele may alter dopaminergic function in brain regions

involved in inhibitory control. When individuals must inhibit a prepotent motor response, presence

of this allele may account for 5–6% of the variance in BOLD signal in brain regions critically

associated with inhibitory control, but its influence may be associated with a greater effect on

brain than on behavior in 18-year-olds from the general population.
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1. Introduction

Executive function refers to a collection of cognitive abilities that support goal-directed

behavior. Cognitive abilities thought to contribute substantially to executive function include

the ability to orient to goal-relevant stimuli (attention), hold information online while

performing goal-directed actions (working memory), shift between sets of automatic

behaviors (cognitive flexibility), imagine the steps necessary to reach a goal in the future

(planning), and cancel a prepotent motor response on demand (inhibitory control).

Dopamine is thought to play an important role in executive function. For example,

individuals with Parkinson’s Disease or attention deficit/hyperactivity disorder (ADHD)

have notable dopaminergic deficiencies and impairment in executive function (Bidwell,

McClernon, & Kollins, 2011; Dirnberger & Jahanshahi, 2013; Kudlicka, Clare, & Hindle,

2011; Swanson, Baler, & Volkow, 2011), supporting the view that intact executive function

depends on normal dopaminergic functioning.

The etiology of dopamine-deficiency-associated executive impairment and related

psychiatric disorders in which deficits of inhibitory control are prominent (e.g., ADHD,

substance abuse disorders, conduct disorder, etc.) may be related to genes, environment, or

to an interaction between environment and genes. For example, twin, family, and adoption

studies suggest that ADHD is substantially heritable. One review considered the results of

20 studies of heritability and concluded that 76% of the variance in ADHD diagnosis may be

under genetic control (Faraone, et al., 2005). The most replicated genetic association with

ADHD is with a Variable Number of Tandem Repeats (VNTR) of a 48 bp sequence located

in exon 3 of DRD4 (Faraone, et al., 2005; Gizer, Ficks, & Waldman, 2009; Li, Sham, Owen,

& He, 2006), a gene that encodes the dopamine D4 receptor (Ding, et al., 2002; E. Wang, et

al., 2004). The 48-bp fragment is repeated between 2 to 11 times, and the most common

variants (2-repeats, 4-repeats and 7-repeats) are represented in over 90% of the general

population (E. T. Wang, Kodama, Baldi, & Moyzis, 2006). Meta-analyses have confirmed

that individuals with 7-repeats of this bp sequence in exon 3 of DRD4 are at increased risk

of developing ADHD (Faraone, et al., 2005; Gizer, et al., 2009; Li, et al., 2006). However,

this finding has not been replicated in all studies that have examined this association, and the

estimated odds ratio associated with the risk for ADHD is only small to moderate (1.1–1.4)

(Faraone, et al., 2005; Gizer, et al., 2009; Li, et al., 2006). Similarly, variation at the DRD4

VNTR locus has been increasingly implicated in addiction-related phenotypes (McGeary,

2009).
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Greater density of dopamine D4 receptors has reportedly been observed in prefrontal regions

of the human brain compared to other brain regions (Meador-Woodruff, et al., 1996;

Mulcrone & Kerwin, 1997). Prefrontal brain regions have been identified as being critically

involved in executive functions including inhibitory control (Aron, Fletcher, Bullmore,

Sahakian, & Robbins, 2003; Drewe, 1975; Iversen & Mishkin, 1970; Picton, et al., 2007).

Previous biochemical studies have suggested that the DRD4 7-repeat variant impacts the

length of D4 receptor's third cytoplasmic loop. As this region is responsible for G-protein

coupling and activation of intracellular responses to dopamine release through reducing

intracellular cAMP levels, the DRD4 7-repeat variant has been posited to be associated with

a less sensitive D4 receptor (Asghari, et al., 1995; Van Tol, et al., 1992). More recent work

suggests that differences in dopamine function may additionally be due to the inability of the

7-repeat variant of the D4 receptor to heterodimerize with D2 receptors affecting signal

transduction pathways such as the mitogen-activated protein kinases pathway (Borroto-

Escuela, et al., 2011; Gonzalez, et al., 2012). As such, the exact mechanisms by which

dopamine function may be affected in DRD4 7-repeat carriers remain unclear at this time.

Nevertheless, all of these lines of evidence support the view that genetic variation in the

VNTR of the DRD4 gene is associated with dysfunction of the dopamine D4 receptor within

prefrontal regions of the human brain and that variation at this genetic locus could

potentially account for prefrontally mediated dopamine-deficiency-associated impairment of

inhibitory control and related neuropsychiatric symptoms.

However, studies that have investigated whether variation in the DRD4 VNTR

polymorphism is associated with poorer performance on tasks that require intact executive

function have produced heterogeneous findings. Neuropsychological studies of children and

adults with ADHD have reported that 7-repeat carriers (7R+) may perform more poorly

(Kieling, Roman, Doyle, Hutz, & Rohde, 2006; Langley, et al., 2004) or better (Johnson, et

al., 2008; Swanson, et al., 2000) on tasks of executive function than non-carriers of the 7-

repeat allele (7R−) whereas other studies have reported no difference between these groups

(Barkley, Smith, Fischer, & Navia, 2006; Konrad, et al., 2010). There are several potential

explanations for the heterogeneity in findings across studies including administration of very

different neuropsychological tests purported to measure the same cognitive construct, failure

to control for developmental changes in cognitive performance that may interact with

ADHD, stimulant treatment, the presence of comorbid conditions, and varying sample sizes

(Kebir & Joober, 2011).

When the association between inhibitory control and variation in the DRD4 VNTR 7-repeat

polymorphism has been examined in non-clinical samples, the results of these studies have

shown mixed findings with some studies reporting that 7R+ carriers perform more poorly on

measures of inhibitory control than 7R− (Altink, et al., 2011; Congdon, Lesch, & Canli,

2008), and other studies reporting no differences between the groups (Barkley, et al., 2006;

Colzato, van den Wildenberg, Van der Does, & Hommel, 2010; Cummins, et al., 2012;

Heinzel, et al., 2012; Johnson, et al., 2008; Kramer, et al., 2009). Administration of different

neuropsychological instruments across studies, heterogeneity in age groups examined within

and across studies, and differences in the way that the allele carriers were grouped may

account for the mixed findings. For example, it is notable that the two studies that reported

associations in this literature used the Stop Signal task, a task that provides an estimate of
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the average latency to inhibition of a prepotent response (stop signal reaction time, SSRT),

with groups of adolescents and adults (Altink, et al., 2011; Congdon & Canli, 2008). By

contrast, when variants of the Continuous Performance Test (CPT) or the Go/No-Go task

were administered to groups of healthy 7R+ and 7R−, the two groups did not differ on

accuracy during “No-Go” trials or on rate of commission errors (Barkley, et al., 2006;

Colzato, et al., 2010; Heinzel, et al., 2012; Johnson, et al., 2008; Kramer, et al., 2009), the

traditional measures of inhibitory control associated with these tasks (Strauss, Sherman, &

Spreen, 2006). Almost all of the studies that administered the Go/No-Go or the CPT task

either neglected to report accuracy or commission rates during “No-Go” trials or they

reported commission error rates very close to floor (i.e., 0%) calling into question whether

their version of the CPT or the Go/No-Go challenged inhibitory control within the age range

studied. Although Kramer and colleagues administered both “easy” and “hard” versions of a

Go/No-Go task and reported that healthy volunteers ranging in age between 20 and 30 years

of age made commission errors on approximately 23% of “No-Go” trials, they reportedly

found no difference in commission error rates between 7R+ and 7R− (Kramer, et al., 2009).

Because this study compared the behavioral performance of small groups of homozygous

7R+ (n=10) and homozygous 4-repeat carriers (n=10), it is difficult to compare the findings

of this study with others in this literature as other studies collected larger samples and

compared carriers of at least one 7-repeat allele with 7R−. Thus, the relationship between

this DRD4 VNTR polymorphism and performance on inhibitory control tasks remains an

open question for future research.

To our knowledge, only one study to date has used fMRI to explore a possible association

between variation in the DRD4 7-repeat allele and differences in the neural correlates of

executive function (Gilsbach, et al., 2012). Gilsbach and colleagues administered two

executive function tasks to 26 healthy children between 8 and 15 years of age (mean

age=11.4), one of which challenged inhibitory control (the interference control task). On

each trial of the interference control (IC) task, two symbols were simultaneously presented

on the screen but one of the two symbols was presented for a longer period of time than the

other one (250 to 350 milliseconds longer). On most of the trials (60–80%), the two symbols

were visually identical whereas on a minority of the trials, the symbols did not match.

Participants were instructed to respond on every trial, and if they judged the two symbols to

be visually identical they were instructed to make a button press response on the side where

one of the symbols was presented for a longer period of time, but if the two symbols did not

match, they were instructed to respond on the side opposite to where one of the symbols was

presented for the longer period of time. The authors reported that performance on the IC task

was associated with a significant error rate (approximately 22%) in children and adolescents

between the ages of 8 and 15. Although they did not observe that 7R+ (n=10) had a higher

error rate on this task than 7R− (n=16), they did observe that 7R+ had lower blood

oxygenation level dependent response (BOLD) during performance of the IC task than 7R−.

Associations with lower BOLD response were observed in the left inferior frontal gyrus

(IFG) and left middle frontal gyrus, two brain regions that have been previously associated

with inhibitory control. The authors interpreted their findings to be consistent with the idea

that 1) D4 receptor function in prefrontal cortex may be less sensitive in DRD4 7R+; 2) that

the BOLD response in prefrontal brain regions may be sensitive to this genetically-mediated
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difference in D4 dopamine sensitivity; and 3) that fMRI studies may be more sensitive than

neuropsychological measures in the detection of genetically-mediated alterations of

prefrontal function. However, the authors did note limitations to the conclusions of their

study due to the small size of their sample. Also, because this fMRI study employed a block

design rather than an event-related design, it is possible that this experiment may have also

been more vulnerable to confounds such as mixed event types and error-related processing.

Lack of behavioral differences within the presence of differences in brain function, however,

is not unusual in fMRI studies. Some authors have proposed that genes may have a greater

effect on brain functions than they do on behavioral phenotypes (Goldberg & Weinberger,

2004). Furthermore, several groups have argued that when group differences in task-based

fMRI BOLD responses are observed within the context of group differences in task

performance, interpretation of the differences in BOLD response may be falsely attributed to

group differences in brain function when they may actually be epiphenomenal to task

performance (Barch, et al., 1997; Church, Petersen, & Schlaggar, 2010; Murphy & Garavan,

2004; Price & Friston, 1999; Schlaggar, et al., 2002).

The goal of the current fMRI study was to use an event-related fMRI design to investigate

how the presence of the DRD4 7-repeat variant affects inhibitory control and associated

BOLD response in 18-year-old emerging young adults. We decided to examine a sample of

62 emerging young adults ascertained from a general population sample (Anokhin,

Golosheykin, Grant, & Heath, 2010) so that we could minimize potential confounds

associated with aspects of ADHD diagnosis including comorbid conditions, stimulant

effects, and general health issues. We ascertained a group who were 18 years of age to

control for developmental changes in performance of an inhibitory control task (Christ,

White, Mandernach, & Keys, 2001; Diamond, 1990; Ridderinkhof & van der Molen, 1997),

the functional neuroanatomy of inhibitory control (Casey, et al., 1997; Garavan, Hester,

Murphy, Fassbender, & Kelly, 2006; Nielson, Langenecker, & Garavan, 2002; Rubia,

Smith, Taylor, & Brammer, 2007), and brain metabolism that may be related DRD4 7-repeat

status (Volkow, et al., 2013). Examination of emerging young adults also provides a

counterpoint to the study by Gilsbach and colleagues as our study can address whether the

pattern of neural activation associated with 7-repeats is stable across development into

young adulthood. Eighteen years of age is also just prior to the period of time wherein the

greatest risk for dependence on substances of abuse occurs. Thus, we also hoped to

minimize confounds associated with dependence on substances (Lessov-Schlaggar, et al.,

2012) while still potentially describing behavioral and neural correlates of risk for

dependence on such substances. We use a Go/No-Go task, the behavioral and neural

correlates of which have been previously reported in the literature (Garavan, Ross, & Stein,

1999; Simmonds, Pekar, & Mostofsky, 2008), and, in previous research, we have shown that

our implementation of this Go/No-Go task is sensitive to continuing symptoms of ADHD in

adulthood (Mulligan, et al., 2011). In our fMRI analyses, we examine hemodynamic BOLD

response associated with those trials in which a prepotent motor response tendency was

successfully inhibited so that we might avoid confounds associated with potential

differences in task performance.

Our hypotheses were derived from previous literature. Based on: 1) biochemical studies

suggesting that possessing at least one 7-repeat allele in the VNTR of DRD4 gene is

Mulligan et al. Page 5

Neuropsychologia. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



associated with insensitivity of the dopamine D4 receptor; 2) neuroanatomical evidence

suggesting that D4 receptors are more likely to be expressed in prefrontal cortex; 3)

behavioral genetic evidence suggesting an association between DRD4 VNTR 7-repeat status

and a disinhibited psychiatric presentation (e.g., ADHD, substance use disorders); 4)

neuropsychological evidence suggesting that prefrontal brain regions are critically involved

in inhibitory control; 5) neuropsychopharmacological evidence suggesting that insufficient

dopamine is associated with worse performance on tasks of executive function; and 6) a

previous fMRI study that observed lower BOLD response during performance of an

executive function task in the prefrontal cortex of children and adolescents with 7-repeats in

at least one allele of the VNTR of DRD4 compared to individuals without this genetic

variant, we hypothesized that individuals with at least one allele associated with 7-repeats of

the 48 bp fragment would display a lower percentage of correctly inhibited trials on our

Go/No-Go task, and that these individuals would show lower BOLD response during correct

“No-Go” trials than non-carriers within areas of prefrontal cortex that have been previously

implicated in inhibitory control (e.g., the right inferior frontal gyrus).

2. Materials and Methods

2.1 Participants

Participants were originally identified through the Missouri Family Registry and recruited

from the general population to participate in a prospective, longitudinal study of adolescent

twins (Anokhin, et al., 2010). Those who participated in the current study protocol were a

subset (n=62, age at assessment: M= 18.01 years, S.D. = 0.25; 47.7% females) of the

originally ascertained group (original n = 747; age at first assessment: M= 12.52 years, S.D.

= 0.20; 47.8% females). As part of the original longitudinal study protocol, they were

administered standardized assessments including the second edition of the Kaufman Brief

Intelligence Test (K-BIT 2), a screening measure of IQ (Kaufman & Kaufman, 2004), the

Barratt Impulsiveness Scale (BIS-11), a self-report measure of trait impulsiveness (Patton,

Stanford, & Barratt, 1995), and a semi-structured interview including detailed questions

about substance use. Participants were excluded from the current and longitudinal study

protocol if they reported a history of serious head trauma or health conditions that would

make a laboratory visit or performance of the experimental task infeasible (e.g. severe visual

impairment or mental retardation). Those who were under the influence of alcohol or illicit

substances were also excluded based on Breathalyzer and urine drug tests. Twin zygosity

was assessed through three methods: 1) a standard interview administered to twins’ parents;

2) research assistants’ ratings of the twins’ physical similarity; and 3) a set of 156 DNA

markers genotyped in 96% of the participants. Our sample included 25 monozygotic (MZ)

and 37 dizygotic (DZ) twins. Eight of the individuals were single twins (twins whose co-

twin was unwilling or unable to participate). Additional characteristics of the sample can be

found in Table 1. This table shows that the 7R+ and 7R− did not differ with regard to any

behavioral or self-report measure including IQ or sex distribution. The Human Research

Protection Office at the Washington University School of Medicine approved the study. A

written informed consent was obtained from all the participants. Participants were

compensated for participation in the study.

Mulligan et al. Page 6

Neuropsychologia. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.2 Collection of DNA samples and genotyping of DRD4 VNTR

DNA was collected from either blood or buccal mucosa samples collected from the

participants using standard genomic DNA extraction techniques. Genomic DNA was

prepared for multiple displacement amplification (MDA) using a kit commercially available

from Qiagen, Inc. (Valencia, CA) following manufacturers instructions. The number of 48-

bp repeats in the VNTR of exon 3 of DRD4 was genotyped following previously described

procedures (LaHoste, et al., 1996). Briefly, primers D4–42 and D4–3 were used to amplify

the 48-bp repeat in exon 3 of the DRD4 gene following PCR guidelines (Lichter, et al.,

1993). PCR products were visualized by gel electrophoresis and compared to positive

controls for the variant alleles. The experimenters who collected the behavioral and fMRI

data were blinded to the results of genotyping at the time of data collection.

2.3 Inhibitory control task, Go/No-Go

Our version of the Go/No-Go task followed a format that has been described previously

(Garavan, et al., 1999; Mulligan, et al., 2011). During three practice runs performed outside

of the scanner, participants saw a series of lower case letters presented on a computer screen

replacing one another at a rate of 500 ms/letter. In the first two practice runs (2 runs of 250

letters each, 75 targets per run), participants were instructed to make a button press response

as quickly and as accurately as possible whenever certain target letters (“x” or “y”) were

presented within a series of distracter letters. In the third run, a switch in the rules was made

stipulating that participants should only respond to the letters “x” or “y” if the two target

letters alternated in the presented series (Figure 1). Following the three practice runs,

participants completed six runs of this task inside of the scanner while attempting to

conform to the new rule (250 letters per run, 1500 total letters). A 15.5 second rest period

was presented at the beginning and end of each run. During these rest periods, participants

viewed a fixation cross that was of the same size, font, and coloring as the presented letters

(black with white background). Response to targets constituted the “Go” condition of this

task whereas the presentation of “lure” letters, to which a prepotent response has been

practiced but becomes inappropriate, constituted the “No-Go” condition. When blocks of

letters were presented during the six scanning runs and the last practice run, “No-Go” letters

were presented in a jittered pseudorandom sequence approximately every ~ 20 seconds and

targets approximately every 3.5 seconds. There were a total of 214 “Go” trials and 38 “No-

Go” trials across the six runs and an average of 36 “Go” letters and 7 “No-Go” letters per

run. Response prepotency was maintained by including five times more valid “Go” letters

than “No-Go” letters and through prior instructions that emphasized rapid response.

Participants were encouraged to respond while the stimulus was still on screen, but

responses within 1000 milliseconds of stimulus onset were considered valid responses.

2.4 Magnetic resonance imaging and processing

Whole-brain imaging was performed on a Siemens TIM TRIO 3 Tesla scanner (Erlangen,

Germany) at the Center for Clinical Imaging Research at Washington University in St.

Louis. For anatomical reference, high resolution, 3D MP-RAGE anatomic images were

collected [TE = 3.16 ms; TR = 2400 ms, 8 flip angle, slice thickness = 1.0 mm, FOV = 25.6

cm, matrix size = 2562] prior to the collection of the BOLD echoplanar data.
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To provide whole-brain coverage, BOLD echoplanar images [TE = 27 ms; TR = 2000 ms;

77 flip angle; slice thickness = 4.0 mm; FOV = 25.6 cm; matrix size = 642;] were acquired

with 35 slices. For each of the six two-minute and 36 second imaging runs, this procedure

yielded 78 whole-brain volumes with a spatial resolution of 4 mm3 per voxel.

Image processing and analyses were performed using Analysis of Functional NeuroImages

(AFNI) software (Cox, 1996). Prior to individual analyses, images were spatially registered

in 3D space to the third image in the time series using an iterative linear least squares

algorithm that achieved least-squares alignment of three translational and three rotational

parameters, and activation outside of the brain was removed through edge detection

algorithms.

2.5 fMRI analysis

2.5.1 Individual models of functional activity—The time-series data were then

modeled using onset times associated with correct “Go” and “No-Go” trials. This was

performed within the context of a general linear model by convolving onset times associated

with each trial type with the temporal derivative of a γ-variate function representing the

event-related hemodynamic BOLD response (M. S. Cohen, 1997). This general linear model

yielded a separate estimate of the magnitude of the hemodynamic response associated with

correct “Go” and “No-Go” trials within every voxel in the brain with no bias in estimation

of the magnitude of hemodynamic response associated with each trial type. Trends in the

time series and estimates of motion from each dimension of space were included in the

individual model as covariates of no interest. Baseline hemodynamic activity during

distracter letters was also allowed to vary freely in the model. Voxelwise calculation of %

signal change was achieved by dividing the beta weight associated with a particular trial

type of interest (i.e., “No-Go” trials) by an estimate of the baseline provided by the general

linear model.

2.5.2 Group activation maps associated with correct “No-Go” trials—Percent

signal change data for all participants were then transformed into stereotaxic space

(Talaraich & Tourneaux, 1988) and spatially averaged over a 6 mm radius to allow direct

voxel-by-voxel statistical comparisons and to compensate for individual differences in brain

anatomy. To identify a network of brain regions associated with inhibitory control, estimates

of % signal change associated with correct “No-Go” trials were then contrasted against an

implicit baseline (non-target letters) using a one-sample, two-tailed t-test comparison

(Simmonds, et al., 2008). An uncorrected voxelwise threshold of α = 1.0 × 10−5 was applied

to this contrast, and voxels not comprising a cluster of contiguous voxels with a minimum

volume of 200 µl were removed. This approach is based on theory suggesting that larger

clusters of voxels have less likelihood of being false positive errors (Forman, et al., 1995). A

Monte Carlo simulation procedure implemented in AFNI (3dClustSim) allows one to

estimate the probability of Type I error due to multiple comparisons on a cluster by cluster

basis based on each cluster’s size, the level of smoothness associated with the BOLD data,

and 1,000 random image permutation simulations. Application of this procedure suggested

that our approach was associated with < 0.1% chance of any of the clusters identified in our

analyses as being false positive errors.
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2.5.3 fROI analysis—Following voxel-wise analyses, a functional region of interest

(fROI) analysis was conducted (Poldrack, 2007). An fROI analysis aims to identify task-

associated brain regions prior to testing a study’s hypotheses (Celone, et al., 2006; Mitsis,

Iannetti, Smart, Tracey, & Wise, 2008; Mulligan, et al., 2011; Roberts, Nestor, & Garavan,

2009). Benefits include 1) improved statistical power over voxel-wise approaches; 2)

reduced potential for Type I error due to the overall number of comparisons made; and 3)

hypothesis testing within meaningfully defined regions of interest. Any clusters of voxels

showing significant % signal change during correct “No-Go” trials in the voxelwise analyses

(as defined by the methods described above in section 2.5.2) were identified as fROIs.

Although some authors have argued that the BOLD response observed during “No-Go”

trials should be contrasted with the BOLD response observed during “Go” trials rather than

with baseline, the latter approach may be more effective in identifying areas of the brain

critically involved in inhibitory control when this version of Go/No-Go task is administered

(Mulligan, et al., 2011; Simmonds, et al., 2008). In our own study (Mulligan, et al., 2011),

this version of the Go/No-Go task was administered to groups of longitudinally-tracked

adults with and without continuing symptoms of ADHD. When the BOLD response

associated with correct “No-Go” trials was contrasted against the BOLD response associated

with correct “Go” trials, significantly greater hemodynamic response during “No-Go” trials

was only evident in the parietal lobes whereas contrast of correct “No-Go” trials with

implicit baseline (non-target letters) revealed significant activation in prefrontal regions

previously identified as being critically related to inhibitory control (e.g., pre-supplementary

motor area and the right IFG). Follow-up conjunction and fROI analyses revealed that there

was only one region of the brain that was commonly recruited during correct performance of

Go and “No-Go” trials, the pre-supplementary motor area (pre-SMA), and that adults with

continuing symptoms of ADHD recruited this brain region to a lesser degree than control

participants during “No-Go” trials but not during “Go” trials. This raised the possibility that

the pre-SMA may have been overlooked as a neural correlate of inhibitory control in

previous studies that employed the Go/No-Go task wherein the neural correlates of Go and

“No-Go” trials were directly contrasted against one another. Consistent with this

interpretation, a meta-analysis of studies that used versions of the Go/No-Go task similar to

our own also found significant activation in the pre-SMA when the neural correlates of

correct “No-Go” trials were contrasted against baseline (Simmonds, et al., 2008). Following

this line of research, fROIs for the current study were defined based on the contrast of %

signal change during correct “No-Go” trials with implicit baseline (non-target letters). The

degree of % signal change during correct “No-Go” trials was averaged for each participant

within the spatial extent of each of the fROIs so that these metrics could be used as

dependent variables in statistical analyses. Follow-up analyses included contrasts between

7R+ and 7R− as well as correlational analyses. Correlation analyses included correlation of

% signal change during correct “No-Go” trials with key measures such as task performance,

as measured by the percentage of correctly inhibited “No-Go” trials, and trait impulsivity, as

measured by quantitative scores on the BIS-11.

2.5.4 Common areas of recruitment: “Go” and “No-Go” trials—To reveal brain

regions that may have made contributions to both “Go” and “No-Go” trials and to determine

if differences in hemodynamic change observed during “No-Go” trials may have been
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accounted for by differences that may have been present during “Go” trials, a conjunction

analysis (i.e., “AND” mask) was also performed following the Minimum Statistic compared

to the Conjunction Null method (MS/CN)(Nichols, Brett, Andersson, Wager, & Poline,

2005). This followed a series of steps. First, BOLD % signal change associated with correct

“Go” and “No-Go” trials were each contrasted separately against an implicit task baseline

(i.e., non-target letters) through use of voxelwise one-sample, two-tailed t-test comparisons

at uncorrected α = 1.0 × 10−5 and a minimum cluster volume of 200 µl. Second, maps

associated with each trial type were then converted to binary code (1=activated, 0=not

activated) and added to one another in order to identify brain regions that were common to

both trial types. To perform comparisons that examined potential group differences (7R+ vs.

7R−) in hemodynamic response within each fROI that was identified by this “AND” mask,

an averaged BOLD % signal change response for correctly performed “Go” trials was

calculated for all voxels within each fROI identified by the conjunction analyses and then

compared between groups (7R+ vs. 7R−) using the follow-up contrast procedures described

for “No-Go” trials.

2.6 Genetic association analyses

As noted above, we used a sample of 25 MZ and 37 DZ twins. Consequently, observations

(% signal change within each fROI) were assumed non-independent due to the nesting of

individuals (i.e., each twin from a pair) within families. Our data was comprised of 54

individuals who were members of 27 family units, and eight twins whose co-twin was

unable to participate (single twins). Typically, when observations are non-independent,

statistical tests computed using the general linear model are positively biased leading to

increased probability of Type I errors (J. R. Cohen, Cohen, West, & Aiken, 2003).

To account for potential non-independence of brain activation between twins, we used a

simple two-level multilevel model implemented in HLM7 (S.W. Raudenbush, Bryk, &

Congdon, 2011). Raudenbush and Bryk reported that restricted maximum likelihood

(REML) has better small sample performance (when estimating variance components)

compared to full maximum likelihood (S. W. Raudenbush & Bryk, 2002). Consequently, we

used REML to estimate model parameters. The two-level, fixed intercept, random slopes

regression model and its parameters are defined below.

yij = β0j + β1j * (Carrier
Statusij) + εij

                    Level 1

β0j = γ00                     Level 2

β1j = γ10 + r1j

  Where,

                    Level 1

yij was the % signal change in BOLD in a region for individual i in family j.

β0j was the Y-intercept for family unit j.

β1j was the linear association (i.e., slope) of BOLD % signal change with 7-repeat allele carrier
status for family unit j.
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Carrier Statusij was a dummy variable that distinguished whether individual i in family unit j
was a 7-repeat carrier (coded 1) or non-carrier (coded 0).

εij was the error for individual i in family unit j. Our model assumed that the
variance of the errors, σε

2, (within-family error variance; level 1 error
variance) was the same for all of the family units.

                    Level 2

γ00 was the grand mean (across sample) Y-intercept.

γ10 was the grand mean slope (association of the 7-repeat allele with BOLD %
signal change). This was our parameter of interest.

rj was the residual slope for family unit j. Each residual slope was the
difference between the slope for family unit j and the grand mean slope (rj =
γ10 - β1j). Variance among family unit slopes, Var(rj), was assumed to be
uncorrelated with level 1 error variance (σε

2).

3. Results

3.1 Genotyping

The sample sizes associated with the two experimental groups were as follows: 7R+ (n = 23)

and 7R− (n = 39). There was an approximately equal distribution of the 7-repeat allele

across gender in our sample (7R+: 11 males, 12 females; and 7R−: 18 males, 21 females).

The 7R+ and 7R− groups were not different with respect to the proportion of self-reported

Caucasians to African-Americans (Table 1). The allele frequency of the 7-repeat allele in the

sample was 0.209. This estimate is consistent with estimates of the worldwide prevalence of

7-repeat allele (Chang, Kidd, Livak, Pakstis, & Kidd, 1996; Ding, et al., 2002) and with

estimates of its prevalence in individuals of mixed European descent (Chang, et al., 1996;

Kidd, Pakstis, & Yun, 2014) provided by studies with larger sample sizes. The genotype

frequencies were as follows: no 7-repeat alleles=0.629 (n=39), one 7-repeat allele=0.323

(n=20), 7-repeat homozygotes=0.048 (n=3). Genotypes were in Hardy-Weinberg

equilibrium (HWE). Because our sample contained related individuals, one representative

from each family was randomly selected to test deviation from HWE. To avoid biases

related to small sample size and the presence of multiple rare alleles, genotype frequencies

were tested using the exact test with likelihood ratio as the test statistic (Engels, 2009). This

was performed using ExactoHW (http://www.genetics.org/cgi/content/full/genetics.

109.108977/DC1). A published genotype classification scheme for the DRD4 exon 3 VNTR

was employed (Das, Tan, & Easteal, 2010). Results suggested the probability of deviation

from HWE in a sample with our observed allele frequencies was p=0.51.

3.2 Behavioral measures

The 7R+ and 7R− did not differ with regard to % accuracy of correct responses during “Go”

trials (the number of responses where the participant pressed the button within 1000

milliseconds of onset of a “Go” trial divided by the total number of “Go” trials presented),

% accuracy of responses withheld during “No-Go” trials (the number of events where no

response was recorded within 1000 milliseconds of presentation of a “No-Go” trial divided

by the total number of “No-Go” trials presented), or mean reaction time to “Go” trials

(Table 1). There was no significant difference between 7R+ and 7R− with regard to the

mean number of responses successfully withheld during “No-Go” trials [mean (standard
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deviation): 7R+ = 31.3 (4.8), 7R− = 29.5 (5.4)] or with regard to the minimum (7R+ = 17,

7R− = 16) or maximum (7R+ = 38, 7R− = 38) number of responses successfully withheld

during “No-Go” trials. Furthermore, the two groups did not differ with regard to K-BIT 2

Standard Score estimates of Verbal or Non-Verbal IQ (Table 1).

3.3 Self-report measures

The 7R+ did not differ from 7R− with regard to the proportion of individuals who reported

having smoked greater than 100 cigarettes in their lifetime, the proportion of individuals

who reported ever having smoked marijuana, their score on BIS-11, or the self-reported

number of drinks per year (Table 1).

3.4 fMRI BOLD activation patterns associated with correct “No-Go” trials

Contrast of % signal change during correct “No-Go” trials with implicit baseline (non-target

letters) revealed a bilateral pattern of brain activity in 14 distinct brain regions including

anterior prefrontal (BA 10), inferior frontal (BA 47), medial prefrontal (pre-SMA), middle

frontal (BA 6/8), parietal/temporal, striatal (caudate and putamen), and occipital/cerebellar

brain regions in addition to a distinct region in right cerebellum (Table 2, Figure 2).

3.5 Associations between DRD4 VNTR 7-repeat status and BOLD % signal change

Associations between 7-repeat status and BOLD % signal change in each of the 14 fROIs

during correct “No-Go” trials are shown in Table 2. Also shown are the results of statistical

tests. Results suggest that during “No-Go” trials, % signal change in right IFG extending

into anterior frontal cortex (BA 47/10), left middle frontal gyrus (BA 8), right occipital

gyrus extending into the cerebellum, and a distinct region in the right cerebellum were

significantly associated with 7-repeat carrier status (Figure 3). Trends for association were

also observed between right IFG (pars triangularis), right middle frontal gyrus, bilateral

parietal lobe extending into the temporal lobe, and left occipital gyrus extending into the

cerebellum. All of the coefficients (γ10) were negative indicating that compared to 7R−, 7R+

showed reduced BOLD % signal change during correct “No-Go” trials.

3.5.1 Genetic association robustness analyses—We conducted additional analyses

to determine whether or not the associations of right middle occipital gyrus, right IFG

extending into anterior frontal cortex (BA 47/10), left middle frontal gyrus (BA 8), and the

right cerebellum were robust to potential confounding variables: sex, race, and zygosity

status. To do so, we entered each as a covariate into the level-one model (such that in

separate analyses, each level one-model comprised two predictor variables (carrier status;

treated as a random effect) and sex, zygosity or race (treated as fixed effects, due to too few

degrees of freedom available to compute level-one error variance with the random effect

included). Only zygosity was associated with BOLD % signal change in the right

cerebellum (but not with the other regions), t(adjusted df = 25) = −2.76, p < .05. However,

zygosity status accounted for variance in right cerebellum that was mostly non-overlapping

with variance that was accounted for by carrier status; the association of carrier status with

BOLD % signal change remained statistically significant, t(adjusted df = 34) = −2.23, p < .

05, when zygosity was included in the model. The covariate-adjusted association of carrier
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status with right cerebellum was −0.0786. For the other three regions, none of the covariates

were associated with BOLD % signal change, and our results remained unchanged.

3.5.2 % variance explained by carrier status—Following Snidjers & Bosker

(Snijders & Bosker, 1999), we report variance explained by carrier status. To do so, we used

the formula:

where the numerator comprised the variance components defined above that included carrier

status in the model (conditional model), and the denominator comprised the same variance

components with carrier status not in the model (unconditional model). 7-repeat carrier

status significantly accounted for 6.02% of the variance in BOLD % signal change in right

middle occipital gyrus, 5.55% of the variance in right IFG extending into anterior frontal

cortex (BA 47/10), 4.84% of the variance in left middle frontal gyrus (BA 8), and 5.66% of

the variance in right cerebellum.

3.5.3 Correlations between BOLD % signal change during “No-Go” trials and
behavior—Correlational analyses did not suggest that there were significant associations

between BOLD % signal change during correct “No-Go” trials and accuracy of performance

on “No-Go” trials. Furthermore, significant associations were not observed between BOLD

% signal change during correct “No-Go” trials and trait impulsiveness as measured by

BIS-11 score.

3.6 % Common activation patterns observed during “Go” and “No-Go” trials and follow-up
contrasts of BOLD % signal change (7R+ vs. 7R−) in commonly recruited brain regions

The results of the conjunction analysis using the MS/CN method showed that there were

four regions in which participants demonstrated common activation during the correct

performance of “Go” and “No-Go” trials: right caudate/putamen (x=21, y=−4, z=18, 1,888

µl), left caudate (x=−20, y=−9, z=21, 1,080 µl), left pre-SMA/SMA (x=−1, y=−1, z=57, 384

µl), and the left cerebellum (x=−5, y=−70, z=−18; 256 µl). Follow-up analyses of average

BOLD % signal change within these brain regions suggested that the 7R+ group did not

demonstrate significantly different BOLD % signal change than the 7R− group during

correct “Go” trials within any brain region that was commonly recruited during correct

performance of “Go” and “No-Go” trials. As none of these brain regions were the regions in

which a difference in BOLD % signal change was observed between 7R+ and 7R− during

“No-Go” trials (Table 2, Figures 2 & 3) and no differences were observed between 7R+ and

7R− during “Go” trials within any of these brain regions, this suggests that differences in

BOLD % signal change observed between 7R+ and 7R− during “No-Go” trials could not be

attributed to differences in brain response observed during “Go” trials.

4. Discussion

The goal of the present study was to evaluate the effect of a functional polymorphism in the

dopamine D4 receptor gene on regional changes in hemodynamic activity occurring during
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inhibition of a prepotent motor response. Specifically, we tested the hypothesis that 18-year-

old 7R+ carriers might demonstrate lower fMRI BOLD % signal change in prefrontal cortex

and worse performance than 7R− during performance of “No-Go” trials of a Go/No-Go task.

Such a finding would be consistent with the hypothesis that possessing a 7-repeat allele

might place individuals at greater risk for the development of associated psychiatric

conditions involving a disinhibited presentation such as continuing symptoms of ADHD and

development of substance abuse disorders. The results of the current study suggested that 7R

+ did not demonstrate worse performance than 7R− on the Go/No-Go task even though both

groups responded inappropriately on approximately 20% of “No-Go” trials. However, our

group of 7R+ demonstrated significantly lower BOLD % signal change than 7R− in four out

of 14 brain regions that were recruited during successful inhibition of a prepotent motor

response including two brain regions that were located in the prefrontal cortex: the right

anterior prefrontal cortex extending into the right IFG and an area in left middle frontal

gyrus (BA 6). Furthermore, significant associations between the presence of a 7-repeat allele

and lower BOLD % signal change were also observed in other brain regions that were

activated during correct inhibition of a motor response including a right occipital lobe region

that extended into the cerebellum and a distinct area in right cerebellum. Trends for an

association between 7-repeat status and lower BOLD % signal change were also observed in

another right IFG region (pars triangularis), a right middle frontal gyrus region (BA 6/8),

bilateral parietal areas that extended into the temporal lobes, and in a left occipital region

that extended into the cerebellum. Differences in event-related hemodynamic activity

between 7R+ and 7R−during “No-Go” trials could not be accounted for by differences in

age, sex, zygosity, IQ, trait impulsivity as measured by the BIS-11, the number of alcoholic

drinks reportedly consumed per year, the ratio of smokers to non-smokers in the sample, the

ratio of those who ever tried to those who never tried marijuana in the sample, or to

differences in the hemodynamic response during “Go” trials.

Insufficient sample size could be a possible explanation for the lack of behavioral

differences in performance of the Go/No-Go task, but zero out of five previous studies that

used the CPT or Go/No-Go tasks in samples of healthy participants found an association

between DRD4 7-repeat status and performance on “No-Go” trials even though participants

in these studies ranged between 5 and 55 years of age and the sample sizes in these studies

ranged between 10 and >100 participants in each group (Barkley, et al., 2006; Colzato, et al.,

2010; Heinzel, et al., 2012; Johnson, et al., 2008; Kramer, et al., 2009). Cummins and

colleagues also observed no association between DRD4 7-repeat status and SSRT when the

Stop Signal task was administered to 405 undergraduate participants (Cummins, et al.,

2012). However, this study did not examine whether DRD4 7-repeat status was associated

with differences in event-related fMRI BOLD signal. Such associations were only examined

within a subsample of participants who had participated in the fMRI protocol (n=50) when

genetic variants first demonstrated an association with performance on the Stop Signal task

(SSRT) within the entire sample (n=405). Although Gilsbach and colleagues also observed

that 7R+ and 7R− groups between the ages of 8 and 15 years of age performed similarly on

the IC task, this null behavioral finding was observed within the context of observed

differences in recruitment of prefrontal brain regions during fMRI task performance. One

possible explanation for these results would follow from neuropsychological theory (Lezak,
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Howiesen, Bigler, & Tranel, 2012) suggesting that performance on “No-Go” trials of

Go/No-Go tasks would only be impacted if certain prefrontal regions thought to be critically

involved in inhibitory control were substantially affected by DRD4 7-repeat status. Support

for this theory would require evaluation of the degree to which certain brain regions that are

thought to be critically involved in inhibitory control are affected by the presence of a DRD4

7-repeat allele during inhibition of a prepotent motor response. We address this hypothesis

within the context of reviewing our fMRI findings.

Our sample of 18-year-old twins demonstrated a bilateral pattern of brain activation while

correctly inhibiting a motor response. Significant bilateral activation was observed in

anterior prefrontal (BA 10), inferior frontal (45/47), middle frontal (BA 6/8), striatal

(caudate/putamen), parietal/temporal, and occipital/cerebellar brain regions. Numerous

studies that have investigated the neural correlates of inhibitory control have reportedly

found significant brain activation in inferior frontal, middle frontal, striatal, and parietal

brain regions when Stop-Signal and Go/No-Go tasks are administered (Aron, 2010;

Chambers, Garavan, & Bellgrove, 2009; Simmonds, et al., 2008). Furthermore, a meta-

analysis showed that activation can be observed in temporal, occipital, and cerebellar brain

regions when a version of the Go/No-Go task similar to our own is administered to groups

of healthy adults and the neural correlates of “No-Go” trials are contrasted with implicit

baseline (Simmonds, et al., 2008). Our version of the Go/No-Go task required use of

working memory (remembering the character of the previous target) to successfully

complete the task. As such, some studies have purported that the large activation patterns

that were observed in dorsolateral prefrontal and parietal areas could be related to the event-

related demands on working memory that were associated with administration of our version

of the Go/No-Go task (Mostofsky, et al., 2003; Simmonds, et al., 2008). However, other

studies have suggested that working memory and inhibitory control may depend on common

neural substrates that include the dorsolateral prefrontal and parietal brain regions identified

(Hester, Murphy, & Garavan, 2004), and that dependence on common brain regions may

account for behavioral decrement in inhibitory control performance under increased working

memory demand (Hester & Garavan, 2005). As such, the brain regions that were identified

as activated during correct “No-Go” trials in our study may have described areas involved in

inhibitory control in addition to those involved in working memory or they may describe the

neural correlates of a cognitive control system that is responsible for multiple executive

functions while that system is engaged in inhibitory control.

In the present study, associations between DRD4 VNTR 7-repeat status and reduced BOLD

% signal change during “No-Go” trials were observed in the right anterior prefrontal

cortex/IFG (BA 10/BA 47), middle frontal gyrus (BA 6/8), the occipital lobe/cerebellum

(BA 17, 18), and a distinct region in the cerebellum whereas no such associations were

observed in striatal regions. Due to lack of a specific ligand, there is still controversy with

regard to the regional distribution of D4 receptors in the human brain (McGeary, 2009).

However, several studies that have used indirect methods have reported that the density of

D4 receptors is highest in prefrontal cortex relative to other brain regions. For example, one

study used RT-PCR on human brain tissue (post-mortem) to characterize D4 receptor

expression levels (Mulcrone & Kerwin, 1997). Results suggested relatively increased

expression levels in areas of frontal lobe, including middle frontal gyrus and cingulate gyrus,
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the temporal lobe, the hippocampus, the amygdala, the occipital lobe, and cerebellum

whereas relatively reduced levels of expression were observed in substantia nigra, caudate,

globus pallidus, and the parietal lobe. The results of the present study are highly consistent

with this previous report.

When our sample of 18-year-old twins successfully inhibited a prepotent motor response

tendency, they demonstrated a pattern of significant brain activity in regions of prefrontal

cortex considered critical for inhibitory control including the right IFG and the pre-SMA.

Lesion, transcranial magnetic stimulation (TMS), single cell recording, and functional

neuroimaging studies suggest that intact function of the right IFG and pre-SMA is critical

for intact inhibitory control (Aron, 2010; Chambers, et al., 2009). The results of the present

study further revealed that when a prepotent response tendency is successfully inhibited,

lower BOLD % signal change may be observed in DRD4 VNTR 7R+ in an area of

prefrontal cortex extending from the right IFG (pars orbitalis, BA 47) into the anterior

prefrontal cortex (BA 10) (region 1, Table 2, Figure 2). Anterior prefrontal cortex (BA 10) is

reliably activated during successful “No-Go” trials when this version of Go/No-Go task is

administered (Garavan, et al., 2006; Simmonds, et al., 2008). The results of one study

indicated that the extent to which the anterior prefrontal cortex is recruited during inhibitory

control may be modulated by the degree to which participants are prepared to inhibit a

prepotent response tendency (Kelly, et al., 2004), potentially implicating this brain region in

proactive processes related to inhibitory control (Aron, 2010). Recent resting state functional

connectivity studies also suggest that the anterior prefrontal cortex, IFG, and medial

prefrontal cortex may form a circuit related to task control (Power & Petersen, 2013). Based

on this previous literature, we expected that if the right IFG were associated with DRD4

VNTR status it would also be associated with poorer performance on “No-Go” trials of our

Go/No-Go task. Contrary to our expectations, we observed that even though DRD4 VNTR

7-repeat status was associated with lower BOLD % signal change in the right IFG/anterior

prefrontal cortex (BA 47/10), lower hemodynamic response in this brain region was not

associated with poorer “No-Go” trial performance. However, follow-up analyses also

revealed that only 5.6% of the variance in BOLD % signal change observed during correct

“No-Go” trials could be accounted for by DRD4 VNTR 7-repeat status in this brain region.

Thus, the degree to which the right IFG was affected by DRD4 VNTR 7-repeat status may

not have been sufficient to produce gross deficits in inhibitory control. This interpretation

would be consistent with the results of the study conducted by Gilsbach and colleagues who

in their study of healthy children and adolescents also found lower task-related BOLD

response in IFG to be associated with DRD4 7-repeat status but also found no evidence for

an association between DRD4 7-repeat status and performance on the IC task (Gilsbach, et

al., 2012). These findings would seemingly support the view that the effect of DRD4 7-

repeat status on inhibitory control and its neural correlates may be subtle.

Although our group of adolescents exhibited significant BOLD % signal change in the pre-

SMA/SMA (region 7, Table 2, Figure 2; BA 6) during successful inhibition of a motor

response, change in BOLD signal was not associated with DRD4 7-repeat status in this brain

region. In our previous study that examined the neural correlates of inhibitory control in a

sample of longitudinally-tracked adults showing continuing symptoms of ADHD, we

observed that our ADHD group recruited the pre-SMA to a lesser degree than our age-,
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education-, and IQ-matched control group while successfully performing “No-Go” trials on

this version of the Go/No-Go task (Mulligan, et al., 2011). Taken within the context of the

results of this previous study, our findings suggest that less recruitment of the pre-SMA

during successful inhibitory control may be more related to continuing symptoms of ADHD

than it may be to DRD4 7-repeat status per se.

In our sample of 18-year-old participants, DRD4 VNTR 7R+ demonstrated lower BOLD %

signal change than 7R− in the left middle frontal gyrus (BA 6) while they correctly inhibited

a prepotent motor response. Gilsbach and colleagues also observed lower BOLD response in

the left premotor cortex of children and adolescents who possessed at least one 7-repeat

allele while they performed an executive function task (IC task). Significant increases in

fMRI BOLD response have been repeatedly observed in the left premotor cortex (middle

frontal gyrus, BA 6) when participants successfully inhibit a prepotent motor response

tendency on “No-Go” trials of Go/No-Go and Stop-Signal tasks. Recent models of

inhibitory control suggest that the premotor cortex may either be involved in motor planning

during inhibition of a motor response or it may be involved in signaling cancellation of a

motor response through an indirect pathway involving subcortical brain regions (Aron,

2010; Chambers, et al., 2009). One study investigated the role the premotor cortex may play

in inhibition of a prepotent motor response tendency within the context of a transcranial

magnetic stimulation study (Chambers, et al., 2007). Administering repetitive transcranial

magnetic stimulation and a Stop Signal Task to a group of healthy adults, the investigators

found that stimulation of the left dorsal premotor cortex during performance of “No-Go”

trials was not associated with worsening of Go-related reaction time or with longer SSRT,

suggesting that the left premotor cortex may not be critically related to execution of a motor

response or to inhibitory control. Garavan has remarked that TMS studies might be useful

for identifying brain regions necessary but not sufficient for inhibitory control whereas

functional neuroimaging studies might identify brain regions sufficient but not necessary for

inhibitory control (Garavan, et al., 2006). However, the brain region stimulated in the

aforementioned study was ~20 mm superior to the brain region activated in the present

study. Furthermore, in the present study, DRD4 VNTR 7-repeat status only accounted for

4.8% of the variance in “No-Go” related BOLD % signal change in left premotor cortex.

Thus, lower BOLD % signal change in the left premotor cortex of DRD4 VNTR 7R+ may

not have been associated with worse performance during “No-Go” trials on our version of

the Go/No-Go task because: 1) it may not be critically associated with response inhibition;

2) it may influence inhibitory control indirectly; 3) or it may not affect DRD4 VNTR status

to the degree that it impairs performance on “No-Go” trials on this version of the Go/No-Go

task.

While correctly inhibiting a prepotent motor response, our sample of 18-year-old DRD4 7R

+ demonstrated lower BOLD % signal change than 7R− in a right occipital brain region that

extended into the right cerebellum. Significant activation in the occipital lobe has been

consistently observed when Go/No-Go tasks similar to the one used in the present study are

administered to samples of healthy adults (Simmonds, et al., 2008). Recruitment of occipital

lobe during “No-Go” trials was likely related to identification of a task-relevant stimulus.

Although our group of DRD4 VNTR 7R+ demonstrated significantly lower BOLD % signal
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change than 7R−, DRD4 7-repeat status only accounted for 6.02% of the inhibition-related

BOLD response, consistent with the observation that 7R+ and 7R− did not differ in “No-

Go” trial accuracy. However, because the functional ROI that was examined included areas

of the cerebellum as well as the occipital lobe, an association that was located in the

cerebellum may have driven differences in the task-related BOLD response observed within

this fROI.

Our sample of 18-year-old DRD4 7R+ also demonstrated lower BOLD % signal change

than 7R− in a brain region located exclusively within the right cerebellum while correctly

inhibiting a prepotent motor response tendency. Gilsbach and colleagues also observed an

association between DRD4 VNTR 7-repeat status and lower BOLD response in the

cerebellum when their sample of children and adolescents performed an fMRI task requiring

the estimation and comparison of time epochs (Gilsbach, et al., 2012). Consistent with the

results of the present study, those investigators observed that 7R+ demonstrated less BOLD

response in the cerebellum than 7R− during performance of this task despite equivalent task

performance. A meta-analysis of studies using versions of the Go/No-Go task similar to our

own reported that healthy adults activate the cerebellum during correct inhibition of a

prepotent motor response even under conditions involving limited working memory demand

(Simmonds, et al., 2008) suggesting that the cerebellum plays a fundamental role in

inhibitory control. Greater recruitment of the cerebellum during inhibition of a motor

response has been observed in adults compared to children (Rubia, et al., 2007) and in

cocaine dependent samples compared to healthy controls (Hester & Garavan, 2004). These

findings suggest that BOLD response in the cerebellum during motor inhibition is sensitive

to changes in development and task difficulty. Follow-up analyses within the present study

suggested that 5.66% of the variance in BOLD % signal change observed during correct

inhibition of a prepotent motor response could be accounted for by DRD4 7-repeat status

within the context of equivalent age and performance on the task. Thus, the role of the

cerebellum in inhibitory control remains unclear although aspects of timing related to

inhibitory control remain an interesting area of investigation for future studies.

There are notable limitations to this study. Although our sample size was large for a typical

neuropsychology or fMRI study, it was small by behavioral genetics standards. We

attempted to balance control of possible confounds (i.e., possible similarity in task-related

brain response between family members or the possible influence of ethnic heterogeneity or

sex differences on task-related brain response) with consideration of issues related to sample

size and maximal power surrounding our genetic association analyses. Future studies should

attempt to replicate our findings in studies with higher sample sizes. Higher sample sizes

would also allow for more precise characterization of family-related, ethnicity-related, and

sex-related influences on the neural correlates of inhibitory control. Despite these

limitations, it is remarkable that associations between DRD4 VNTR 7-repeat status and

lower BOLD % signal change were observed in prefrontal brain regions during the

performance of “No-Go” trials of our Go/No-Go task as was predicted by our hypotheses.

Also, Gilsbach and colleagues (2012) reported associations between DRD4 VNTR 7-repeat

status and lower BOLD response in similar brain regions (i.e., inferior frontal gyrus, left

middle frontal gyrus, and cerebellum) when a sample of children and adolescents performed
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an executive function task. This suggests that the association between DRD4 VNTR 7-

repeat status and the neural correlates of inhibitory control may remain stable from

childhood into young adulthood.

Some authors have advanced hypotheses suggesting that neural functioning related to

inhibitory control may depend greatly on DRD4 VNTR 7-repeat status and its interaction

with specific environmental factors (Belsky, et al., 2009; Neuman, et al., 2007) or that its

effects are accentuated depending on a particular genetic background (Congdon, et al., 2008)

or that different loci within the DRD4 gene may also have an influence (e.g., DRD4

−521C/T SNP) or that variation in entirely different genes may have a comparable influence

(e.g., COMT). Our sample was relatively small (n=62) and was ascertained from a general

population sample. Furthermore, there was limited molecular genetic information collected

in relation to those individuals who participated in the longitudinal design. Due to these

limitations, we were unable to appropriately address the latter hypotheses within a more

atheoretical approach. Thus, we acknowledge the possibility that variation at other loci

within the DRD4 gene, in other genes, in relation to gene-environment interactions, or due

to gene-gene interactions might also be associated with the neural correlates of inhibitory

control within 18-year-olds.

For example, a previous study reported that when a sample of healthy adults between the

ages of 18 and 30 performed the Stop Signal Task, greater BOLD response could be

observed in the right inferior frontal gyrus of individuals who possessed at least one Met

allele in the COMT gene compared to a group that was homozygous for the Val allele

(Congdon, Constable, Lesch, & Canli, 2009). The authors interpreted the lower BOLD

response in those with two Val alleles to reflect sub-optimal availability of dopamine for

neurotransmission due to the greater activity of the enzyme produced by the Val allele in

degrading dopamine compared to that of the enzyme produced by the Met allele. They also

noted that the COMT gene’s association with the BOLD response within the right inferior

frontal gyrus was not just related to the inhibitory-control-related “Stop” trials. The

association could also be observed in relation to BOLD response during “Go” trials

suggesting that it was related to the function of more general attentional or motor systems.

In the present study, associations between DRD4 VNTR 7-repeat status and task-related

BOLD response were observed during inhibitory-control-related “No-Go” trials, but when

the possibility of an association between BOLD response and DRD4 7-repeat status during

“Go” trials was examined within the spatial extent of brain regions activated during correct

“No-Go” trials no such association was found. This suggests a specific association between

DRD4 VNTR 7-repeat status and neurophysiological response during inhibitory control.

In the present study, possessing at least one allele in which there were 7-repeats in the

VNTR of the DRD4 gene was associated with lower BOLD response in prefrontal and

cerebellar brain regions during “No-Go” trials, but no differences in behavioral performance

of the Go/No-Go task were observed between carriers and non-carriers of this allele. Also,

there were no correlations observed between task-related BOLD response observed during

“No-Go” trials and indices of performance on the Go/No-Go task. In the absence of such

correlations or differences in behavioral performance on the task, less recruitment of

prefrontal and cerebellar brain regions could be interpreted as evidence of greater “neural
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efficiency” in DRD4 VNTR 7-repeat carriers as these individuals recruited prefrontal and

cerebellar regions to a lesser degree while achieving a similar level of accuracy on the

Go/No-Go task. Considering literature reporting an association between DRD4 VNTR 7-

repeat status and 1) dysfunctional dopamine D4 receptor G-protein coupling; 2) inability to

heterodimerize with D2 receptors; and 3) a variety of disinhibited neuropsychiatric

presentations, we consider this explanation to be less likely. Nevertheless, this hypothesis

cannot be ruled out based on the results of the present study, and future studies should

explore this hypothesis using methods that can more directly measure receptor function and

neural efficiency.

Investigation of all of these hypotheses within future studies will be important as these

studies may one day elucidate how genetic and environmental factors combine to produce

risk for psychiatric phenotypes at the neurobiological level. However, we believe that

reports such as our own are also important as they are hypothesis-driven and might reveal

specific information regarding the effect size, neuroanatomical expression, and direction of

effects associated with the DRD4 7-repeat gene in relation to regional brain function

ultimately helping to explain the mechanisms by which variation at these loci increase the

risk for associated neuropsychiatric disorders.

In summary, we observed that DRD4 VNTR 7-repeat status was associated with lower

BOLD % signal change in prefrontal areas and in occipital/cerebellar brain regions during

inhibition of a premotor motor response tendency in a sample of 18-year-old twins recruited

from a general population-based sample. This difference in brain activity was not associated

with differences in behavioral performance or with differences in age, sex, zygosity, IQ, trait

impulsivity, the number of alcoholic drinks reportedly consumed per year, the ratio of

smokers to non-smokers in the sample, or the ratio of those who ever tried to those who

never tried marijuana in the sample. Although inhibitory-control-related brain response was

associated with DRD4 VNTR 7-repeat status in a brain region that is considered critical for

inhibitory control (right IFG), it only accounted for approximately 5% of the variance in this

brain region, and there were no differences in behavioral performance of a Go/No-Go task

between 7R+ and 7R− groups. fMRI brain response in prefrontal brain regions during

inhibitory control may be influenced by DRD4 VNTR 7-repeat status, but this may not

penetrate to the level of behavior in a general population sample. Whether the level of

contribution from this genetic variant might change under varying environmental conditions

or in certain clinical populations remains an important area for future research that may

ultimately inform personalized treatment.
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Highlights

• We recruited a sample of 62 18-year-old twins from a general population

sample.

• DRD4 VNTR 7-repeat status is not associated with Go/No-Go task

performance.

• DRD4 VNTR 7-repeat status is associated with fMRI BOLD % signal change.

• DRD4 7-repeat carriers exhibit lower BOLD % signal change during “No-Go”

trials.

• Lower BOLD % signal change is observed in prefrontal and cerebellar brain

regions.
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Figure 1. Go/No-Go task
On this version of the Go/No-Go task, participants were required to respond with a button

press whenever specific target letters (“x” and “y”) were presented, but were required to

withhold their response whenever nonalternating target letters were presented (“x” followed

by “x” or “y followed by “y”). Response to targets (“x” or “y” alternating) constituted the

“Go” condition of this task whereas the presentation of “lure” letters to which a prepotent

response has been practiced but becomes inappropriate constituted the “No-Go” condition.

There were 5 more times as many “No-Go” trials as “Go” trials to maintain prepotent

responding.
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Figure 2. Brain Regions Activated During Correct “No-Go” Trials
Colored areas indicate brain regions (fROIs) demonstrating significantly greater BOLD %

signal change during correct “No-Go” trials than at baseline (voxelwise α = 1.0 × 10−5;

minimum cluster volume threshold = 200 µl; < 0.1 % chance that any fROI identified

through this method is a false positive). Each distinct fROI that was identified through this

method was assigned a separate color and number. Regions are numbered as in Table 2 and

Figure 3. Axial slices display the functional data in stereotaxic space (Talaraich &

Tourneaux, 1988) moving from inferior to superior in 8 mm increments to show subcortical
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as well as cortical activity patterns associated with correct “No-Go” trials. Distance from the

anterior commissure in mm (z) is depicted below each slice. Functional data is overlayed on

a group-averaged T1 image to reflect inter-individual variability in brain anatomy.
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Figure 3. Effects of DRD4 VNTR 7-Repeat status on BOLD % Signal Change During Correct
“No-Go” trials
Parameter estimates are displayed for each fROI indicating the magnitude and direction of

the effect of 7-repeat status on BOLD % signal change (± 95% confidence intervals) during

correct “No-Go” trials. A negative parameter estimate indicates lower % signal change

during “No-Go” trials in the presence of a 7-repeat allele. Numbers on the x-axis correspond

to parameter estimates provided by the multilevel model after correcting for possible non-

independence between twins (γ10). Numbers and labels on the y-axis correspond to fROI

information provided in Table 2 and Figure 2. Those regions whose 95% confidence

intervals did not overlap with 0 were significantly associated with DRD4 VNTR 7-repeat

status (Table 2).
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Table 1

Behavioral and self-report measures in 18-year-old DRD4 VNTR 7-repeat noncarriers (7R−) and carriers (7R

+)

7R− (n=39) 7R+ (n=23)

K-BIT 2 IQ (Standard Scores)

    Verbal 102.7 (10.9) 105.7 (14.8)

    Nonverbal 100.6 (12.8) 106.8 (20.3)

% Accuracy (Go) 78.9 (9.9) 79.6 (11.4)

% Accuracy (No-Go) 77.5 (14.2) 82.3 (12.6)

Go reaction time (ms) 441.9 (54.1) 436.0 (49.7)

BIS-11 (total) 59.2 (9.4) 59.4 (9.9)

Alcohol Drinking Volume (drinks/year) 181.0 (379.1) 160.3 (250.1)

No. of smokers (100+ cigarettes lifetime) 3 2

No. ever smoked marijuana 8 6

No. of Caucasians 37 20

No. of African-Americans 2 3

Note. Means (SD) are provided. There were no significant differences between 7R− and 7R+ on any of the measures listed. p < 0.05
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