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Abstract

Background: Research on the genetic basis for impulsivity has revealed an array of ambiguous findings. This may be a
result of limitations to self-report assessments of impulsivity. Behavioral measures that assess more narrowly defined
aspects of impulsivity may clarify genetic influences. This study examined the relationship between possession of the
DRD2 Taql A and DRD4 48 bp VNTR genetic polymorphisms and performance on a behavioral measure of impulsivity, the
delay discounting task (DDT), and three traditional self-report measures.

Methods: 195 individuals (42% male) were recruited from a university campus and were assessed in small group sessions
using personal computers. Genotyping was conducted using previously established protocols. For the DRD2 Tagl A locus,
individuals were designated as possessing at least one copy of the Al allele (Al+) or not (Al-), and for the DRD4 48-bp
VNTR locus, individuals were designated as having at least one long allele (7 repeats or longer, L+) or not (L-). Principal
analyses used multiple univariate factorial 2 (Al+/Al-) x 2 (L+/L-) analyses of variance.

Results: A significant main effect of Al+ status on DDT performance was evident (p = .006) as well as a significant
interaction effect (p = .006) between both genes. No other significant effects were evident on the self-report measures,
with the exception of a trend toward an interaction effect on the Sensation Seeking Scale. Exploratory analyses suggested
that the significant effects were not a function of population stratification or gender.

Discussion: These data suggest that the DRD2 Taql A and DRD4 VNTR polymorphisms influence impulsivity as measured
with a delay discounting task. Specifically, these findings suggest that an interaction between the functional effects of the
two unlinked genotypes results in significant difference in the balance of mesolimbic dopaminergic activation relative to
frontal-parietal activation. However, these findings are also the first in this area and must be replicated.

Conclusion: These findings suggest a meaningful interaction between the DRD2 Taql A and DRD4 VNTR polymorphisms
in the expression of impulsivity and provide initial support for the utility of using behavioral measures for clarifying genetic
influences on impulsivity.
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Background

The effort to characterize the behavioral effects of genetic
polymorphisms has produced a massive web of ambigu-
ous associations and linkages [1-3]. One strategy to clarify
the genetic bases of behavior is the endophenotype
approach [2,4,5], which seeks to elucidate genetic associ-
ations with phenotypes of interest, typically diseases, by
examining intermediary phenotypes (i.e., endopheno-
types) that are more closely related to the functional influ-
ence of genetic wvariants. By  characterizing
endophenotypes, or "upstream" phenotypes that do not
always result in the "downstream" disorder, progress may
be made in both deconstructing the etiologies of complex
psychiatric disorders and understanding the genetic and
evolutionary basis for variation in non-disordered indi-
viduals [4]. In addition, endophenotypes are putatively
more closely connected to genetic functionality, so larger
magnitude genetic effects may be evident and thus more
readily detectable in smaller samples [6,7], cf. [8].

Impulsivity is a prototypic candidate for the endopheno-
type approach because it is a trait that varies considerably
in the overall population [9-12] and is associated with an
array of psychiatric disorders. These include alcohol and
drug dependence [13-19], pathological gambling [20,21],
attention deficit-hyperactivity disorder (ADHD) [22,23],
borderline personality disorder [24] and antisocial per-
sonality disorder [25-27]. Moreover, there is evidence for
the heritability of impulsive behavior in both humans
and non-human animals [28]. In terms of personality dis-
orders, familial transmission of impulsive traits have been
reported [24,29]. In addition, twin studies using the Karo-
linska Scale of Personality (KSP), Multidimensional Per-
sonality Questionnaire (MPQ) and Barratt Impulsivity
Scale, Version 11 (BIS) also found substantial heritable
components to impulsivity [30-33]. Similarly, impulsivity
has also been demonstrated to be heritable in vervet mon-
keys as assessed by the Intruder Challenge Test [34], and
in mice assessed by a delay discounting test [35]. How-
ever, impulsivity has also been found to vary with such
factors as gender [36], age [37,38], education [37,39,40],
health [39], savings [39] and parent rearing styles [41],
suggesting that other variables also have a meaningful
influence. Although the relative contributions of genetic
and environmental variables are unclear at this point,
converging lines of evidence suggest genetic factors play
an important role.

As a result, a number of studies have explored the molec-
ular genetic basis for variation in impulsivity by examin-
ing the associations between genetic polymorphisms and
measures of impulsivity. Focusing on the serotonergic sys-
tem, Preuss et al. [42] reported an association between A
alleles of the 5HT2A receptor - G-1438A polymorphism
and increased impulsivity, but Patkar et al. [43] and Baca-
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Garceiro et al. [44] did not replicate that relationship.
Within the dopamine system, Retz et al. [45] found an
association between heterozygotes of the DRD3 single
nucleotide polymorphism (SNP) and increased impulsiv-
ity, and Limosin et al. [46] found an association with the
A2 alleles of the DRD2 Tagl A SNP and increased impul-
sivity in alcoholics, but both represent isolated reports.
More broadly, in studies of the genetics of personality,
impulsivity has been examined in the context of novelty
seeking, a trait of which it is a cardinal feature [47]. From
this perspective, a number of studies have found associa-
tions between long alleles of the DRD4 48 bp Variable
Number of Tandem Repeats (VNTR) polymorphism and
novelty-seeking, but many have not. One meta-analysis
has found no overall association between DRD4 48 bp and
novelty seeking [48], another a small effect [49] and a
third review reports a positive association [50]. On bal-
ance, the current empirical literature is highly heterogene-
ous, in terms of the genes examined, phenotypic scales
used and actual findings.

A limitation of the previous attempts to characterize
genetic influences on impulsivity has been the prevailing
reliance on self-report measures of impulsivity. There are
anumber of limitations to the self-report measures in gen-
eral [51,52] and these apply also in the case of impulsiv-
ity. For example, individuals may vary considerably in
their semantic construal of impulsivity-related question
content and they may also vary in their positive or nega-
tive attributions about the content of the questions, creat-
ing an implicit or explicit response bias. Moreover, there
is considerable evidence that individuals' self-reports can
be substantially at variance with their actual behavior
[51,52], suggesting that self-reported impulsivity may not
always accurately reflect actual levels of impulsivity. This
is further complicated by the fact that impulsivity is itself
a multifaceted construct [28,53,54], including aspects of
cognitive deliberation, reward valuation, behavioral inhi-
bition and behavioral execution, among others. As such,
it is unlikely that one genetic polymorphism would be
pleiotropically responsible for all of these diverse facets,
especially given that these different aspects are not always
significantly associated with each other [e.g., [55,56]].
Indeed, there is ongoing debate as to which represent
essential features of impulsivity, and which are different
constructs altogether [e.g., [28,55,56]].

These limitations may be addressed by an increased
emphasis on behavioral assessments of impulsivity. A
number of behavioral indices of impulsivity have been
developed [e.g., [57,58]] and these measures more objec-
tively assess narrowly defined aspects of impulsive behav-
ior and may reduce the bias of self-report. Moreover, in
some cases, animal models and cognitive neuroscience
approaches have illuminated the underlying neurobiol-
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ogy subserving behavioral performance on such measures
[59-62], permitting more refined hypothesis testing of
genetic variants that influence impulsivity. Although
behavioral testing involves considerably greater experi-
mental burden than self-report assessments, these meas-
ures may nonetheless substantially contribute to
clarifying impulsivity as an endophenotype. These behav-
ioral endophenotypes are expected to be more powerful
than similar association studies which instead use broader
psychological disorders as phenotypes.

The most widely studied behavioral measure of impulsiv-
ity is the delay discounting task (DDT). From a delay dis-
counting perspective, impulsivity is defined as the relative
preference for a smaller reward, sooner in time, compared
to a larger reward, later in time [63]; that is, the amount a
person discounts a reward based on its delay. Importantly,
this measure of impulsivity has proven highly sensitive to
increased impulsivity in psychiatric populations. More
precipitous discounting (i.e., increased impulsivity) is
associated with alcohol misuse [13,64,65], tobacco
dependence [66,67], opiate dependence [68,69], stimu-
lant dependence [70], pathological gambling [20,55,71],
and antisocial personality disorder [27]. In addition, the
DDT has been demonstrated to be stable over time [72].

Versions of the delay discounting paradigm may also be
used to study impulsivity in animal models
[35,59,60,73]. Neurobiologically, non-human research
suggests that corticostriatal-mesolimbic substrates medi-
ate delay discounting performance [59,61] and that
dopamine is the critical neurotransmitter involved
[60,73-75]. In addition, recent human neuroimaging
findings indicate that preference for smaller immediate
rewards is associated with greater mesolimbic activation,
whereas preference for delayed rewards is associated with
greater frontal-parietal activation [62]. Taken together,
these findings suggest that impulsive decision-making
from a delay-discounting perspective reflects a dynamic
balance of frontal versus limbic dopaminergic activation.
Importantly, there is indirect evidence that impulsivity as
measured by delay discounting is heritable in humans
[13] and direct evidence of its heritability in mouse strains
[35].

Given the limitations to the current literature on impul-
sivity as an endophenotype and the potential promise of
using behavioral measures, in the current study we exam-
ined impulsivity as a potential endophenotype using two
dopaminergic genetic polymorphisms as candidates for
observed variation in impulsivity as measured by the DDT
and three traditional measures of impulsivity. These three
measures include the BIS, Eysenck Impulsivity Question-
naire (EIQ), and the Sensation Seeking Scale - Form A
(SSS), all of which have undergone extensive psychomet-
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ric validation [11,12,76]. The BIS and EIQ are highly cor-
related and theoretically related scales, however they are
associated with different neural activation profiles in a
behavioral inhibition task [77], suggesting that they assess
distinct facets of impulsivity. As previously mentioned,
the BIS has shown a strong heritable component in a twin
study [31]. Sensation seeking is a related construct to
impulsivity, and has been shown to be both heritable and
to potentially share genetically-mediated common bio-
logical mechanisms with impulsivity [33]. Additionally,
SSS subscores are inversely related to KPS monotony
avoidance, which has also been shown to be heritable
[32]. In general, the empirical literature suggests perform-
ance on these measures is heritable, although this is
clearly not definitive.

The two dopaminergic genetic polymorphisms we exam-
ined were the DRD2 Taql A and DRD4 48 bp VNTR poly-
morphisms. Both have been associated with psychiatric
disorders involving impulsivity, namely substance abuse
and ADHD (for reviews, see [78,79]). In addition, the two
polymorphisms appear to functionally influence the
dopamine D, and D, receptors, which are densely located
in the corticostriatal-mesolimbic system [80-87], the
apparent neurobiological substrate and neurotransmitter
system underlying delay discounting [59-61,73-75].

The DRD2 Tagl A site is a SNP with two possible alleles,
the major A2, and minor Al. The Al+ genotype (hetero-
zygous or homozygous A1) has been most strongly asso-
ciated with substance abuse, particularly alcoholism [83],
albeit with some controversy. The A1+ genotype has also
been related to pathological gambling, novelty seeking,
and sensation seeking [88]. The DRD2 Tagl A site is 9.4 kb
downstream from the coding region for the dopamine D,
receptor gene. It is not in any known regulatory region,
and although the A1 allele is associated with a decrease in
dopamine D, binding and glucose metabolic rates in
many brain regions [83,89,90], its mechanism for influ-
encing DRD2 expression is unknown. The Tagl A poly-
morphism is also located in a nearby kinase gene, the
Ankyrin Repeat and Kinase Domain Containing 1 (ANKK1)
gene, where it causes a Glutamate— Lysine substitution
[91,92]. The results of the amino acid substitution are not
known, but could impact interactions of ANKK1 proteins
with other proteins including the dopamine D, receptor
[92]. No other polymorphism has been revealed in link-
age disequilibrium with Tagl A that could easily account
for these associations [91-93].

The DRD4 48-bp VNTR polymorphism is in exon 3 of the
gene coding for the dopamine D, receptor. The VNTR pol-
ymorphism varies between 2 and 11 repeats of a similar
48 bp coding region sequence, with a trimodal distribu-
tion of 2, 4 and 7 repeat alleles (2R, 4R and 7R) in most,
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but not all, populations [94]. Although the functional sig-
nificance of the DRD4 VNTR polymorphism has not been
definitively characterized, long alleles (typically 7R as
opposed to 4R) have been generally found to be function-
ally less reactive in in-vitro expression experiments [95-
99], with some heterogeneity [100-104]. Additionally, in-
vivo pharmacological treatments are also generally con-
sistent with 7R alleles resulting in less responsive D,
receptors than 4R alleles [105-109].

We predicted that possession of at least one A1 allele for
the DRD2 Tagl A and at least one long allele (7-repeats or
longer) of the DRD4 VNTR genotype would be associated
with greater impulsivity. Moreover, we predicted that the
delay discounting task would be more sensitive than the
self-report measures, as reflected in larger magnitude
effects. However, we did not predict one polymorphism
to be more likely to exhibit significant associations rela-
tive to the other. Finally, based on previous findings
reporting interactions between D, and D, receptor genes
[e.g., [110]], we also examined both potential interactive
effects (i.e., quantitatively disproportionate effects based
on a combination of polymorphisms of both genes) and
potential additive effects (i.e., linearly increasing effects
based on a combination of polymorphisms of both
genes).

Methods

Participants

A total of 195 unselected subjects were recruited from the
Human Subject Research Pool at the State University of
New York at Binghamton and are described demographi-
cally in Table 1. Because population stratification is a
potential problem in genetic association studies
[111,112], racial ancestry was closely examined by asking
participants to identify the ancestry of all four of their
grandparents, following the recommendation of Shields
etal. [113]. Participants were allowed to select as few or as
many ancestry groups to describe each grandparent from
the following categories: European, African American,
East Asian, South Asian, Middle Eastern, Native North
American, Native South American, Pacific Islander, Afri-
can and an open ended "other" category. Based upon sev-
eral respondents identifying grandparents as Hispanic,

Table I: Demographic information
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Latino, Puerto Rican, and Caribbean in the "Other" cate-
gory, a group termed "Latin American" was constituted,
including those groups and Native South Americans.

Genotyping

DNA was collected with QuickExtract buccal swabs and
extracted with BuccalAmp solution as directed by the
manufacturer (Epicenter). Subjects were instructed to
rinse their mouths out with water before swabbing. DRD2
Taql A was typed with a PCR/RFLP method [based on
[114]; see Additional File 1]. DRD2 Tagl A allele frequen-
cies and genotypes are presented in Table 2, and are dis-
tributed in the sample population in Hardy-Weinberg
(HW) equilibrium (Fisher's Exact Test, p = 1.0). The DRD4
VNTR locus was genotyped using an adaptation of a pre-
vious protocol [[115]; see Additional File 1]. DRD4 VNTR
allele frequencies and genotypes are presented in Table 3,
and were in HW equilibrium (Markov Chain algorithm, p
=0.38).

Delay discounting task

To capture delay discounting empirically, the DDT poses
participants with repeated choices between a smaller
reward received immediately and a greater reward
received after some time delay (e.g., "Would you prefer to
have $65 today or $100 in a month?"). Over the course of
the task, the amounts of immediate rewards are succes-
sively modified, as is the duration of delay. The individ-
ual's responses to the entire array of choices are then used
to empirically derive their discounting function (i.e., how
steeply they discount delayed rewards relative to immedi-
ate rewards, commonly denoted k). The DDT was admin-
istered with hypothetical money via a custom computer
program [[116]; see Additional File 2]. The temporal dis-
counting function (k) was generated using Mazur's hyper-
bolic discounting equation [117]. Model fits of how well
subjects discounting functions fit Mazur's equation were
calculated as R? values. Erratic subjects and those with R2
values below 0.30 were excluded from principal analyses
[118].

Self-report measures
The self report measures administered and analyzed here
include the BIS, EIQ and SSS. The BIS provides an overall

Variable Descriptive Statistics
Sex 42% male; 58% female
Age Median = 19.33 (IQR = 18.83-20.35)

Household Income
Ethnicity

Median = $85,000 (IQR = $50,000 — 120,000)

44.1% European, 14.4% East Asian, | 1.8% Latin American, 5.1% South Asian, 3.1% Native North American, 1.5% African

American, 1.0% Pacific Islander, 1.0% African, 13.8% multiracial, 5.6% unknown.
(does not sum to exactly 100.0% because of rounding)

Subject Characteristics (n = 195).
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Table 2: DRD2 Tagql A allele frequencies, genotypes and genotype
classifications

Allele/Genotype n %
Allele

A2 274 703
Al 116 29.7
Total 390 100.0
Genotype

A2/A2 96 49.2
A2/Al 82 42.1
Al/AI 17 8.7
Total 195 100.0
Genotype Classification*

Al+ 99 50.8
Al- 96 49.2
Total 195 100.0

*Al+ subjects have at least one Al allele and Al- subjects are
homozygous for A2.

measure of impulsivity and three relevant subscores:
Attentional Impulsiveness, Motor Impulsiveness and
Non-Planning Impulsiveness [12]. The EIQ is a self-report
measure of impulsivity that generates three subscales, of
which two were relevant to the current study: Impulsive-
ness, and Venturesomeness [10]. The SSS provides an

Table 3: DRD4 VNTR allele frequencies, genotypes and genotype
classifications

Allele/Genotype n %
Allele

2 39 10.1
3 15 3.9

4 265 68.7
5 | 0.3

7 64 16.6
9 2 0.5
Total 386 100.0
Genotype

2/2 3 1.6
2/3 | 0.5
2/4 30 15.5
2/7 2 1.0
3/3 | 0.5
3/4 10 52
3/7 2 1.0
4/4 85 44.0
4/5 | 0.5
4/7 52 26.9
4/9 2 1.0
717 4 2.1
Total 193 100.0
Genotype Classification*

L- 131 67.9
L+ 62 32.1
Total 193 100.0

*L+ subjects have at least one allele 7 repeats or longer and L-
subjects have both alleles shorter than 7 repeats.
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overall measure of sensation seeking proneness and four
also relevant lower order factors: Experience Seeking,
Boredom Susceptibility, Disinhibition, and Thrill and
Adventure Seeking [76].

Procedures

All procedures were approved by the Human Subjects
Research Review Committee at the State University of
New York at Binghamton and all subjects gave informed
consent. Participants attended group assessment sessions
(maximum = 10) and were initially provided with oral
instructions followed by the DNA sample collection. Par-
ticipants then completed the delay discounting task fol-
lowed by the self-report measures administered in
random order. In addition to the oral instructions, the
DDT task and other measures all were accompanied by
on-screen written instructions and experimenters (DTAE
and/or MM) were available throughout the sessions for
questions. The sessions lasted approximately one hour.

Data analysis

Raw scores were calculated for all self-report scales and are
described in Table 4. All data were examined for outlying
data points, distribution normality, and missing data. The
most skewed non-normal scale was the DDT before log
transformation, but log transformation provided ade-
quate correction. To assure missing responses were not
systematically biased by genotype, missing versus non-
missing data for each psychometric scale was analyzed
across both DRD2 Tagl A and DRD4 VNTR genotypes via
2 x 2 contingency tables. Missing values were not
imputed, but were excluded from analysis. HW equilibria
were tested with the HWE program [119]. DRD2 HW
equilibrium was tested with Fisher's Exact and DRD4 was
tested with the Markov Chain algorithm. Based on previ-
ous association studies, for the DRD2 Tagl A, individuals
with at least one Al allele were designated as Al+ and
those who were homozygous for the A2 allele were desig-
nated Al-. Similarly, DRD4 VNTR genotypes were sepa-
rated into long allele (7 repeats or longer) present (L+)
and long allele absent (L-) groups. The principal analyses
used 2 (A1+/A1-) x 2 (L+/L-) factorial analyses of variance
(ANOVAs), using a two-tailed significance criterion of p <
.05 and partial eta squared (n,2) as a measure of effect
size. Multiple factorial ANOVAs were conducted rather
than a multivariate approach based on the study's premise
that more narrowly conserved facets of impulsivity would
be more sensitive to allelic variation. Where applicable,
potential additive effects were examined by conducting
post-hoc one-way ANOVAs.

Several exploratory analyses were employed to examine
potential alternative influences. To examine the potential
for population stratification we used a two-step process.
First, for variables where significant effects were detected,
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Table 4: Descriptive statistics
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N Mean Min Max SD
BIS Attentional Impulsivity 182 17.03 9 29 3.49
BIS Motor Impulsivity 185 21.68 13 34 373
BIS Non-planning Impulsivity 181 25.38 14 38 4.07
BIS Total 168 63.93 37 95 9.24
EIQ Ventursomeness 190 9.58 0 17 3.51
EIQ Impulsivity 182 10.11 0 22 4.44
SSS Disinhibition 185 5.63 0 10 2.53
SSS Experience Seeking 186 5.40 0 10 1.96
SSS Boredom Susceptibility 190 3.07 0 8 2.02
SSS Thrill & Adventure Seeking 190 6.48 0 10 2.75
SSS Total 179 20.57 6 34 6.09
DDT* 166 0.05 0.00 1.72 0.02-0.17

* untransformed DDT value with median and IQR given instead of Mean and SD
BIS = Barratt impulsivity Scale; EIQ = Eysenck Impulsivity Questionnaire; SSS = Sensation Seeking Scale; DDT = Delay Discounting Task.

one-way between-subjects ANOVAs were conducted to
determine whether any significant differences by ethnic
group were evident using only subjects without known
admixture who were part of groups making up at least
10% of the sample. Second, significant results were re-
examined within the largest single racial group (i.e., a
group with minimized racial admixture), in this case, the
European ancestry group. Participants for this analysis
were weighted by the percentage of European ancestry
reported. Rather than emphasizing statistical significance
based on F-ratio, due to the inherently diminished power
by reduced sample size, comparisons were made between
effect sizes in the findings from the overall sample and the
subsample. In addition to exploratory analyses based on
racial ancestry, because similar studies have found nota-
ble genotype by gender interaction effects [e.g., [88,120]],
follow-up exploratory analyses were conducted to exam-
ine gender influences using 2 (Al1+/A1l-) x 2 (L+/L-) x 2
(Male/Female) factorial ANOVAs on the independent var-
iables. In addition, because a fit criterion was used for
DDT performance, exploratory analyses were also con-
ducted using all k values. Finally, 2 (DRD4) x 2 (A1+/A1-
) analyses were conducted again with alternative methods
of parsing DRD4 genotypes [see Additional File 3]. Cor-
rections for multiple tests were not employed because of
the exploratory and explicitly comparative nature of our
analysis [121], and because with correlated dependent
variables, such corrections would be too conservative
[122].

Results

Initial analyses

Of the total sample of 195 subjects, 8 were clearly unco-
operative on the DDT and provided erratic responses,
resulting in exclusion from subsequent analysis. Of the
remaining 187 subjects, Mazur's [117] equation provided
a good fit overall, typically accounting for over 90% of the
variance (median R2 = 0.904, interquartile range [IQR] =

.72 - .96), which is comparable to past studies [9,123].
The fit to Mazur's equation did not differ by genotype
(Factorial ANOVA 2 [Al+/Al-] x 2 [L+/L-]; results not
shown). However, an additional 21 subjects did not meet
the model fit criterion (R2<.30), and were excluded from
consideration in the primary DDT analyses. This further
increased the median R? value for the remaining 166 sub-
jects (R2=.92, IQR = .82 - .97). As anticipated, subjects'
performance on the DDT topographically resulted in
hyperbolic discounting curves, exhibiting precipitous ini-
tial discounting followed by more modest decreases based
on delay (Figures 1 and 2).

Between 2.6% and 13.8% of values were missing from
each of the remaining self-report scales because subjects
skipped one or more items or incorrectly entered their
subject ID number (Table 4). There were no significant
biases in missing value distributions by DRD2 genotype,
although for DRD4, L- subjects were missing more data
(7.6%) than L+ (0%) for only the BIS Motor Impulsivity
scale (Fishers Exact p = .032). Pearson's product-moment
correlations between the indices of impulsivity are shown
in Table 5. Consistent with previous research, many sig-
nificant associations were evident, ranging from modest
to high magnitudes. As would be expected, the highest
magnitude associations were between measure totals and
subscales of the same measure, due to the redundancy of
items.

Influences of DRD2 Taql A and DRD4 VNTR genotypes on
impulsivity

Factorial 2 (DRD2 A1+/Al-) x 2 (DRD4 L+/L-) ANOVAs
were run for each impulsivity index. There was a main
effect of DRD2 Taql A genotype (F (1,164) = 7.65, p =
006, n,2 = .046), reflecting greater delay discounting
measured impulsivity in A1+ individuals, and an interac-
tion effect between the two genotypes (F (1, 164) = 7.63,
p=.006,n,%=.046), such that A1+/7R+ individuals exhib-
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Subjective Value of $100 after Delay

http://www.behavioralandbrainfunctions.com/content/3/1/2

o Al-
o A+
—_ A1
A1+

200 250 300

Delay in Weeks

Figure |

Main effect of DRD2 Tagql A on delay discounting. Subjective value of $100 from one week to twenty-five years for Al+
and Al- individuals. Squares show the median points of indifference for Al+; diamonds show the median points of indifference
for Al- subjects. The hyperbolic curves derived from the median k values of Al + (continuous line) and Al- groups (dotted line)

are given.

ited the greatest delay discounting. Both effects are indi-
cated in Table 6. Figures 1 and 2 show the derived
hyperbolic discounting functions for each genotype and
the median POI values for each delay interval. Follow-up
one-way ANOVAs based on genotype combinations
revealed that A1+/7R+ individuals exhibited significantly
steeper discounting curves from all other combinations
(ps = .001-.007), but the other three groups were not sig-
nificantly different from each other (ps = .241 - .968).

No significant effects were evident for any of the self-
report measures of impulsivity, although a marginally sig-
nificant interaction effect of DRD2Taql A and DRD4
VNTR was evident on the SSS Total scale (F (1,177) =
3.52, p = .06, n,? = .02). This effect also reflected greater
sensation seeking in the A1+/L+ group, and is depicted in
Table 6.

Exploratory analyses

We explored the possibility of population stratification
using the proposed approach. A one-way ANOVA
revealed no significant effect of racial group on DDT k val-
ues (F(1,116) = 1.556, p=.215,n,2=.027). Median kval-
ues (IQR) across groups accounting for at least 10% of the

sample were: European, .0416 (.0140-.1600); East Asian,
.0349 (.0112-.1505), and Latin American, .0727
(.0133-.2198). Repeating the principal analyses in the
largest single racial group, those with European ancestry,
the main effect of DRD2 on DDT k values was marginally
significant (F (1,74) = 3.487, p = .066, n,2 = .047), as was
the interaction effect of DRD2 and DRD4 on DDT k (F
(1,74) = 2.729, p = .103, n,? = .038). However, the n,?
effect sizes were very similar between the analysis of all
subjects and European ancestry subsample, suggesting
that the reduction of statistical significance was related to
reduced statistical power in the smaller subsample. Taken
together, these analyses suggest that the significant effects
were not the result of population stratification.

Potential gender effects were examined by including gen-
der as an additional two-level independent variable, find-
ing several significant main gender effects (BIS Motor
Impulsivity: F (1,183) = 13.448, p <.001, n,2=.071; BIS
Total F (1,166) = 6.570,p=.011, np2 =.040; EIQ Venture-
somness: I (1,188) = 8.924, p = .003, n,2 = .047; EIQ
Impulsivity: F (1,180) = 4.499, p = .035, n,2 = .025; SSS
Boredom Susceptibility: F (1,188) = 4.731, p =.038, 2=
.024) with males scoring higher in each case, which was
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Subjective Value of $100 after Delay

http://www.behavioralandbrainfunctions.com/content/3/1/2
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A1-/L+ N=29
A1-/L+

= = = A1+/L- N=58
A Al+L-

= = A1+/L+ N=23
O Al+/lL+

Figure 2

Delay in Weeks

DRD2 by DRD4 interaction effect on delay discounting. Subjective value of $100 from one week to twenty-five years for
individuals with each allelic combination. Median points of indifference of the four groups are provided with derived hyperbolic

curves.

not an unexpected sexual dimorphism [36,124]. The  p=.006, n,?=.047), further bolstering the stability of the
DRD2 Taql A effect and interaction effect on DDT per-  finding. All other main and interaction effects were non-
formance remained significant with the inclusion of gen-  significant (not shown). Finally, to explore whether the
der as an independent variable (DRD2 Tagl A: F (1,164) =  use of a model fit criterion affected the DDT findings, the
8.585, p =.004, n,>=.052; Interaction: F (1,164) = 7.683,  data were re-analyzed using all k values. This resulted in

Table 5: Pearson's product moment correlations between dependent variables.

Variable | 2 3 4 5 6 7 8 9 10 11
| BIS Attentional
Impulsivity
2 BIS Motor Impulsivity 0.542%%*
3 BIS Non-planning 0.447**% 0.486**
Impulsivity
4 BIS Total 0.804** 0.836** 0.813%*
5 EIQ Ventursomeness 0.110 0.244*% 0.112 0.185%*
6 EIQ Impulsivity 0.531** 0.559* 0.442% 0.634** 0.245%*
7  SSS Disinhibition 0.298** 0.337** 0.234** 0.350%* 0.240* 0.425%*
8 SSS Experience 0.119  0.199*  0.028 0.123  0.455* 0.231** 0.187*
Seeking
9 SSS Boredom 0.307** 0.359** 0.282%* 0.386** 0.302%* 0.515%* 0.437** 0.275%*
Susceptibility
10 SSS Thrill & 0.018  0.194**  0.064 0.114 0.799* 0.048  0.147* 0.368** 0.102
Adventure Seeking
Il SSS Total 0.281** 0.412%* 0.232%* 0.377*%* 0.692%* 0.440*%* 0.681** 0.649** 0.644** 0.660%**
12 DDT 0.08 0.133*  0.124 0.15 0.008  0.205*  0.119 -0.015 0.069 -0.038  0.041

BIS and SSS Total Scores are made up of the sum of their respective subscores, explaining those high correlations. *p < .01, *p < .05 (two-tailed)
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Table 6: Performance on Measures of Impulsivity by Genotype and Significance values

DRD2 DRD4 Interaction
Al+ Al- p L+ L- p p
Mean SE Mean SE Mean SE Mean SE
BIS Attentional Impulsivity 16.49 0.41 17.58 0.32 0.171 17.12 0.50 16.92 0.2975 0.791 0.223
BIS Motor Impulsivity 21.19 0.39 22.17 0.38 0.131 21.68 0.49 21.59 03311 0.933 0.510
BIS Non-planning Impulsivity 25.22 0.46 25.56 0.40 0.783  25.08 0.46 2538 0.3807 0.636 0.660
BIS Total 62.80 1.08 65.14 0.93 0261 63.79 1.15 63.65 0.8826 0.999 0.289
EIQ Ventursomeness 9.63 037 9.53 0.35 0.642 956 0.39 9.62 0.3316 0.945 0.664
EIQ Impulsivity 9.70 0.50 10.51 0.42 0.469 10.20 0.57 9.97 04013 0.741 0.347
SSS Disinhibition 5.40 0.27 5.86 0.25 0.583 5.8l 0.32 552  0.2295 0.487 0.269
SSS Experience Seeking 5.44 0.21 5.36 0.20 0360 5.7I 0.25 525 0.1774 0.130 0.134
SSS Boredom Susceptibility 3.15 0.20 2.99 0.21 0.227 327 0.27 298 0.1754 0314 0.193
SSS Thrill & Adventure Seeking 6.54 0.29 6.43 0.27 0.603 6.20 0.34 6.64 0.2495 0.346 0.514
SSS Total 20.63 0.66 20.51 0.63 0.323 20.77 0.74 2048 0.5745 0.744 0.062
DDT* 0.06 .02-21 0.04 .0l-15 0.006 0.08 .02-19 004 .02-.14 0.183 0.006

*untransformed DDT value with median and IQR given instead of Mean and SE, p values from log transformed values
BIS = Barratt impulsivity Scale; EIQ = Eysenck Impulsivity Questionnaire; SSS = Sensation Seeking Scale; DDT = Delay Discounting Task.

the same DRD2 Tagl A main effect (DRD2: F (1,183) =
9.668, p = .002 n,2 = .051) and interaction effect (F
(1,183) = 4.830, p = .029, 1,2 = .026).

Using a Factorial ANOVAs with DRD2 by DRD4, three
additional methods of parsing DRD4 48 bp VNTR geno-
types yielded similar results to the primary method used
above [see Additional File 3].

Discussion

The premises of this study were that the ambiguity in
understanding genetic contributions to impulsivity may
be due to limitations of self-report measures and that
behavioral tasks measuring discrete facets of impulsivity
may address this issue. This hypothesis was broadly sup-
ported by the results. Performance on the DDT revealed a
significant main effect of DRD2 Tagl A status, such that
Al+ individuals exhibited greater impulsivity, and a sig-
nificant DRD2 Taql A by DRD4 48 bp VNTR interaction,
such that possession of at least one A1+ allele and at least
one L+ allele was associated with a pronounced increase
in impulsivity. These differences in delay discounting
were quite dramatic; for example, A1+/L+ subjects valued
$100 less than half as much as all the other allelic combi-
nations at a 5-year delay (Figure 2). Importantly, these
relationships did not appear to be a function of popula-
tion stratification or gender.

Beyond delay discounting, it was notable that there were
no significant genetic associations evident for any of the
survey-based self-report measures, with the exception of a
trend toward greater sensation seeking reflecting the same
DRD2 Taql A by DRD4 VNTR interaction. This could be
because the survey-based scales generated scores that were

based on the individual's subjective perception of a vari-
ety of distal behavioral tendencies and the relationships
were muddied by self-report biases. Alternatively, it is pos-
sible that the facets of impulsivity assessed by the survey-
based measures are simply not relevant endophenotypes
of the genes examined in this study. Consistent with evi-
dence of impulsivity as a multifaceted construct [12,53],
mixed correlations were evident across the various meas-
ures (Table 5), revealing moderate associations among the
self-report measures, but generally negligible associations
between the DDT and the other indices. Previous studies
have reported both significant and nonsignificant correla-
tions between delay discounting and self-report measures
of impulsivity [65,68,125-127]. The overlap between
these different facets and methods of assessing impulsivity
appears to be variable by sample.

There are a number of aspects of these findings that war-
rant further discussion, particularly the delay discounting
findings. The DRD2 Taql A main effect was consistent
with our hypotheses, but we also predicted a main effect
for DRD4 VNTR genotype, which was not evident, and an
interaction between the two was examined based on its
plausibility, but was not predicted a priori. In terms of the
DRD2 Taql A main effect, subsequent analyses revealed
that the most meaningful role of A1+/A1- status was actu-
ally in combination with DRD4 VNTR genotype in an
interaction effect on performance. However, in under-
standing this effect, an important distinction must be
made between additive and interactive genetic effects. In
this case, an additive effect would refer to possession of
each allele of interest being associated with greater impul-
sivity, and possession of alleles at both loci being associ-
ated with a linearly greater level of impulsivity. A clear
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example of an additive genetic effect is exemplified in two
recent studies [128,129], in which polymorphisms of the
DRD?2 Tagl A and SLC6A3 genes were examined in refer-
ence to stress- and cue-elicited craving in African-Ameri-
can smokers. Both polymorphisms of interest were
associated with greater craving, and exhibited an additive
effect such that possession of neither polymorphism was
associated with the least amount of craving, possession of
either was associated with greater craving, and possession
of both was associated with the greatest amount of crav-
ing.

In contrast, an interactive effect in this case would refer to
the case in which possession of the two alleles would be
associated with quantitatively disproportionate level of
impulsivity, which was the case in the current study. Indi-
viduals who were Al+/L+ exhibited disproportionately
more precipitous delay discounting than all other groups,
whereas all other allelic combinations exhibited highly
similar levels of discounting (Figure 2). An additive effect,
which would have been evident if both polymorphisms of
interest exhibited main effects and a linear increase in per-
formance based on the possession of both candidate alle-
les, was not evident.

With regard to the mechanisms of underlying the interac-
tion between the two loci, any discussion must be specu-
lative given that the two polymorphisms under
consideration have not been definitively characterized.
Acknowledging this ambiguity, the observed associations
may be understood in the context of the relative neuroan-
atomical localization of the D, and D, receptors.
Dopamine D, receptors seem to play a more prominent
role in the striatum than D, receptors, whereas D, recep-
tors seem to be more influential in the prefrontal cortex
and cortex than D, receptors [80,84-87,130-134], how-
ever: [135,136]. As observed with functional magnetic res-
onance imaging (fMRI), choices for immediate smaller
rewards is associated with greater peak activation in the
ventral striatum and regions of the medial prefrontal cor-
tex and less relative activation in regions of the lateral pre-
frontal and parietal cortex [62]. In contrast, for choices for
delayed rewards, the relative activations are reversed, with
generally greater lateral prefrontal and parietal activation
and decreased activation of the ventral striatum and
medial prefrontal cortex [62]. Other studies suggest more
generally that behavioral inhibition, a fundamental part
of impulsivity is modulated via dopamine systems in the
striatum and prefrontal cortex [28]. Together, this suggests
that the D, polymorphism may be modifying more prim-
itive limbic neural systems involved in reward salience
while the D, polymorphism may be modifying higher-
level systems involved in abstract thinking, deliberation
and behavioral inhibition. Thus, particularly steep delay
discounting (increased impulsivity) in those with both

http://www.behavioralandbrainfunctions.com/content/3/1/2

long DRD4 and A1 DRD?2 alleles may reflect the concur-
rent variation in two key points in the reward decision-
making loops spanning the corticostriatal-mesolimbic
axis. Specifically, the pattern of findings suggest that for
those individuals who have a greater sensitivity to reward
based on possession of the DRD2 Al allele, decreased
frontal-cortical inhibition resulting from possession of a
DRD4 VNTR long allele results in substantially greater dis-
counting of delayed rewards.

Of interest, however, the contrapositive relationship by
genotype was not indicated. Considered together, the
presence of a DRD2 Taql A main effect, the absence of a
DRD4 VNTR main effect, and a significant interaction sug-
gests that the influence of A1+-mediated functional varia-
tion in striatal D, receptors has primacy over the influence
of L+-mediated cortical D, receptor variation in modulat-
ing inter-temporal choice. That is, for individuals with a
mesolimbic dopamine system that is predisposed to favor
dopaiminergic rewards (Al+), the presence of an allele
that may be associated with reduced frontal cortical inhib-
itory control (L+) may result in disproportionately greater
discounting of delayed rewards, but not the other way
around. In cognitive terms, the results suggest that the
effects of inhibitory considerations of the future are super-
imposed on the limbic signals of the incentive salience of
immediate rewards. However, we reiterate that given that
the functional roles of both genetic polymorphisms are
far from fully understood, this explanation must be spec-
ulative at this point. Future studies using neuroimaging
techniques may directly address this interpretation.

Assuming these findings are genuine and can be repli-
cated, they have potential implications for the ambiguity
in association studies of genetic variables in psychiatric
disorders [1-3]. To date, single locus association studies
have typically reported mixed findings of significant asso-
ciations and failures to replicate. The current data, and
other studies revealing interactions between unlinked loci
[e.g., [110,137,138]], suggest that single gene association
studies may overlook the fact that important facets of a
disorder may depend not only on independent effects of
polymorphism, but also on interactions between multiple
genes within a given system.

There are a number of qualifications of these findings
worth noting. Although they provide preliminary support
for the notion that behavioral aspects of impulsivity may
be more amenable to investigations of genetic influences,
to our knowledge they represent the first report of specific
genetic influences on delay discounting. As such, they
must be replicated to affirm their empirical validity and to
more conclusively affirm the potential of a task-based
approach to generate more reliable findings than self-
report measures. In addition, it should be noted that these
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findings most clearly apply to the European ancestry sub-
sample, which both represented the largest proportion of
subjects and was sufficiently large to affirm the findings
independent of other ethnic subsamples. As such,
although we found no evidence of population stratifica-
tion, studies of delay discounting as a potential endophe-
notype in larger samples of non-European descendants
will be important to address the generalizability of these
findings.

Conclusion

In summary, the current study sought to examine the
influences of two genetic polymorphisms on impulsivity
using a behavioral task and traditional self-report meas-
ures. The findings indicated both independent and inter-
active genetic effects on the behavioral task, suggesting
that genetically-based functional differences in the corti-
costriatal-mesolimbic dopamine system are responsible
for variation in impulsivity from a delay discounting per-
spective. Rather than being a function of a single locus,
these data suggest that the most prominent effect was as
result of an interaction between polymorphisms of the
DRD2 Tagql A and DRD4 VNTR genes. Although these
findings must be replicated, they may contribute to under-
standing the genetic basis of impulsivity and provide sup-
port for the notion of using behavioral tasks in doing so.
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