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Abstract

RATIONALE—Delay discounting is a behavioral economic index of impulsivity that reflects a
person’s relative preference for small immediate rewards versus larger delayed rewards. Elevated
delay discounting is robustly linked to addictive disorders and has been increasingly investigated
as a viable endophenotype for genetic influences on addiction.

OBJECTIVE—To examine associations between delay discounting and two a priori loci, rs4680
in COMT and rs1800497 in ANKK, and three exploratory haplotypes proximal to rs1800497 in a
sample of daily smokers.
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METHODS—Participants were 713 (60.2% male) daily smokers of European ancestry who
completed a delay discounting assessment and provided a DNA sample.

RESULTS—Significant associations were detected between greater discounting of medium
magnitude rewards (~$55) and the G allele of rs4680 as well as the T allele of rs1800497.
Exploratory haplotype analyses identified two haplotypes (rs1160467/rs1800497; rs6277/
rs1079597) significantly associated with delay discounting rates. However, the rs1160467/
rs1800497 haplotype associations appeared to be entirely attributable to variation in rs1800497,
suggesting that the association of rs1800497 with discounting is best understood at the individual
SNP level. Similarly, the rs6277/rs1079597 haplotype findings suggested the association was
specific to rs1079597.

CONCLUSIONS—This study provides further evidence that rs4680 and rs1800497 genotype are
significantly associated with delay discounting preferences and does so among smokers for the
first time. The study also provides evidence of specificity for the rs1800497 association, and
identifies a novel locus, rs1079597, as a genetic contributor to higher delay discounting rates.

Keywords
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INTRODUCTION

The heritability of addictive disorders is estimated to be 50-60% (Goldman et al. 2005), but
the results of molecular genetic studies to date have fallen short of expectations in providing
an explanation for this magnitude of genetic influences. Early candidate gene association
studies have been inconsistently replicated and more recent genome-wide association studies
have largely identified only very small associations (Treutlein and Rietschel 2011). Given
these challenges, an endophenotype approach has been proposed to shift focus to more
tractable phenotypes (Gottesman and Gould 2003; Flint and Munafo 2007). Compared to
diagnostic phenotypes that are inherently heterogeneous, endophenotypes are more narrow
characteristics that are mechanistically related to a given disorder and theoretically more
closely linked to genetic variation. Thus, this strategy seeks to “connect the dots” between
genome and syndrome by identifying genetic influences on characteristics that are linked
with a disorder. Consistent with this perspective, a recent meta-analysis found that trait,
neuropsychological, and neurobiological measures of impulsivity had stronger genetic
effects than a diagnostic phenotype (i.e., ADHD symptoms; Jonas and Markon 2014). One
promising endophenotype for addictive disorders is delay discounting (Mitchell 2011;
MacKillop 2013). Delay discounting is a behavioral economic measure of impulsivity that
assesses a person’s preferences for smaller immediate rewards compared to larger delayed
rewards. Elevated delay discounting rates (i.e., high preference for smaller-sooner rewards
over larger-later rewards) have been robustly associated with addictive disorders, including
drug addiction, pathological gambling, and obesity (Bickel et al. 1999; Petry 2001; Weller et
al. 2008; MacKillop et al. 2011).

Studies showing evidence of heritability of delay discounting using both animal models and
human twin designs are critical for establishing delay discounting as an endophenotype. An
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increasing number of studies comparing different strains of isogenetic inbred rodents reared
in identical environments have identified systematic differences in discounting across strains
that are attributable to genetic differences (Isles et al. 2004; Anderson and Woolverton 2005;
Madden et al. 2008). Interestingly, one study found significantly greater discounting in
Fischer rats compared to Copenhagen and Noble rats, but failed to replicate previous
findings of differences between Fischer and Lewis rats (Wilhelm and Mitchell 2009).
However, a more recent study suggested that this replication failure may be due to the
method of task administration rather than the strain (Stein et al. 2012). In addition, a recent
investigation including eight rat strains estimated the specific heritability at 50% (Richards
et al. 2013).

Complementing these preclinical findings, four human twin studies have been conducted to
date and all four support the heritability of delay discounting. The first study assessed early
adolescent twins and found evidence of genetic influences at both age 12 and 14 (30 and
51%, respectively) (Anokhin et al. 2011). The second study comprised 17-year-old twins
from the Minnesota Twin Family Enrichment study and found that discounting had a quite
similar heritability rate to the previous study (51%) (Sparks et al. 2014). In the same sample,
a third study examined the heritability of a different delay discounting phenotype and found
similar rates of heritability (47%) (Isen et al. 2014). Finally, Anokhin et al. (in press)
analyzed the heritability of two indices of delay discounting, finding 35-46% heritability for
age 16 and 55-62%% for age 18. In sum, these studies all identified a robust genetic basis of
delay discounting (i.e., ~50%) that seems to be increase in effect in late adolescence, likely
paralleling ongoing adolescent brain maturation of prefrontal regions implicated in
intertemporal choice (Steinberg 2010; Carter et al. 2010; Peters and Biichel 2011; Luo et al.
2012).

A small number of molecular genetic studies have found delay discounting to be associated
with single nucleotide polymorphisms (SNPs) in genes putatively associated with dopamine
neurotransmission, primarily COMT (rs4680) and ANKKZ (rs1800497) (Boettiger et al.
2007; Eisenberg et al. 2007; Paloyelis et al. 2010; Gianotti et al. 2012; Smith and Boettiger
2012). The relationship between COMT and dopamine neurotransmission is fairly well
understood: COMT encodes the enzyme catechol-O-methyl transferase, which plays a
critical role in the post-synaptic breakdown of dopamine and has been shown to be a major
regulator of dopamine levels in the prefrontal cortex of rodents (K&enmaki et al. 2010). The
variability in the rs4680 polymorphism has been strongly associated with levels of
enzymatic activity (Chen et al. 2004).

The link between ANKKI and dopamine neurotransmission is more ambiguous. This is
because the SNP rs1800497 was previously believed to be located within the dopamine D,
receptor gene (DRD2), but is actually located in the adjacent ANKKZ gene. Although loci
across several genes in this region (NCAMI-TTC12-ANKKI-DRD2) are in high linkage
disequilibrium (LD) (i.e., non-random associations among alleles; Mota et al. 2012), this
particular locus has been of focus due frequent association with addictive phenotypes and its
putative role in the dopaminergic system (Ma et al. 2015). Furthermore, positron emission
tomography has revealed that rs1800497 is related to dopamine D,/D3 receptor density
(Thompson et al. 1997; Pohjalainen et al. 1998; Jonsson et al. 1999; Savitz et al. 2013).
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Three current hypotheses exist for the mechanism of influence of rs1800497 on addiction-
related phenotypes: a) it is indeed exerting an individual effect related to addictive behavior;
b) it is in partial or total LD with a nearby locus in DRDZthat is the actual risk locus; and c)
it is primarily influential as part of a larger haplotype (Gelernter et al. 2006). In other words,
the specificity of the link between rs1800497 and addiction phenotypes is not clear.

The principal aim of the current study was to extend the understanding of genetic influences
on delay discounting in a number of ways. First, no previous studies have examined genetic
influences on delay discounting in smokers, a group for whom delay discounting is
particularly relevant. Specifically, delay discounting rates have been found to significantly
positively correlate with severity of nicotine dependence (Sweitzer et al. 2008; Amlung and
MacKillop 2014), with more dependent smokers exhibiting greater impulsivity.
Furthermore, more impulsive discounting has been found to predict both the onset of
smoking (Audrain-McGovern et al. 2009) and poor smoking cessation treatment response
(MacKillop and Kahler 2009; Sheffer et al. 2011), suggesting it plays roles in the etiology
and maintenance of smoking. Furthermore, the loci that have been associated with delay
discounting have also been associated with nicotine dependence (Huang et al. 2009; Voisey
et al. 2012) and smoking cessation treatment response (Swan et al. 2005; Munafo et al.
2009). Based on these overlapping relationships, the current study examined two a priori
loci, rs4680 in COMT and rs1800497 in ANKKZ, in relation to delay discounting in a
relatively large sample of smokers. We hypothesized that the T allele of rs1800497 would be
significantly associated with higher discounting rates (Eisenberg et al. 2007) and that the G
allele of rs4680 would be significantly associated with greater delay discounting rates
(Boettiger et al. 2007; Gianotti et al. 2012). The second goal of the study was exploratory.
Given the ambiguity with regard to the specific role of rs1800497, we sought to examine the
relationship between delay discounting and haplotypes comprised of loci that are proximal
to rs1800497. This permitted us to address the specificity of rs1800497 with delay
discounting.

METHODS

Participants and procedure

Participants were adult current smokers (age 18+; = 5 cigarettes per day; > 8t grade
education) who were recruited from the general community in Athens, GA, USA and
Providence, RI, USA to participate in a parent study examining the relationship between
cigarette consumption and price (MacKillop et al. 2012b). To avoid potential population
stratification, the current study exclusively examined a subsample of 736 daily smokers of
European ancestry. After completing the informed consent, participants completed a variety
of assessments, including delay discounting, and provided a DNA sample. This study was
approved by the Brown University and University of Georgia Institutional Review Boards.

Assessment

Demographics were assessed by self-report of sex, age, race, gender, and income (assessed
in $15,000 intervals, 1 = <15,000; 9 = >$120,000). Of note, although participants were
explicitly asked to report pre-tax household income, it is possible that university students in
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the sample, despite being dependents of their parents, could have reported personal income.
Nicotine dependence was assessed using the Fagerstrom Test for Nicotine Dependence
(FTND; Heatherton et al. 1991). Alcohol use was assessed using the Alcohol Use Disorders
Identification Test (AUDIT; Saunders et al. 1993), but other drug use was not systematically
assessed. Delay discounting was assessed using the Monetary-Choice Questionnaire (MCQ)
(Kirby et al. 1999), a widely used measure that consists of 27 choices between smaller
immediate rewards and larger delayed rewards. The rewards ranged from $11 to $85 and the
larger delayed rewards were available at varying intervals of delay from 7 to 186 days. The
measure has three sets of nine items grouped into three delayed reward sizes: small ($25-
$35, median = $30), medium ($50-$60, median = $55), and large ($75-$85, median = $80);
items from the three reward magnitudes are randomly ordered and intermixed.

DNA was collected using a widely-used buccal swab approach (e.g., MacKillop et al. 2007,
McGeary et al. 2007). Genotyping comprised 14 putatively dopamine-related SNPs,
including the two & priori SNPs (rs1800497 and rs4680). The exploratory SNPs were loci
proximal to rs1800497, including chromosome 11 SNPs in the region of chromosome 11
that includes NCAM1, TTC12, DRDZ2, and ANKKI. The loci were selected from tag SNPs
(i.e., atheoretically-selected SNPs that are positionally representative of a region of the
genome containing high LD) employed in previous studies exploring variation in this region
(Gelernter et al. 2006; Dick et al. 2007). Samples were genotyped using a MassEXTEND
Sequenom assay based on the annealing of an oligonucleotide primer adjacent to the SNP of
interest. Duplicate runs were conducted for 20% of samples. Primer sequences are available
upon request.

Statistical Analysis

Participants’ hyperbolic discounting functions (i.e., kK values) across all three magnitudes
were inferred from the MCQ choices using standard practices (Kirby et al. 1999). The &
values were positively skewed (large A= 1.88; medium k= 1.36; small k= .84), as is
common, and square root transformations yielded normal distributions (large k= 1.14;
medium k= .62; small k=.22). PLINK (Purcell et al. 2007) was utilized to conduct
individual locus diagnostics and to compute a prioriloci and haplotype associations with
discounting. Using an additive model for maximum resolution, the number of minor alleles
(i.e., 0, 1, or 2) was examined in relation to the phenotype. However, to assess for dose
effects, significant relationships among a priori loci were followed up with recessive model
testing (i.e., coding 1 for possession of 2 minor alleles and 0 for possession of 1 or 0 minor
alleles). Regression analyses for testing SNP and haplotype associations with delay
discounting were conducted using standard significance values (o < .05). Despite directional
a priorihypotheses, we report two-tailed significance values to follow convention. To further
control for type-1 error inflation, we applied a family-wise false discovery rate (FDR)
correction (Benjamini and Hochberg 1995) to a prioriloci association tests. Haplotype
blocks were identified using Haploview (Barrett et al. 2005) and LD was defined as 95%
confidence of non-random association of alleles at two or more loci (Gabriel et al. 2002).
Exploratory analyses consisted of assessing the associations between haplotype blocks
derived from the chromosome 11 panel and & values that were significantly associated with
rs1800497 in a priori analyses. As the association between rs4680 genotype and discounting
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has been previously observed to differ by age status (18-21 vs. 22+) (Smith and Boettiger
2012), exploratory analyses were conducted to evaluate an interaction effect of age status on
the relationship between discounting and rs4680 genotype. In addition, exploratory analyses
were also conducted for sex based on evidence of differential COMT functioning in females
and possible influences of menstrual cycle phase (Chen et al. 2004; Smith et al. 2014). We
first conducted independent samples t-tests to assess if the average number of minor alleles
differed based on age status or sex. Subsequently, to assess all possible main effects and
interactions of age status and sex, we conducted a 2 x 2 x 3 ANCOVA (age status by sex by
rs4680 genotype), controlling for income.

Preliminary Analyses

Twenty-three participants were excluded for missing >20% genotypes. Participant
characteristics (final /= 713) were 60.2% male; age M= 30.3, SD =12.4; years of
education M=13.2, SD=2.2; AUDIT M =9.3, SD=7.52; FTND M= 4.0, SD= 2.6;
number of cigarettes per day M= 16.4, SD = 9.6. Of note, where applicable, two additional
subjects were excluded from rs4680 analyses (due to failed genotyping) and four from
analyses involving sex (due to missing sex data). On the MCQ, participants exhibited high
mean consistency across reward sizes (consistency across all reward sizes M= .99, SD =
04), which suggests that the inferred k& values were highly consistent with participant
performance. Correlations among delay discounting indices, nicotine dependence (FTND),
and income are presented in Table 1. Income was significantly associated with discounting
and was included as a covariate by entering it into the first level of the linear regression
analyses.

With regard to genotyping, of an initial panel of 14 putatively dopamine-related loci
genotyped, SNPs were examined for excessive numbers of nonviable samples (>20%),
insufficient variability (minor allele frequency [MAF] <10%), and Hardy-Weinberg
equilibrium (HWE) violation (p < .05). One SNP (rs1799732) was removed for insufficient
variability (MAF = 5.4%) and another (rs4938012) was removed for extreme violation of
HWE (p= 1.17 x 10738). Regarding rs4938012, as there were no minor allele homozygotes,
in contrast to previously reported frequencies, the deviation from HWE appears to be
attributable to a failed assay. Frequencies and HWE for the a prioriloci are in Table 2.

Individual Locus Analyses

Associations between the three kindices of delay discounting and the a prioriloci are
presented in Table 2. After FDR correction, the T allele of rs1800497 and the G allele of
rs4680 were found to be significantly associated with higher medium & (both /% = .02),
reflecting greater discounting of delayed rewards. Additionally, the relationship between the
G allele of rs4680 and large and small A was found to be nominally significant (p < .05) in
both cases. A linear regression was conducted to test the association of both loci (rs1800497
and rs4680) simultaneously with medium 4. The aforementioned findings held, namely,
rs1800497 and rs4680 remained significantly associated with medium & (ps = .01; RZ=.03).

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MacKillop et al.

Page 7

Recessive models were conducted to probe for dose effects of rs1800497 and rs4680 with
medium k (i.e., greater differences based on possession of more copies of minor alleles).
There was a significant effect of the rs1800497 TT genotype (compared to the other two
genotypes; p=.04) on medium £, suggesting dose effects. However, there was no significant
effect of the rs4680 GG genotype (as compared to the other two genotypes; p=.43),
suggesting a dominance effect, that possession of one or two G alleles puts one at greater
risk for increased discounting. These findings are supported by the mean levels of medium &
by genotype for each loci (rs1800497: CC M= .21, CT M= .23, TT M= .27, rs4680: AA M
=.20, AG M= .24, GG M= .23). Thus, for rs1800497, T allele homozygotes exhibited 29%
higher levels of discounting compared to C allele homozygotes, with heterozygotes
exhibiting a 10% increase. For rs4680, G allele carriers (homozygous or heterozygous)
exhibited 15-20% more impulsive discounting. Of note, the two loci were uncorrelated (r=.
05, p=.18) and neither locus was significantly associated with nicotine dependence
(rs1800497, p=.39; rs4680, p = .54).

Haplotype Analyses

Characterization of LD blocks is depicted in Figure 1. Linkage disequilibrium analysis
identified three haplotype blocks (1: rs2282511/rs877138/rs17115439/rs4938013/
rs4938015; 2: rs1160467/rs1800497; 3: rs6277/rs1079597) on chromosome 11. Two loci did
not fall into any haplotypes and were not analyzed further. Detailed results are summarized
in Table 3. The GT haplotype of Block 2, containing rs1800497, and the CA haplotype of
Block 3 were significantly associated (p < .05) with medium logk. For Block 2, only the
haplotype containing the T allele of rs1800497 was significantly associated with
discounting. For Block 3, only the haplotype containing the A allele of rs1079597 was
significantly associated with discounting.

Exploratory rs4680 (COMT) Analyses

There was no evidence that the genotype distributions differed by sex (male mean minor
alleles = .98, SD=.71; and female mean minor alleles = .95, SD= .73, p=.55) or by age
status (18-21 mean minor alleles = 1.01, SD=.72; and 22+ mean minor alleles = .94, SD=.
71, p=.18). The 2 (age) x 2 (sex) x 3 (genotype) ANOVA identified a main effect of age
status (F (1, 694) = 11.63, p=.02, 77 = .02) and rs4680 genotype (A2, 700) =5.52, p=".
004, 772 = .02), but no main effect of sex (£ (1, 694) = 2.62, p= .11, 77 = .00). Additionally,
no interaction effects were identified (sex and rs4680: F (2, 694) = .29, p= .75, 77 = .00; age
status and rs4680: F (2, 694) = .58, p= .56, 77 = .00; three-way interaction: F (2, 694) = .20,
p=.82, 77 =.00). These results indicate that although subjects who were older (i.e., 22+)
tended to discount at higher rates, the association between rs4680 genotype and delay
discounting did not systematically differ by age.

DISCUSSION

This study sought to contribute to the understanding of genetic influences on delay
discounting in a moderately-sized sample of daily smokers. Our findings replicated the
associations between two a priori candidate polymorphisms (rs4680 in COMT, rs1800497 in
ANKK1I) and delay discounting. Specifically, significant associations were found between
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medium reward delay discounting rates with the G allele of rs4680 and T allele of
rs1800497. Similar patterns were evident at the small and large magnitude rewards, reaching
nominal statistical significance for rs4680. The association between discounting and the G
allele of rs4680 is relatively consistent with the finding among five previous studies, three of
which identified the G/G genotype as the risk genotype (Boettiger et al. 2007; Gianotti et al.
2012; Smith and Boettiger 2012) and two of which did not (Paloyelis et al. 2010; Gray and
MacKillop 2014). It is worth noting that these mixed findings may be due to substantial
methodological differences present in the literature. In particular, different studies have used
considerably different tasks and samples (e.g., healthy young adults, adults with and without
alcohol use disorders, adolescents with ADHD, adults frequent gamblers), which may
influence the observed findings.

The association between the T allele of rs1800497 and discounting is consistent with one
previous study (Eisenberg et al. 2007), while two other studies did not find this association
(Kawamura et al. 2013; Gray and MacKillop 2014). Again, considerable methodological
heterogeneity is present within these studies, which may contribute to these mixed findings.
Given the individual association of rs1800497 with discounting identified here, the current
results suggest that this SNP exerts an individual influence on discounting rather than being
in LD with a nearby locus or part of a broader haplotype. However, an exhaustive
examination of all loci proximal to rs1800497 was not conducted, so this conclusion is not
definitive. Although the specific functionality of rs1800497 remains unknown, previous
studies have identified an association between this SNP and reduced dopamine D,/D3
receptor density and binding affinity (Thompson et al. 1997; Pohjalainen et al. 1998;
Jonsson et al. 1999; Savitz et al. 2013), suggesting rs1800497 exerts its effect via dopamine
neurotransmission. In general, the relationships identified with rs4680 and rs1800497 are
consistent with the hypothesis that dopaminergic hypoactivity is associated with higher rates
of delay discounting in adults (MacKillop 2013). Indeed, a recent investigation found that
individuals with the GG genotype of rs4680 who were also administered a medication that
decreased overall dopamine levels exhibited significantly higher rates of delay discounting
and poorer performance on a working memory task (Kelm and Boettiger 2013).

With regard to the small and large magnitude reward discounting, it is notable that the
pattern of relationships was consistent, however, the levels of statistical significance for the
associations between the two a prioriloci and discounting were reduced to nominal
significance or nonsignificance. This suggests that genetic associations may meaningfully
differ in magnitude based on size of the rewards used. There are two potentially overlapping
explanations for the specificity of the effects to medium reward sizes. First, the medium
reward range appears to be most quantitatively appropriate as the frequency histograms
revealed that there were more people at the highest or lowest & values for smaller and larger
reward sizes, respectively, suggesting possible ceiling and floor effects. However, these
differences were relatively small in absolute size. Furthermore, in examining the
distributions, all three variables were normally distributed and medium magnitude
discounting was not markedly more so.

The second possibility pertains to the underlying neural circuitry subserving discounting
decision making. Distinct regions of neural activity are recognized to contribute to
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behavioral choices (Bickel et al. 2009; MacKillop et al. 2012a) and genes are substantially
responsible for the architecture of these neurobiological systems. As such, the medium
magnitude reward choices may have been at a “sweet spot” in terms of challenging the
underlying neural circuitry for this sample and thus bringing genetic influences into sharper
relief. This is necessarily speculative but it suggests that delayed rewards that are too large
(e.g., $100,000) or too small (e.g., $1) may obscure significant relationships identified at
amounts that are more salient to the individual. Again, some caution accompanies this
hypothesis as the absolute differences on the MCQ were not dramatically different across
magnitudes. Fundamentally, the influence of reward magnitude on detection of genetic
associations needs to be examined systematically in future studies, including possible
underlying mechanisms.

In haplotype analyses, we assessed the relationship between three haplotypes (one of which
included rs1800497) from 11 proximal SNPs and delay discounting. This enabled us to be
able to both examine rs1800497 at the individual level as well as at the haplotype level.
Analyses of the haplotype block containing rs1800497 (i.e., Block 2: rs1160467/rs1800497)
identified an association with discounting of medium rewards. Only the haplotype with the T
allele of rs1800497 was associated with discounting of medium rewards, suggesting that the
variance is best understood as being attributable to the T allele of rs1800497, rather than at
the haplotype level. Analyses of the other two haplotype blocks revealed a significant
association between Block 3 (rs6277/rs1079597) and discounting of medium rewards,
whereby it was only the haplotype with the A allele of rs1079597 that was significantly
associated with discounting of medium rewards, suggesting specificity of the underlying
SNP. This is the first time this SNP has been linked to delay discounting to our knowledge. It
is worth noting, however, that the haplotype analyses do not survive more stringent type 1
error rate correction. As such, they should be interpreted cautiously and primarily as
providing an initial basis for future investigation.

A second exploratory strategy included examining possible differences based on age and
sex. Part of the rationale for these analyses was the previous observation that COMT may
play different roles across the lifespan (Smith and Boettiger 2012). Specifically, in that
study, individuals older than 21 exhibited the pattern of associations observed here, whereas
individuals < 21 exhibited the reverse, putatively due to developmental differences in COMT
activity. In the current study, we did not observe an interaction of age status on the
relationship between rs4680 genotype and discounting of medium rewards. However, several
differences between the study samples should be noted. In particular, this sample comprised
daily smokers who also drank more heavily and were less educated than the previous study,
and Smith and Boettiger (2012) used a higher resolution discounting paradigm. Despite
evidence of differential COMT functioning based on sex (Chen et al. 2004), we observed no
differences between males and females in the relationship between rs4680 genotype and
discounting of medium rewards. However, a recent study suggests that rather than merely
sex moderating relationships, the specific stage of the ovarian cycle (and associated estradiol
levels) may moderate the relationship between rs4680 genotype and discounting (Smith et
al. 2014), but hormonal data was not collected in this study and this could not be assessed.
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Several aspects of the study’s methodology merit discussion. First, although the focus on
smokers was intentional and novel, it is also possible it influenced the findings. For example,
there is some evidence of a reciprocal relationship between smoking and impulsivity (Yi et
al. 2008). This could mean that investigating genetic associations in an affected population,
in this case, smokers, could reduce the magnitude of genetic main effects observed. In future
studies, a case-control design (i.e., smokers vs. non-smokers) would provide a
comprehensive approach for investigating delay discounting as a nicotine dependence
endophenotype. In particular, case-control designs would permit investigating genetic
associations with discounting within smokers, within controls, and whether loci associated
with discounting are significantly more prevalent in smokers, more directly implicating
discounting as a genetically-influenced risk mechanism.

In addition, a number of limitations are worth noting. For example, time since last cigarette
was not assessed, meaning both acute exposure to nicotine or potential withdrawal could not
be incorporated in the analyses. Similarly, participants’ other substance use and, for females,
menstrual cycle phase were not systematically assessed. With regard to the task, the study
used a measure that did not provide participants with an actual outcome from the task and
generated inferred & values rather than iteratively assessing the points of indifference for a
higher resolution characterization of discounting functions. The issue of hypothetical vs.
actual rewards is diminished somewhat however, as several studies have suggested that there
are limited systematic differences in response based on whether the task is incentivized
(Johnson and Bickel 2002; Madden et al. 2003; Madden et al. 2004), including an fMRI
study revealing parallel neural activations for hypothetical and incentivized reward (Bickel et
al. 2009).

Despite these considerations, the current findings extend the small existing literature on
genetic influences on delay discounting in the largest sample to date. The current study
further implicates rs4680 and rs1800497 in relation to delay discounting, providing some
evidence of specificity for the latter. However, given the somewhat variable findings to date
and the widely varying study characteristics, there is a clear need for large studies to more
definitively clarify the genetic basis of delay discounting. Furthermore, although genetic
variation relating to dopamine neurotransmission has been a dominant focus, studies
elucidating of the role of variation in other systems related to reward processing (e.g.,
GABA, glutamate, endogenous opioids), as well as atheoretical genome-wide association
studies, will be needed to comprehensively examine the contribution of genetic factors to
delay discounting.
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Figure 1.

Linkage disequilibrium (LD) map among the proximal chromosome 11 loci. The loci are
located in NCAM1 (rs618114), TTC12 (rs2303380, rs2282511), ANKKI (rs877138,
rs17115439, rs4938013, rs4938015, rs11604671, rs1800497), and DRDZ2 (rs6277,
rs1079597).
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