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Abstract

The mesolimbic dopamine system plays an important role in mediating a variety of behaviors and
is involved in mediating the reinforcing effects of ethanol. Genes encoding dopamine receptor
subtypes are thus good candidate loci for understanding the genetic etiologies of susceptibility to
alcohol dependence and its antecedent behavioral phenotypes. We tested whether variation in
DRD1 influences alcohol consumption in rhesus macaques and whether its influence is mediated
by sex and early rearing experience. We genotyped a single nucleotide polymorphism (-111 G/T)
in the 5" UTR of DRD1 in 96 subjects raised with their mothers until six months of age (n=43) or
in peer-only groups (n=53). As young adults they underwent a seven-week voluntary ethanol
consumption experiment. ANOVA revealed a significant main effect of sex (F (1,95) =6.3,p =.
014) and an interaction between genotype, sex and rearing on ethanol consumption (F (7,95) =
4.63, p =.0002). Maternally deprived males heterozygous for the T allele consumed significantly
more ethanol (Prob >t = <.0001) than the other sub-groups. Maternal deprivation can produce
individuals that are anxious and impulsive, both of which are known risk factors for alcohol
dependence. Our work demonstrates a potential role for the dopamine D1 receptor gene in
modulating alcohol consumption, especially in the context of early environmental stress.
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Introduction

The mesolimbic dopamine system plays an important role in mediating a variety of
behaviors and is involved in mediating the reinforcing effects of ethanol (Sander et al.,
1995). Dopamine mediates responses to natural rewards and is involved in the regulation of
mood and affect (Bozarth, 1991). Variation in the genes encoding dopamine receptor
subtypes expressed in relevant brain regions are thus good candidate loci for investigating
the genetic etiologies of individual differences in alcohol dependence and its antecedent
behavioral phenotypes. Five dopamine receptor genes comprise a family of G-protein-
coupled receptors (Civelli et al., 1991). Among these, DRD1 has shown promise as a
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candidate gene for ethanol consumption or preference in rodent models. To date, only a
handful of studies have been carried out to investigate the role of this gene in alcoholism and
alcohol abuse in humans (Heinz et al, 1996; Comings et al., 1997; Thompson et al, 1998;
Limosin et al, 2003; Kim et al., 2007; Batel et al., 2008), and none have yet investigated
whether DRD1 variation moderates risk in the context of life stress or whether it increases
risk for particular subtypes of alcohol dependence. Cichon et al. (1994) described four single
nucleotide polymorphisms (SNPs) in the human dopamine D1 receptor gene that were
detectable with simple restriction enzyme assays, two of which are located in the 5’ UTR.
Three of the human amplicons are amplifiable in rhesus macaques using Cichon's human
primer sequences, and several rhesus SNPs were identified with this approach (Trefilov, et
al., 1999).

When some nonhuman primates are given access to a palatable ethanol solution some will
consume it in quantities that produce a pharmacological response (Erwin, et al., 1979;
Carroll et al., 1995; Higley and Linnoila, 1997). This has been demonstrated experimentally
in rhesus (Macaca mulatta) (Kornet et al., 1990; Macenski and Meisch, 1992) and
cynomolgus macaques (Macaca fascicularis) (Vivian et al., 2001) as well as in free-ranging
monkeys such as the vervets (Chlorocebus aethiops) of St. Kitts (Ervin et al., 1990; Palmour
etal., 1997). Ethanol consumption in monkeys, as in humans, varies considerably among
individuals depending on factors such as sex, differences in temperament (e.g. impulsivity),
early rearing experience and response to stress (Barr and Goldman, 2006). Although ethanol
consumption varies markedly within populations, within individuals it tends to be stable
over time and is generally trait-like (Higley et al., 1991). In humans, and across all animal
models, heritability estimates for the propensity to consume ethanol range from 40% - 60%
(Lorenz et al., 2006). Due in part to these observations, as well as the relatively close
phylogenetic relationship between Old World monkeys and humans (compared to rodent
models), rhesus monkeys have become a standard primate model for studying the
neurobiological and behavioral effects of ethanol consumption, as well as behaviors
associated with certain subtypes of alcoholism, such as aggression, stress reactivity, and
impulsivity (Kraemer & McKinney, 1985; Higley et al, 1991; 1997; Barr and Goldman,
2006). Here, we examined whether variation in the 5" UTR region of the dopamine D1
receptor gene is associated with variation in individual differences in ethanol consumption
and whether such an association is influenced by early experience and sex.

Rhesus macaques (N = 96) were housed at the National Institutes of Health Animal Center
in Poolesville, Maryland, using protocols approved by the NIH Institutional Animal Care
and Use Committee in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996).

The set of subjects represented 5 birth cohorts comprised of both mother- and peer-reared
subjects. Details of the mother- versus peer-raising paradigm have been published elsewhere
(Higley, et al., 1991, 1997). In brief, peer-reared infants were removed from their mothers
immediately after birth and hand-reared in a neonatal nursery for the first 30 days of life.
After 30 days they were placed in a cage with three other age-mates with whom they had
continuous social contact. When animals reached an average age of 8 months, mother-reared
and peer-reared subjects were placed together to form larger, permanent social groups.
Unlike mother-reared monkeys, peer-reared subjects interact socially and practice social
skills in the absence of adult role models—a setting that results in individuals that can be
aggressive, emotionally unstable and socially impaired (Higley et al, 1996). Because peer-
reared animals assimilate poorly into social groups, this rearing paradigm has become a
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well-established model for early life stress. All subjects involved in this research lived in
their respective social groups throughout the study period and received identical treatment.

Ethanol Consumption

Genotyping

After reaching early adulthood (approximately 4 years of age), the study animals were
introduced to a procedure designed to assess individual differences in their propensity to
voluntarily consume an aspartame-sweetened 8.4% ethanol solution (Higley et al.,1997;
Barr et al, 2004; Barr et al, 2007). This standardized method consisted of three phases. First,
subjects were trained for one hour a day to consume aspartame-sweetened water. This phase
ended typically after one week, when all animals had consumed more than 50 ml. Second, in
order to assure that all animals experienced the pharmacological effects of ethanol before
beginning the experimental phase of the study, individuals were given simultaneous, free
access for one hour each day to both an aspartame-sweetened ethanol solution (8.4% v/v
final concentration) and sweetened vehicle. No special methods were employed, such as
deprivation of food or water. This phase generally lasted for 2 weeks. Third, during the
seven-week experimental phase, ethanol was dispensed 5 days a week, Monday through
Friday from 1300 to 1400, while the animals were in their home-cage environment. In order
to provide all animals with unlimited access to the ethanol solution (i.e., to prevent rank-
dependent access), paired ethanol and vehicle dispensers were partitioned using Plexiglas
panels.

We amplified a 429 base pair segment of the dopamine D1 receptor gene, encompassing 138
nucleotides of the upstream portion of exon 1 and extending 319 nucleotides into the 5’
untranslated region, using primers D1.0 5-ATT CAG GGG CTT TCT GGT G-3'and D1.D
5-AGC ACA GAC CAG CGT GTT C-3' designed from human sequence data (Cichon et
al., 1994). PCR was carried out in a volume of 25 ul using 25ng template DNA, 5uM each
primer, 200uM of each dNTP, 2.5mM MgCI2, 1U AmpliTaq Gold (Applied Biosystems,
Foster City, CA) and manufacturer supplied 10X buffer for 30 cycles (96°C-10’ initial
denature, 94°C — 15"/60°C — 15"/72°C — 20", followed by final extension @72°C for 5’).
Sequencing of the product in a subset of study subjects captured the 4 SNPs reported in
Trefilov et al's (1999) study (-179 C/T; -127 G/A; -111 G/T; -81 C/T), as well as a novel
SNP (-149 A/T). For the purposes of this study, we analyzed the -111 G/T SNP only, since
the other SNPs exhibited low minor allele frequency and were all in full linkage
disequilibrium (data not shown).

Variation in the -111T/G SNP was assessed in the full dataset using restriction digest and gel
visualization. A volume of 7ul of PCR product was digested with 3 units of the restriction
enzyme Aci | (New England Biolabs, City, MA) for 2 hours in a 20ul reaction using the
manufacturer's buffer and visualized on precast 10% TBE polyacrylamide gels (BioRad)
stained with ethidium bromide. The Aci I restriction site (C'CGC) is disabled by the Gto T
(-111) substitution. Publicly available human sequence data for the D1 receptor gene as well
as published size estimates for restriction fragments in rhesus macaques (Trefilov, et al.,
1999) were used as guides for determining genotypes.

Data Analysis

We calculated allele and genotype counts and frequencies, and evaluated deviation from
Hardy-Weinberg equilibrium using standard X2 tests. To determine the effects of DRD1
gene variation as well as potential interactions between genotype, sex and rearing
experience, we performed analysis of variance using standard least squares, testing for main
effects of genotype (DRD1 G/G vs T), sex (male vs. female), and rearing (PR vs. MR) as
nominal independent variables, and all potential interactive combinations. We also
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introduced cohort as a variable since mean consumption values across cohorts vary.
Preliminary analyses indicated that T/T subjects (n=2) did not differ from G/T subjects.
Therefore, we clustered the T/G and T/T animals into a T allele carrier group. Analyses were
performed using JMP™ 5.01 (SAS, Cary, NC, USA).

Genotype Data

All 96 subjects yielded a readable restriction digest and were assigned to one of two
genotypes. Genotype counts for the test subjects are indicated in Figure 1. The locus does
not deviate significantly from Hardy-Weinberg equilibrium expectations (X2 = 1.884, df = 1,
p=.17).

Effects of sex, rearing condition and DRD1 genotype on ethanol consumption

An analysis of variance modeling the main effects of genotype, rearing experience, sex, the
interaction between these variables, and cohort, on g/kg ethanol consumption revealed
robust support for the model (F (11,95)= 18.53, p = <.0001), with the combined factors
explaining 71% of the variance (r2 = .708). There wasa main effect of sex (F (1,95) = 4.88, p
=.029) and a marginally significant effect of rearing experience (F (1,95) = 3.22, p = .076)
on g/kg ethanol consumption, but no main effect of genotype (F(1,95) = 0.085, p =.77).
There was a significant 3-way interaction between sex, rearing and genotype on g/kg alcohol
consumption (F = 6.43, p = 0.013), but no other interactive effects. Differences in mean g/kg
ethanol consumption between test cohorts were significant (F (4,95) = 29.22, p = <.0001).
Table 1 lists details of the ANOVA outputs. Therefore, to control for cohort-based
differences in alcohol consumption, we repeated the analyses using cohort-corrected z
scores for alcohol consumption.

After this correction, we tested for main effects of genotype, sex and rearing, and
interactions as above, but without cohort. The ANOVA model (genotype, sex, rearing) was
statistically significant (F (7,95) = 4.63, p = .0002, R? = .27), with significant main effects of
sex (F (1,95) = 6.31, p =.014), but no main effect of genotype (F (1,95) = 1.09, p = 0.299)
or rearing (F(1,95) = 2.12, p = .149. There was a significant (F (1,95) = 5.12, p = .026) sex
by rearing by genotype interaction (Figure 1). Table 2 lists the ANOVA outputs. Post-hoc
tests revealed a number of groups, clustered by sex, rearing and genotype, between which
there were statistically significant differences in mean alcohol z scores. The largest
difference in mean alcohol consumption z scores occurred between peer-reared males
carrying the T allele (1.16 + .42) and mother-reared G/G females (-1.40 + .24, mean diff. =
2.57, Prob > t = <.0001)., with peer reared subjects drinking significantly more than mother
reared G/G females Indeed, this group of males consumed significantly more alcohol than
all other groups.

Discussion

Previous investigations into genetic factors that contribute to individual differences in
alcohol consumption in our test animals have established that both sex and early rearing
experience are important variables for explaining inter-individual differences in alcohol
consumption. In the present study, we found an interaction among genotype, sex and the
“environmental” variable of early infant rearing experience. Our results suggest that the
influence imparted by the DRD1 locus on alcohol consumption is subtle, and is
phenotypically measurable only in individuals with specific combinations of sex and rearing
condition variables. Specifically, the minor allele (T) exerts its influence primarily in
maternally deprived males, and therefore functions as a vulnerability marker for the
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propensity, or risk, to consume alcohol in this subset of individuals. Several studies in this
population of rhesus have examined the effects of sex, rearing, and other candidate genes
such as the serotonin transporter (Barr et al, 2004), mu opioid (Barr et al, 2007) and CRH
(Barr et al, 2008). These studies are not directly comparable, however, as they are not based
on the identical set of study subjects. Although the debate over correcting for multiple
testing is not resolved, we address it here. The statistical significance of the three-factor
model is p = .0002 which allows for 250 multiple tests before correction (.05/.0002 = 250).
On the other hand, the three-way interaction between sex, rearing and genotype on alcohol
consumption (p =.026) would be questionable if multiple testing is considered a
confounding element.

Naturally, the question arises as to the factors behind the motivation to consume alcohol in
non alcohol-dependent rhesus macaques. Our findings suggest that individuals inheriting a
gene variant that potentially affects dopamine transmission are primed for the life-altering
effects of parental deprivation. Early life stress in the form of peer rearing can induce
anxious, impulsive, or novelty-seeking phenotypes. However, individual differences in these
phenotypic variables have been described, suggesting that other factors, such as genetic
variation, be involved. Given the role of dopamine in mediating the rewarding properties of
alcohol, it is tempting to speculate that macaques carrying the T allele exhibit increased
levels of consumption because they experience more reward. The fact that it is only among
males with a history of stress that the effect of genotype is observed is consistent with the
fact that males exhibit higher levels of alcohol-induced stimulation and that they are more
likely to initially consume alcohol for it's rewarding properties. Oh the other hand, the
dopamine system is also important in emotion regulation, and, in humans, amygdalar
dopamine activity predicts anxious responding (Keinast et al, 2008), and DRD1 variation
modulates risk for anxiety-related disorders (Maron et al., 2005). Therefore, it may be that
the DRD1 locus could increase an individual's vulnerability to seek out alcohol for its
anxiolytic properties as well. The observation that rearing experience plays an important role
in mediating the effects of DRD1 genetic variation in alcohol consumption, specifically that
maternally deprived individuals tend to drink more than mother-reared individuals, suggests
that our subjects may be consuming alcohol for its anxiolytic properties instead of—or in
addition to—the euphoric, sedative, and rewarding experience of alcohol.

Several studies have shown convincing evidence that the mesolimbic dopamine system is
directly involved in the reward or reinforcement pathway of alcohol and other p-opioid
receptors in animal models. Cohen et al., (1999), showed that D1 receptor agonists reduced
self-administered oral ethanol consumption in rats whereas Eiler et al. (2003) showed that
antagonists targeting D1 receptors in the bed nucleus of stria terminalis in alcohol-preferring
rats reduced alcohol-motivated behaviors. Moreover, in mice in which expression of the D1
receptor was disrupted, D1 deficient homozygotes showed reduced voluntary alcohol
consumption and preference compared to heterozygotes and wild-type controls (EI-Ghundi,
1998). In humans, Kim et al., (2007) found a non-functional SNP (rs4532, -48A>G) in
DRD1 to be associated with the severity of alcohol related behavioral deficits in Korean
alcohol dependent subjects compared to control, measured using the Alcohol Use Disorders
Identification Test (AUDIT). In a study of French Caucasian patients with alcohol
dependence versus controls, Batel et al., (2008) found an association of another non-
functional SNP (rs686, +1403T>C) in patients with severe alcohol dependence, but not with
rs4532 as in the Kim et al., study. All of these studies, translated across primate and non-
primate species, support a role for the D1 receptor in modulating alcohol-consuming
behavior. It is not unexpected, then, that mutations in the D1 receptor gene may very well
play an important role in mediating alcohol consumption and associated motivational
behaviors in our rhesus model.
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The DRD1 restriction site polymorphism reported in this study occurs in proximity to the
transcription start site, but it is unknown at present whether the polymorphism has functional
effects. Lee et al. (1996) presented evidence that the DRD1 gene possesses two possible
transcription initiation sites giving way to two splice variants, one with and one without the
non-coding first exon. Since exon 1 is non-coding in humans, it is also likely to be non-
coding in rhesus, and most mutations in and around exon 1 may have no effect on the
receptor protein. On the other hand, the SNP we analyzed may be a tagging SNP for a
functional haplotype. We have previously demonstrated that patterns of LD are similar in
rhesus and in humans, even when the variants themselves are not conserved (Barr et al,
2008), and, in humans, there is a high degree of LD around DRD1, according to HAPMAP
and NCBI databases.

Our work demonstrates a potential role for the dopamine D1 receptor gene in modulating
alcohol consumption in male rhesus macaques, especially in the context of early
environmental stress. We have shown an interaction of sex and early stress exposure with
genotype in a classic example of how genetically predisposing factors often require a
combination of additional environmental variables in order to produce effects. Finally, the
similarity between humans and rhesus monkeys in genetic variation of the dopamine D1
receptor gene, as well as dopamine-mediated behavioral deficits, suggests that the
nonhuman primate model is valuable for determining whether genetic variation in the DRD1
locus may be used to identify, and eventually develop, appropriate pharmacotherapies for
the treatment of dopamine-related disorders, including alcohol dependence and abuse.
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Figure 1. Interaction among DRD1 genotype (G/G vs. T), sex (MR vs. PR) and early rearing
history (MR, mother- reared, vs. PR, peer-reared) on alcohol consumption

Alcohol consumption levels were statistically controlled by generating a cohort-based z-
score. There was an interaction among genotype, sex and rearing. The T allele was
associated with increased levels of alcohol consumption among stress-exposed male
monkeys. Values shown are mean z-score £ SEM. Sample sizes for categories are indicated.
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Table 1
Test I: Effects of Genotype, Sex, Rearing, and Cohort on g/kg Alc consumption

F df p r2
Whole Model 18,53 11 <.0001 0.708
Main effects
Genotype 009 1 0.771
Sex 488 1 0.029
Rearing 322 1 0.076
Cohort 29.22 4 <.0001
Interaction Effects
Genotype x Sex 077 1 0.382
Genotype x Rearing 004 1 0.844
Sex x Rearing 275 1 0.101
Genotype x Sex x Rearing 6.43 4 0.013
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Table 2
Test 11: Effects of Genotype, Sex and Rearing on Cohort-controlled Alc consumption
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F df p r2
Whole Model 463 7 0.0002 0.269
Main effects
Genotype 109 1 0.299
Sex 631 1 0.014
Rearing 212 1 0.149
Interaction Effects
Genotype x Sex 047 1 0.493
Genotype x Rearing 000 1 0.974
Sex x Rearing 153 1 0.220
Genotype x Sex x Rearing 512 1 0.026

Genes Brain Behav. Author manuscript; available in PMC 2010 August 1.



