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Abstract
Objective: Genes encoding molecular pathways of the reward system 
are implicated in both addiction and impulsivity. A complex interplay 
of these genes is likely to contribute to the risk and perpetuation of 
addiction, both directly and indirectly, mediated via the intermediate 
phenotype of impulsivity.

Methods: We applied different analytic strategies based on direct, 
indirect, mediation, and epistatic associations to previously reported 
and/or functionally relevant candidate variants to explore the 
biological plausibility of their associations and increase the chances of 
revealing subtle polygenetic effects. We assessed nineteen candidate 
polymorphisms of the GABA, opioid and dopamine systems in an 
ethnically distinct and homogenous population sample of 157 Sinhalese 
male dependent heroin users and 155 age- and ethnicity-matched 
controls with no lifetime drug use and negligible nicotine or alcohol 
consumption on a range of association models.

Results: GABRA6-rs3219151 and GABRG2-rs211013 showed 
associations with heroin dependence under a recessive and dominant 
model respectively. GABRG2-rs211014 and rs211013 showed a 
haplotype association; mediation analysis showed the association 
of these two SNPs with heroin dependence being mediated via 
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fun-seeking personality trait and DRD2-rs1079597 mediated via 
reward sensitivity. OPRM1-rs1799971 and OPRM1-rs563649 were 
significantly associated with heroin dependence under a multiplicative 
model. Using generalized multi-dimensionality reduction, we found 
significant epistatic interaction between GABRG2-rs211013 and 
OPRM1-rs1799971 and also between these two SNPs and COMT-
rs4680 for risk of heroin dependence.
Conclusion: These findings portray novel and plausible potential 
mechanisms of genetic predisposition to heroin dependence.
Keywords
Polymorphism, Personality, Epistasis, Mediation, Opioid, Addiction

1. Introduction

Heroin dependence is a major global health problem 
with a multifactorial etiology. Genetic, personality, and 
environmental factors interact in a complex manner from 
initial predisposition to the development and maintenance 
of dependence. Family [1], adoption [2], and twin 
studies [3] have provided evidence for the heritability of 
addiction. The genetic contribution to opioid addiction 
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more closely influenced by genetic functionality [34], 
mediates the genetic influence on addiction. Further, 
the association between genetic makeup and substance 
dependence is complex; gene-gene interactions such 
as epistasis are very likely to play significant roles in 
complex disorders.

A substantial overlap of genetic influences on impulsivity 
and addiction indicates a possible pleiotropic mechanism. 
Pleiotropy can be intrinsic, where a given genetic variant 
directly affects multiple phenotypes, or mediated, where 
a phenotype that is affected directly by a genetic effect 
is causally associated with a second phenotype [45]. 
Impulsivity may be an intermediate phenotype mediating 
genetic influences on the development of substance 
dependence [46].

The association between genetic makeup and substance 
dependence is complex; epistatic gene-gene interactions 
are likely to play significant roles. Epistasis is ubiquitous 
in the genome and may provide one reason for the non-
replication of genetic associations of single variants 
among different populations due to masking by other 
variants [47]. Estimation of gene-gene interactions helps 
address this problem. Previous studies have reported 
epistatic interactions of gene polymorphisms associated 
with heroin dependence [48].

The objective of this study was to examine, firstly, the 
direct association of 19 candidate gene polymorphisms 
in the GABA, dopamine and opioid systems (GABRA1-
rs2279020; GABRA6- rs3219151; GABRB2-rs2229944; 
GABRG2-rs211013, rs211014 and rs3219203; OPRD1-
rs678849, OPRK1-rs963549, OPRM1-rs12205732, 
rs1074287, rs563649 and rs1799971 (A118G); ANKK1- 
rs1800497 (Taq 1a), DRD2- rs1079597 (Taq 1b), 
rs1801028 and rs1799732; DRD4-rs1800955 and 48bp-
VNTR; COMT-rs4680), selected on the basis of the mode 
of action of heroin, previous reported association and/
or functional significance, with substance dependence 
and related phenotypes including impulsive personality 
traits using a case control design in an ethnically 
homogeneous population[20,29,49-52]. Secondly, we 
used novel approaches to explore pleiotropic, indirect, 
and epistatic associations with heroin dependence and 
related phenotypes mediated through impulsivity among 
the three groups of genes.

2. Methods

This study was approved by the human research ethics 
committee of the Faculty of Medicine, University of 
Peradeniya. Written informed consent was obtained from 
all volunteers. Institutional Review Board approvals 
were also obtained from Griffith University and The 
University of Queensland for this study.

3. Study Population

We recruited 157, DSM-IV dependent [53] male heroin 
users from rehabilitation centres and 155 healthy matched 

vulnerability ranges from 40 to 60%, which is the highest 
for any substance of abuse [4].

Drugs of abuse primarily act on the brain mesolimbic 
reward pathway. Dopamine (DA) neurons in the ventral 
tegmental area (VTA) that project to the nucleus 
accumbens (NAc) form the basis of the reward pathway 
[5,6]. Drugs of abuse with varying pharmacological 
effects increase the release of DA in the NAc [7]. This 
system has been implicated in the acute reinforcing 
effects of drugs of abuse as well as in the development 
of drug dependence and tolerance [8,9]. Opioids binding 
to their receptors on GABA interneurons in the VTA 
indirectly disinhibit DA neurons through the inhibition 
of GABA release [10,11].

Genes associated with reward circuitry are attractive 
candidates for association studies of addiction. 
Polymorphisms in opioid, GABA and DA system genes 
are implicated in heroin addiction [8,12,13].

Polymorphisms that show positive associations with 
heroin addiction include ANKK1-rs1800497 [14-17], 
DRD2 Taq1B-rs1079597 [17,18], DRD2-rs1799732 
[19,20], DRD4-48bp-VNTR [21-23], DRD4-rs1800955 
[17,24], COMT-rs4680 [25-27], OPRM1-rs1799971 
[reviewed 28], OPRM1-rs563649 and rs12205732 
[19] and GABRG2-rs211014 [29]. A number of other 
polymorphisms are also linked to heroin addiction (refer 
[12,13] for reviews).

This reward system also mediates impulse-related 
personality traits [30], which are linked to the 
development of substance-use disorders [31]. Two 
dimensions of impulsivity, rash impulsiveness and 
sensitivity to reward, have been proposed as increasing 
the risk of substance use, and later dependence [31]. 
Reward sensitivity is a heightened sensitivity towards 
appetitive stimuli, while rash impulsiveness is the 
tendency to engage in potentially dangerous behaviours 
without regard for potential negative outcomes. The 
neural basis for reward sensitivity is the dopamine 
system, while the neural basis for rash impulsivity is 
the prefrontal cortex [32]. We have previously reported 
a strong association of impulsive personality traits with 
heroin dependence in the same study group used for the 
current investigation [33]. A number of polymorphisms 
linked to reward circuitry are associated with impulsive 
personality traits. Most of these are in DA-system 
genes; they include ANKK1-rs1800497 [34,35], DRD2- 
rs6277 [36], DRD4-rs1800955 [37], DRD4-48bp VNTR 
[34,38] and COMT-rs4680 [39]. Impulsive traits are also 
associated with the noradrenergic and MAO-pathway 
genes [40,41] and 5HT2A-A1438G polymorphisms [42]. 
Opioid, GABA and dopamine pathways, while playing 
key roles in the reward system, are relevant to the mode 
of action of heroin [43]. Gene polymorphisms of these 
pathways are implicated in both addiction and impulsivity 
[12]. Given this overlap, it is plausible that impulsivity, 
reported previously as an intermediate phenotype [44] 
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controls from Kandy, Sri Lanka. The diagnosis of heroin 
dependence was made by experienced psychiatrists. A 
history of any DSM-IV axis I psychiatric diagnosis, from 
health records or self-reports was an exclusion criterion, 
except that dependence or abuse of other drugs was 
permitted in the heroin dependent sample. Controls were 
matched for age and Sinhalese ethnicity; ethnicity was 
based on self-reported ancestry over three generations. 
Basic sample characteristics are shown in Table 1.

4. Measures

Demographic data, substance use history including 
alcohol and tobacco, family history of drug use and sexual 
behaviour were collected by a self-report questionnaire. 
Alcohol Use Disorders Identification Test (AUDIT) [54] 
and Fagerström Test for Nicotine Dependence (FTND) 
[55] scores were used to assess the severity of alcohol 
and tobacco use. An AUDIT score of 20 and FTND score 
of 6 were used as cut-offs to diagnose possible alcohol 
and tobacco dependence.

The main dimensions of impulsive traits were assessed 
using validated Sinhalese versions of i) the Behavioural 
Inhibition System and the Behavioural Activation System 
Scales (BIS/BAS), ii) the Sensitivity to Punishment 
and Sensitivity to Reward Questionnaire (SPSRQ) 
and Zuckerman’s Sensation Seeking Scale (SSS) [56-
59]. The SSS consists of four subscales: disinhibition, 
thrill- and adventure-seeking, experience seeking and 
boredom susceptibility, all of which are measures of rash 
impulsivity [32]. As in previous studies [60], the total 
score was used. Reward sensitivity was assessed using 
the BIS/BAS scales three BAS subscales: Drive (BAS-
Drv), Reward Responsiveness (BAS-RR) and Fun-
Seeking (BAS-FS) and the Sensitivity to Reward Scale 
of the SPSRQ. As trait anxiety is also associated with 
substance dependence, the BIS subscale of BIS/BAS and 

the sensitivity to punishment (SP) subscale of SPSRQ 
were also included in the analyses to assess threat/
punishment sensitivity.

5. DNA extraction and genotyping

Nineteen polymorphisms of the GABA, dopamine 
and opioid systems were selected on the basis of 
previously reported associations with heroin addiction 
or other substance dependence (GABAA subunit gene 
cluster: GABRA1-rs2279020; GABRA6-rs3219151; 
GABRB2-rs2229944; GABRG2-rs211013, -rs211014 
and -rs3219203; OPRM1-rs12205732, -rs1074287, 
-rs563649 and rs1799971 (A118G); OPRK1-rs963549; 
OPRD1-rs678849; ANKK1-rs1800497 (Taq1a), DRD2-
rs1079597 (Taq1b) and -rs1799732; DRD4-rs1800955 
and 48bp-VNTR; COMT-rs4680), or the potential 
functional significance of the polymorphism DRD2-
rs1801028 [61].

DNA was extracted from leucocytes using commercial 
kits (QIAamp; QIAGEN, Valencia, CA, USA). 
Genotyping of each polymorphism in cases and 
controls was performed simultaneously. The nineteen 
polymorphisms were genotyped using polymerase chain 
reaction and restriction fragment length polymorphism 
(PCR-RFLP) followed by agarose gel electrophoresis 
to visualize digestion products. All polymorphisms, 
except OPRM1-rs563649 and DRD2- rs1799732, were 
genotyped using previously described primers with minor 
alterations to the original protocols (Supplementary 
Tables S1 and S2) [62-69]. The OPRM1-rs563649 
and DRD2-rs1799732 regions were amplified using 
primer sets, 5'TTGACCTTGGTGCTCAAGAA 
3'/5'CTGGGTAGGAAAGTGGCAAA3' (annealing 
58°C) and 5'CAA CCC TTG GCT TCT GAG TC 
3'/5'CCA CCA AAG GAG CTG TAC CT3' (annealing 

Cases Controls
(n = 157) (n = 155)

Age (mean ± SD) 33.8 ± 7.5 35.8 ± 11.6
Tobacco (lifetime) 

Never/Rarely 0 114 (73.5%)
Use 157 (100%) 41 (26.5%)
Dependent 39 (24.8%) 0

Alcohol (lifetime) 
Never/Rarely 0 135 (87.1%)
Use 157 (100%) 20 (12.9%)
Dependent 12 (7.6%) 0

Other illicit drugs –
Age of first use 18.5 ± 4.4
Ever used 134 (85.4%) 0
Ever dependent 0 0

Heroin –
Age of first use 20.5 ± 4.6 y
Ever injected 25 (16%) –

Risky Sexual Behaviour –
At least one* 125 (79%)

Table 1: Basic sample characteristics.*, including sex with multiple partners, sex with commercial sex workers, risky homosexual behaviour, sex 
without condoms, or sex for money.
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64°C) respectively. The PCR products of OPRM1-
rs563649 (157 bp) and DRD2- rs1799732 (216bp) were 
restriction digested using HpyCH4III (157, 95, 62bp) and 
BstNI (217, 177 and 40bp) respectively (New England 
Biolabs, Genesearch P/L, Arundel, Qld, Australia 4214).

Genotyping success rate were comparable for cases 
(96.2–98.7%) and controls (96.2– 98.1%). 15–40% 
of randomly selected samples were re-genotyped 
and discrepant results excluded. All gel results were 
confirmed by a second person blind to case or control 
status. Departures from Hardy-Weinberg equilibrium 
(HWE) were performed using an exact test.

6. Statistical analysis
6.1. Direct association of gene polymorphisms with heroin 
dependence

Associations of individual polymorphisms with heroin 
dependence were tested under multiplicative, recessive, 
and dominant genetic models by logistic regression 
analysis in PLINK v1.07 [70]. Linkage disequilibrium 
(LD) pattern and haplotype blocks were identified among 
SNPs present on the same chromosome to conduct 
haplotype-based association testing using Haploview 
[71]. Three different haplotype analyses were carried 
out for six GABA receptor-subunit gene SNPs on 
chromosome 5, DA receptor gene polymorphisms on 
chromosome 11, and OPRM1 SNPs in chromosome 6. 
Haplotype blocks were defined as solid spines of LD (D 
> 0.8), which is the best method to capture the underlying 
LD and the biological dependence of SNPs [72]. Different 
haplotypes within blocks were identified and tested for 
association with heroin dependence.
6.2. Direct associations of gene polymorphisms with other 
phenotypes

Univariate associations of gene polymorphisms with 
personality traits and drug-use-related phenotypes (age of 
initiation of drug use, daily heroin consumption, polydrug 
use, injecting drug use, and risky sexual behaviour) were 
tested using PLINK.
6.3. Pleiotropic effects of gene polymorphisms

We examined the correlation matrices for personality-

related (Supplementary Table S1) and drug-use-related 
(Supplementary Table S2) phenotypes and tested 
these for the hypothesized pleiotropic effects on gene 
polymorphisms that showed an association. MultiPhen 
analysis, which permits simultaneous testing for 
associations of multiple phenotypes with a particular 
genetic polymorphism, is a strong tool to detect genetic 
associations in the presence of pleiotropy [73]. We 
conducted an association analysis of personality traits 
(BAS-DR, BAS-FS, BAS-RR, BIS, SSS-Total (SSS-
TOT), SR score and SP score) and heroin dependence 
with gene polymorphisms by regressing genotypes on 
the phenotypes via ordinal regression under an additive 
model. Alcohol- and smoking-dependence status was 
included as covariates in these analyses. A direct 
pleiotropic effect is demonstrated if the multivariate P 
values are smaller than the univariate P values.
6.4. Indirect associations of gene polymorphisms with heroin 
dependence

The PROCESS macro [74] for SPSS (IBM, USA) 
was used to assess indirect (mediated) effects of gene 
polymorphisms and case/control status via personality 
traits as intermediates (Figure 1). This approach 
assesses the significance of the indirect pathways from 
the genotype to heroin dependence via the proposed 
mediator (i.e., personality trait). Gene polymorphisms 
that were associated with personality traits were predictor 
variables, personality trait scores were mediators, and 
heroin dependence status was the outcome variable. 
Alcohol- and smoking-dependence were introduced as 
covariates in all analyses (Figure 1).

Under mediation conventions [75], path c (Figure 1) 
refers to the total effect of genetic polymorphisms in the 
absence of the mediators. Indirect effects (i.e., mediation 
by individual personality traits, controlling of all other 
traits) are the product of the association between the 
genotype and specific personality trait, and the personality 
trait and heroin dependence (i.e., a x b in Figure 1). Path 
c' refers to the direct effect of genotype on heroin group 
status after controlling for the personality trait scores. 
As recommended [76], bias-corrected bootstrap 95% 
confidence intervals (n = 10,000) were used to assess 

Figure 1: Mediation model testing indirect association. Key: c, Total direct effect; c', direct effect controlled for mediators; a × b, indirect effect of 
genotype on heroin dependence.
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the significance of the indirect effects. This procedure 
overcomes the potential violation of the assumption 
of multivariate normality, inherent in tests of paths of 
indirect effects that use product terms. A significant 
indirect effect is indicated by zero being outside the 
confidence interval.
6.5. Epistatic association with heroin dependence

Epistatic association was tested using generalized multi-
dimensionality reduction (GMDR) software [77,78]. 
All polymorphisms in linkage equilibrium and one 
representative polymorphism of each haplotype block 
identified were selected for epistatic association analysis, 
as inclusion of SNPs in LD can confound the analysis 
and reduce the sensitivity of the test [79]. Alcohol and 
smoking dependence were included as covariates. An 
exhaustive search was performed limited to 2- and 3-loci 
interactions to reduce the possibility of over-fitting the 
data [80].

In GMDR, the genotype combinations were reduced to a 
single dimension (high risk or low risk) based on a sum of 
scores using maximum-likelihood estimates. The scores 
were used to find the best 2- and 3-loci interactions with 
the lowest misclassification error. All likely 2- and 3-loci 
interactions were further validated with 10-fold cross-
validations. The best model was selected on the basis of 
parsimony, high testing balance of accuracy (TBA) and 
maximum cross-validation consistency (CVC). The CVC 
is the number of times the same combination of loci for a 
given n-loci interaction is identified as the best across the 
10 cross-validations; it is a measure of consistency. The 
accurate prediction of case control status is measured 
by TBA. Finally, the empirical probabilities (Pemp) 
for TBA for 2- and 3-loci models were calculated using 
permutations.
6.6. Correction for multiple comparisons and power 
calculation

We used 10,000 permutations for all analyses in PLINK, 
Haploview, and GMDR software to generate empirical 
P values (Pemp), which accounts for correlations 
between markers. Both uncorrected (Puncorr) and Pemp 
are reported. CaTS software [81] was used for power 
calculations.

7. Results
7.1. Direct association of gene polymorphisms with heroin 
dependence

All markers in the control population and all except 
GABRG2-rs211014 in the case population were in 
conformity with HWE (Supplementary Table S1).

Logistic regression (Supplementary Table S2) revealed 
that GABRA6-rs3219151, GABRG2-rs211013, GABRG2-
rs211014; OPRM1-rs563649, OPRM1-rs1799971; and 
DRD2-rs1799732 had significant associations with 
heroin dependence under one or more models. Significant 
associations remained after adjusting for multiple testing 

with GABRA6-rs3219151 under a recessive model [OR = 
2.58 (95% CI = 1.36–4.89), Pemp = 0.008] and GABRG2-
rs211013 under a dominant model [OR = 2.94 (95% CI = 
1.76–4.92), Pemp = 0.0003]; and with OPRM1-rs563649 and 
OPRM1-rs1799971 under a multiplicative (log-additive) 
model [OR = 1.92 (95% CI = 1.28–2.89), Pemp = 0.02 and 
OR = 0.58 (95% CI = 0.42–0.81), Pemp = 0.01 respectively].
7.2. Linkage disequilibrium and haplotype analysis

LD analysis of GABRG2 SNPs (Supplementary Figure 
S1) revealed a haplotype block comprising rs211014 and 
rs211013 (D' = 0.85). The haplotypes CA, (frequency 
case/control = 0.408/0.611, χ2 = 25.23, Pemp < 0.00001) 
and CG (frequency case/control = 0.317/ 0.189, χ2 
= 13.33, Pemp < 0.0007) were associated with heroin 
dependence. None of the OPRM gene SNPs were in LD. 
The LD analysis of dopaminergic loci revealed a single 
haplotype block comprising ANKK1- rs1800497 and 
DRD2-rs1801028 (D' = 0.84), but this was not associated 
with heroin dependence.
7.3. Direct association of gene polymorphisms with other 
phenotypes

Analysis of heroin dependence related phenotypes and 
gene polymorphisms revealed a significant negative 
association for the rs211013 “G” allele with age of 
initiation of drug use under a multiplicative model 
(β= –2.57, 95% CI = –4.17 to –0.97, Pemp =0.05). The 
seven-repeat allele of DRD4- 48bp-VNTR displayed 
a protective effect against engagement in risky sexual 
behaviour (OR = 0.2151, 95% CI = 0.07 to 0.62, Pemp 
= 0.04).

Analysis of personality traits and gene polymorphisms 
revealed that the “G” allele of GABRG2-rs211013 (β= 
1.62, 95% CI = 1.06 to 2.17, Pemp = 0.0001) and the “A” 
allele of GABRG-rs211014 (β= 2.26, 95% CI = 0.88 
to 3.63, Pemp = 0.02) were significantly positively 
associated with the fun-seeking personality trait (BAS-
FS) under a recessive model. The “A” allele of the 
DRD2- rs1079597 (β= –1.18, 95% CI = –1.38 to –0.41, 
Pemp = 0.008), under multiplicative model, showed a 
significant negative association with sensitivity to 
reward (SR scale).
7.4. Indirect association of gene polymorphisms with heroin 
dependence

Given that GABRG2-rs2111013, GABRG2-rs211014 and 
DRD2-rs1079597 were shown to be directly associated 
with two impulsivity-related traits (BAS-FS and SR), 
and that such personality traits are hypothesized as 
intermediate phenotypes44 in addiction, we further tested 
whether BAS- FS and SR mediated the effect of the 
associated polymorphism on heroin dependence. As shown 
in Table 2 the associations of GABRG2-rs211013 and 
GABRG2-rs211014 with heroin dependence were mediated 
via the BAS-FS personality trait; the association of DRD2-
rs1079597 with heroin dependence was mediated via 
reward sensitivity (Supplementary Figure S2). 
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The DRD2-rs1079597 showed a significant indirect 
association with heroin dependence mediated via 
reward sensitivity. Here, presence of the “A” allele 
was associated with lower reward sensitivity; 
higher reward sensitivity was then again, associated 
with heroin dependence (Supplementary Figure 
S1). Personality traits as mediators of the three 
polymorphisms associated with the traits on drug use 
behaviour (i.e., daily heroin consumption, age of onset, 
poly-drug use, injecting drug use and risky sexual 
behaviour) were also tested on the heroin dependent 
cases (n = 156). However, there was no support for the 
personality traits as mediators of genes on any drug-
related behaviour (data not shown).
7.5. Epistatic association with heroin dependence

The GMDR analysis of seventeen variants in the 

etiopathology of heroin dependence is shown in Table 
3 and Figure 2. Two (GABRG2-rs211014 and DRD2-
rs1801028), were removed as they were in LD with 2 
other variants. After adjusting for covariates there were 
statistically significant 2-loci and 3-loci models (Table 
3). However, the 2-locus model was considered the 
best on the basis of parsimony, highest testing balanced 
accuracy, highest CVC and lowest empirical P value 
after permutation.

The risk status of OPRM1-rs1799971 genotypes differs 
according to GABRG2-rs211013 and COMT-rs4680 
genotypes, providing evidence for epistasis (Figure 3). 
For example, the “AA” genotype of OPRM1-rs1799971 
contributed to the risk of heroin dependence when at 
least one “G” allele of GABRG2-rs211013 was present, 
whereas “AG” and “GG” genotypes of OPRM1-

Polymorphism Mediator Bootstrap estimate SE BC 95% CI lower BC 95% CI upper
GABRG2-rs211013 BAS FS* 0.3497 0.0994 0.1886 0.5728
GABRG2-rs211014 BAS FS* 0.3346 0.1236 0.1189 0.6033
DRD2-rs1079597 SR* –0.4858 0.1434 –0.8034 –0.2442

Table 2: Indirect association of polymorphisms on heroin dependence

Figure 2: Generalized Multi-Dimensionality Reduction models indicating high and low risk combinations. Key:  dark squares, high-risk group; light 
squares, low risk group; black bars, cases; white bars, controls. Values above each bar indicate the sum of scores for the corresponding group.

Epistatic model TBA CVC Pemp

2 Loci: 
GABRG2 rs211013/OPRM1 rs1799971

 
0.6283

 
9

 
0.03

3 Loci: 
GABRG2 rs211013/OPRM1 rs1799971/COMT rs4680

 
0.6018

 
7

 
0.04

Table 3: Generalized Multi-Dimensionality Reduction two- and three-loci epistatic interaction models.
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rs1799971 increased the risk only when GABRG2-
rs211013 was homozygous for the “G” allele. However, 
the presence of the “GG” genotype of COMT-rs4680 
leads the “AA” genotype of OPRM1-rs1799971 to 
contribute to the risk of heroin dependence. Note that the 
effect of homozygosity of the “G” allele of GABRG2-
rs211013 appeared to be independent of the allele status 
of OPRM1-rs1799971 and COMT-rs4680 except in the 
presence of “GA” genotype of COMT-rs4680.

8. Discussion

In this study we explored selected polymorphic variants 
of three closely linked neurotransmitter pathways of the 
reward system and demonstrated evidence for direct 
and, for the first time, indirect and epistatic genetic 
associations with heroin dependence using a sample of 
dependent users and non-user controls from an ethnically 
homogenous population.

Loh and colleagues [29], investigated the same 
polymorphisms of the GABA subunit gene cluster in 
a Han Chinese population and reported an association 
of GABRG2-rs211014 with heroin dependence. While 
GABRG2-rs211014 showed nominal significance in 
our study, it did not survive correction for multiple 
comparisons. However, both studies showed that 
GABRG2-rs211014 was in strong LD with GABRG2-
rs211013, which did reach experiment-wide statistical 
significance, supporting the significance of both of 
these markers with heroin dependence. The associative 
effect of GABRG2-rs211013 may be stronger than that 
of GABRG2-rs211014 in this Sinhalese population than 
in the Chinese population. In addition, we observed that 
GABRA6-rs3219151 was significantly associated with 
heroin dependence. These disparities could be accounted 
for by differences in genetic composition between ethnic 
groups, including allele frequency, LD pattern, and other 
multi-genic interactions [82].

In terms of functional significance, both GABRA6-
rs3219151 and GABRG2-rs211013 are intronic SNPs 
and no biological function has yet been elucidated. 
However, GABRG2-rs211013 is located only ~700bp 
downstream of an alternatively-spliced exon implicated 
in alcoholism [83], raising the possibility of it being in 
LD with causal SNPs not studied. It would be prudent 
to study more downstream SNPs, particularly ones in 
the exon close by. The γ2 subunits play a key role in 
synaptogenesis, maintenance of mature synapses and 
postsynaptic inhibitory functioning [84-86]. These are all 
processes involved in learning and neuroadaptation and 
implicated in the transition from drug use to dependence 
[87]. The association of GABRG2-rs211013 with age 
of initiation of drug use we observed posits a possible 
mechanism. Early onset of drug use, particularly during 
the critical peripubertal period of brain development, is 
associated with long-term deleterious effects on CNS 
[88]. Such individuals are excessively prone to develop 
a chronic course of addiction and related complications 

such as risky sexual behaviour [89].

It is most likely that GABRA6-rs3219152 is also in LD 
with a functional variant, considering that there are 
several subunit genes of the GABAA receptor co-localized 
in this region. It has been reported that the “T” allele of 
GABRA6-rs3219151 is associated with trait extraversion 
and increased ACTH and cortisol release in response to 
psychological stress [90]. We found an increase of the 
same allele of the GABRA6-rs3219151 in our heroin 
dependent group. As stress is strongly implicated in all 
stages of addiction [91], in vulnerable individuals, this 
may be one of the mechanisms conferring vulnerability 
to substance use disorders.

As hypothesized, there was support for impulsivity-
related traits to act as intermediate phenotypes for 
heroin dependence. Specifically, BAS Fun-seeking 
mediated the effect of GABRG2- rs211013 and 
rs211014 on heroin dependence; another mechanism 
by which GABA receptor genes may predispose to 
addiction. This supports the previous claims that 
impulsive-related traits, notably a tendency to seek out 
novelty, are an intermediate phenotype in the path to 
dependence [44,46]. Further endorsing the importance 
of the mediating effects of intermediate phenotypes on 
drug dependence we found that DRD2-rs1079597 was 
associated with lower reward-sensitivity scores, which in 
turn appear to offer protection against heroin dependence. 
It thus appears that GABAergic polymorphisms convey 
risk via a specific fun-seeking temperament, whereas 
dopaminergic polymorphisms convey risk via a more-
general reward-sensitive temperament. The results of 
the mediation analysis are suggestive of a mediated 
pleiotropic effect of these three polymorphisms on heroin 
dependence. However, the results must be treated with 
caution because indirect association can be spurious due 
to unmeasured cofounders, e.g., early stressors, which 
could have affected the association between the SNP(s) 
and heroin dependence [92].

The protective influence of DRD4- 48bp-VNTR 7+ 
alleles on reduced risky sexual behaviour in this group 
of heroin-dependent users is in contrast with previous 
findings in which this polymorphism was associated with 
younger age of initiating sexual activity [34], and with 
multiple and concurrent sexual partners [93]. Considering 
the fact that 7+ alleles have repeatedly been shown to be 
associated with sensation- and novelty-seeking [94] one 
would expect 7+ alleles to convey increased risk. These 
differences may be attributed to possible disparities in 
genetic and environmental factors and their complex 
interactions within different ethnic populations and 
cultural environments.

Opioid receptors play significant roles in addiction 
by mediating the rewarding effects of drugs, the 
maintenance of drug use, and craving and relapse [95]. 
The opioid receptor polymorphisms OPRM1-rs1799971 
and -rs563649 showed direct associations with heroin 
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dependence. OPRM1-rs563649 is potentially a functional 
variant implicated in post-transcriptional regulation of 
gene expression that is associated with heroin dependence 
in an Arabic population [19].

The OPRM1-rs1799971, commonly known as the A118G 
polymorphism, is located in exon 1 of the OPRM1 gene, 
is a functional variant that has been studied extensively in 
relation heroin dependence in different populations with 
varying results. The “G” allele has been reported as both 
the risk allele [96], and as protective [97] or no association 
[98]. We found the “G” allele to be protective which is 
in line with previous studies reporting the “G” allele 
to be associated with reduced opioid receptor binding 
affinity and expression [99] as well as blunted hedonic 
effects and locomotor sensitization [100]. The “G” allele 
has also been associated with blunted reward responses 
in normal individuals while “AA” homozygotes exhibit 
increasing bias to rewarding stimuli over time [101].

The epistatic effects found in the present study may 
partly explain some of these discrepancies between 
populations. The genotype of GABRG2-rs211013 and 
COMT-rs4680 influences the susceptibility of A allele 
carriers of OPRM1-rs1799971 to heroin dependence, 
which provides further evidence for the importance of 
interactive effects of genes in predisposition to complex 
phenotypes (Figure 2). This interaction is plausible 
at a biological level with regard to heroin addiction, 
considering the mode of action of opioid receptors on 
GABA interneurons [10] and the function of COMT 
in regulating dopamine transmission in the mesolimbic 
reward system [102].

In this study we used an ethnically homogenous sample 
of dependent heroin users and a matched highly screened 
control group with no lifetime history of illicit drug use, 
the majority with no regular smoking or alcohol use. 
In contrast to studies from other cultures, this pattern 
of abstinence from all substances in the control group 
represents a phenotypically extreme, but culturally 
mainstream, control group. Dependent heroin users 
represent a phenotypically extreme case population. 
The use of phenotypically extreme cases and controls 
maximizes detection of association, increasing the 
power of the study while reducing the required sample 
size [103]. Determination of the ethnicity based on self-
reported ancestral ethnicity may not be the ideal method 
as it depends on perception of ethnicity as well as recall 
accuracy. However, we excluded all those with evidence 
of ethnic admixture up to three prior generations; 
interethnic marriages have traditionally been rare in 
the Sinhalese population. It should be noted that all the 
heroin-dependent subjects in this study were smokers 
and some were regular alcohol users (with 7.6% of 
them classified as alcohol dependent). Moreover, these 
subjects also reported using other substances when heroin 
was unavailable. It is therefore possible that the genetic 
markers reported here are more generically associated 
with substance use and misuse, rather than specifically 

with heroin dependence. However, our genetic analysis 
controlled for smoking and alcohol dependence. We 
may not have sufficient power to detect very weak gene-
disease associations and gene-gene interactions due to the 
modest sample size. In the present study, with minor allele 
frequency ranging from 0.01 to 0.46, a prevalence rate of 
0.3% heroin use among subjects aged 15–64 years, and 
assuming a multiplicative model, the power to detect an OR 
of 1.5 at α set at 0.05 for a two-tailed test was 19–72% [81].

In conclusion, GABAergic, opioidergic and dopaminergic 
polymorphisms are likely to play significant roles in 
genetic predisposition to heroin dependence in the 
Sinhalese population. This study adumbrates mechanisms 
by which biologically relevant candidate genes could 
predispose subjects to substance use disorders and extends 
our understanding of how genes may lead to addiction 
through intermediate phenotypes such as impulsivity-
related traits or their interaction with other genes. The 
findings need to be replicated in a larger sample, taking 
into consideration the limitations identified. Since some 
of the associated SNPs have no reported functional 
effects, it would be prudent to investigate their functions 
or to explore contiguous functional SNPs.
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