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Abstract
Background: The dopamine transporter (DAT) mediates the active re-uptake
of dopamine from the synapse and is a principal regulator of dopaminergic
neurotransmission. Due to the complex pattern of variation and linkage
disequilibrium in the DAT gene a more detailed examination of the locus and
the identification of robust functional variants is essential for investigation of
the role of this gene in disorders related to dopaminergic dysfunction.
Objective: To characterize the influence of functional genetic variants in the
dopamine transporter on cocaine abuse.
Design: VNTRs polymorphisms were characterized and genotyped in a
Brazilian two samples of current cocaine abusers from the metropolitan
region of São Paulo (total n=695) and in a control sample of healthy
individuals with no past history of drug abuse (total n=855). Functional effects
of the variants on gene expression were analyzed using conventional and
novel reporter gene constructs.
Results: A positive genotypic association was found between a 30bp VNTR in
intron 8 of the DAT gene and cocaine abuse in both samples (combined Odds
Ratio=1.35; 95%CI=1.10-1.67; p=0.0047). Haplotype analyses using other
polymorphisms in and near the gene indicate that the Int8 VNTR is the
variant responsible for the observed association. The functional analyses
demonstrated that the risk allele (allele 3) mediates a differential and
increased response (6 fold) to stimulus in reporter constructs in comparison
with the other common and “protective” allele 2. (p<<0.001)
Discussion: We have demonstrated a robust association between cocaine
abuse and a functional VNTR allele in the dopamine transporter, suggesting
that this gene may play a role in the aetiology of cocaine abuse. However, the
genetic association will require replication in cocaine abuse and examination
in other drug abuse phenotypes to clarify the role of this variant in addictive
processes.

Introduction
The dopamine transporter (DAT) mediates the active re-uptake of
dopamine from the synapse and is a principal regulator of dopaminergic
neurotransmission1. Dopamine is a key neurotransmitter in brain areas
involved in movement and behaviour, particularly reward pathways. The
gene encoding DAT (SLC6A3) consists of 15 exons spanning 60kb on
chromosome 5p15.32. A Pubmed search reveals over one hundred studies that
assessed possible associations between variants in the dopamine transporter
and psychiatric disorders (http://www.ncbi.nlm.nih.gov; for examples see 35). However the majority of these studies have examined only one or two
polymorphisms in the gene and have thus only captured part of the genetic
information contained within the gene. Recent analyses using a larger
selection of markers have shown a complex pattern of variation and linkage
disequilibrium in the DAT gene. They have underlined the necessity for more
detailed examination of the locus, and the importance of identifying robust
functional variants5,6.
The most widely studied DAT polymorphism is a 40-bp variable
number tandem repeat (VNTR) in the 3’untranslated region (UTR) of the gene
with repeat copy numbers ranging from three to eleven2. Numerous studies
have investigated association between alleles and/or genotypes of the 3’UTRVNTR and clinical phenotypes thought to be related to dysregulation of
dopamine transmission, such as attention deficit hyperactivity disorder8,

Parkinson’s disease9, schizophrenia10, cocaine-induced paranoia11, severity of
alcohol withdrawal12 and methamphetamine-induced psychosis13. However,
the functional effect of this polymorphism is uncertain as the data do not
indicate a consistent effect of different alleles and genotypes on gene
expression4,14. One explanation for these variable results is that the 3’UTRVNTR is not the sole source of functional variation in the gene and is in
linkage disequilibrium with nearby functional polymorphism(s). These may
vary in their levels of linkage disequilibrium with the 3’UTR-VNTR in the
different case-control and family populations studied.
Our examination of the DAT genomic sequence revealed the 3’UTRVNTR is not unique. There are ~15 other candidate STRs (simple tandem
repeats) and VNTRs in the introns of DAT with 6 or more repeat copies.
While SNPs (single nucleotide polymorphisms) are markers of great utility in
genetic studies, different alleles of a VNTR represent a much greater physical
and chemical change to DNA sequence than different alleles of a SNP. We
suggest that these VNTRs may contribute to function in the following ways:
1.

They may operate as functional elements binding transcription

factors and other proteins that inhibit or promote expression as shown for the
serotonin transporter intron 2 VNTR15 and the pentanucleotide repeat in the
PIG3 gene16.
2.

They may affect the efficiency of mRNA splicing as shown for a

CA repeat in the eNOS gene17.

3.

They may act as variable spacer elements between functional

motifs.
For these reasons we regard VNTRs as very good a priori functional
candidates. We decided to characterize VNTR polymorphisms in the DAT
gene by first investigating a possible relationship between these markers and
susceptibility for a specific phenotype and then, secondly, by examination of
the functional activity that could be responsible for the development of the
disorder.
Initially, we selected for study the 3’UTR-VNTR and a 6 –copy 30bp
VNTR located in intron 8 as it lies in a region suggested by Greenwood et al6
to be in weak/variable LD with both the 3’ VNTR region and the 5’ region
including the promoter. This VNTR exists as just one (perfect) copy of the
motif in the Chimpanzee genome and is mildly conserved in rat and mouse
where this region of intron 8 contains large, presumably polymorphic, GA
and CA repeats, respectively (http://genome.ucsc.edu).
These markers were then genotyped in two samples of cocaine abusers
from Sao Paulo, Brazil, initially a Caucasian sample, and then a replication
sample of mixed African-Caucasian ethnicity. Cocaine binds neurotransmitter
transporters thus inhibiting reuptake. Its addictive effects are thought to be
principally mediated through blockage of the dopamine transporter,
increasing substantially the concentration of extracellular dopamine. This
results in elevated stimulation of neurons in brain regions related to reward

and reinforcement behaviour, thus explaining cocaine’s pleasurable and
addictive effects18.
Family and twin studies suggest a substantial genetic component in the
vulnerability of individuals to become dependent after exposure to cocaine1921

. Thus we hypothesize that functional genetic variation in the DAT gene

could contribute to an increased susceptibility for cocaine abuse and,
consequently, dependence. Our aim was then to confirm associations
observed by demonstrating a functional effect of identified risk alleles. Here
we report that the 30bp VNTR located in intron 8 of the DAT gene is
associated with cocaine abuse in the Brazilian population and further that the
risk allele has a differential effect on reporter gene expression.

Methods
Association Study
Subjects
Six hundred and ninety-five cocaine abusers were ascertained in the
state of São Paulo, Brazil.22,23 The study group consisted of drug users who
were in treatment from August 1997 to October 1998 in six inpatient and one
outpatient clinic located in the metropolitan region of São Paulo City with a
catchment of 16.7 million people. These drug treatment centres covered an
estimated 75% of all hospitalizations related to drug abuse or illegal drug
dependence carried out during the study period (Ministry of Health).
Inclusion criteria were: age 18 years and older, a history of cocaine
abuse and under drug treatment at the selected centres. Individuals with a
mental or physical disability were excluded. All current cocaine users were
then interviewed using a structured interview to collect data on
sociodemographic characteristics, sexual behaviours, and drug use profile. All
subjects satisfied an ICD10 diagnosis of cocaine dependence24. Blood samples
were collected from all participants for genetic and other analyses. A total of
64.4% of the participants reported having smoked cocaine (crack) over the
previous month and 51.1% had snorted cocaine over the same period. The
overall lifetime prevalence for any type of injected drug use (cocaine, heroin
and other opiates, amphetamines, and sedatives) was 17.9%.22

Controls
Eight hundred and fifty-five healthy controls were recruited from the
Blood Transfusion Unit of the Hospital das Clinicas, Faculty of Medicine,
University of São Paulo. Each blood donor was screened using a short
questionnaire investigating contagious diseases and the use of any kind of
drug. Subjects with a past history of drug abuse or with recent use of an
illegal drug were excluded. During the act of donation a short interview was
conducted and subjects with a lifetime history of a psychiatric disorder
requiring admission to hospital or suffering from a psychiatric condition at
time of interview were excluded.
Other Details
Ethnic classifications were determined by interviewer monitored selfreport. Nine hundred and thirty-two individuals (500 cases, 432 controls;
mean age 26.86, SD + 7.39 and 95% male; mean age 35.68, SD + 11.2 and 62%
male, for cases and controls respectively) were classified as Brazilian
Caucasian – that is of mixed European background (Italian, Portuguese,
German) . Six hundred eighteen individuals were classified as a Mixed
Brazilian African/Caucasian group includes (195 cases, 423 controls; mean age
26.24, SD + 6.6 and 81%; mean age 36.19, SD + 10.6 and 74% male for cases and
controls respectively). This group was of mixed European and African
background. During the ascertainment of controls, care was taken to ensure
the same ethnic classification was used, and that the sampling was from the

same population groups in São Paulo. All the subjects included in this study
gave written informed consent and this project was approved by the Ethical
Committee of the Federal University of São Paulo and other relevant local
ethics committees.
Polymorphisms
In addition to the initial intron 8 VNTR and the 3’UTR-VNTR, we then
also selected 2 SNPs, in intron 1 and intron 8 respectively, and a VNTR 10 kb
3’ of the DAT gene to help estimate haplotypes and examine those regions for
association.
VNTRs
In silico analyses of publicly available human DAT sequence
(http://genome.ucsc.edu, July 2003 release, NCBI v.31) revealed a large
number of genomic VNTRs in introns. The 40-bp 3’ untranslated region
VNTR (designated here as 3’UTR), and a VNTR in intron 8 (Int8) of the gene
were selected for the investigation.
Afterwards we selected a novel VNTR (37bp VNTR) located ~10kb 3’ to
the 3’UTR-VNTR. The 37 bp VNTR is described as a 6.1 copies of a 37 bp
repetitive element polymorphism and the Int8 as a 6.1 copies of a 30bp
element in the Simple Repeat table of the Human Genome in the UCSC
“Golden Path” database (http://genome.ucsc.edu).
The three markers were amplified by PCR (polymerase chain reaction)
using the following conditions: 5’ denaturation at 95 °C; then 35 cycles of 1

min at 95°C, 1 min at 60°C and 1 min at 72°C. The oligonucleotide primers
used were:
Int8-VNTRF: 5’-CTTGGGGAAGGAAGGG-3’ and
Int8-VNTR: 5’-TGTGTGCGTGCATGTGG-3’;
3’UTR-VNTR-F: 5’-TGGCACGCACCTGAGAG-3’ and
3’UTR-VNTR-R: 5’-GGCATTGGAGGATGGGG-3’;
37bp-VNTR-F: 5’-CTTGCTTCCGCAGAGCTAAT-3’ and
37bp-VNTR-R: 5’-GGCACTTCCTGAGAGCAGAG-3’.
Amplification products were separated on 3% agarose gel containing
ethidium bromide and visualized under UV light. Alleles of the Int8 and 37bp
VNTRs were called according to their relative size (smallest = allele 1)
whereas the coding system utilising the range from 3 to 11 copies was applied
for the 40bp VNTR (3’UTR VNTR).
SNPIn a previous study analysing variation within DAT, Greenwood
and colleagues6 selected a number of SNPs that span the gene from the distal
promoter through the 3’ UTR that are suitable for linkage disequilibrium
analyses. We decided to genotype two of these SNPs I1+1036 (rs2963238; C/A)
and I8+ 2086 (rs27048; A/G), in intron 1 and intron 8 respectively, and
investigate patterns of LD between these markers and the VNTRs. All
genotyping was performed blind to status using an amplifluor assay, and was
performed under contract by K-Biosciences (Cambridge, UK;
http://www.kbioscience.co.uk/).

Statistical Analyses
Genotype and allele frequencies were compared using a

2

test, and p-

values were assessed using simulation (CLUMP software25 v.2.2).
GENECOUNTING software v.2.026,27 was used to estimate haplotype
frequencies. Odds ratios and 95% confidence intervals were calculated using
Woolf’s method (1955) 28, implemented in Microsoft Excel (Microsoft
Corporation, CA).
Comparison of Allele Frequencies with CEPH Diversity Panel Data
The Allele Frequency Database (ALFRED29; http://alfred.med.yale.edu),
was used to access frequencies of intron 8 alleles in populations thought to be
of most direct relevance to the current study: (1) the African-American panel
and (2) the Europeans Mixed panel of US Caucasians for comparison with the
observed allele frequencies in the Brazilian Caucasian and Mixed
African/Caucasian groups.

Expression Analyses
Cell Growth
SN4741 is a mouse substantia nigra derived dopaminergic neuronal
cell line and was cultured at 33°C, 5% CO2 in D-MEM with Glutamax
supplemented with 10% FCS, 1% glucose, and penicillin-streptomycin. Post
transfection, cells were incubated in the same conditions30.
Construction of reporter gene constructs
The plasmids p5’ DAT2, p5’ DAT3, p3’ DAT2 and p3’DAT3 contained
alleles of the DAT VNTR found in intron8 of the DAT gene. Primers were
designed to amplify the variable region in individuals homozygous for either
allele 2 or 3. Forward 5’-GCTTGGGGAAGGAAGGG-3’ and Reverse 5’TGTGTGCGTGCATGTGG-3’. The PCR product for each fragment was gel
purified using the Qiaquick gel extraction kit (Qiagen), and then cloned into
the TA cloning plasmid pcRII-TOPO (Invitrogen), validity and directionality
being confirmed by DNA sequencing. For p5’ DAT2 and p5’ DAT3 the
fragment was then excised by Acc65I and XhoI and ligated into the MCS of
pGL3-P (Promega) introducing the fragment upstream of the start codon of
the luciferase gene. For p3’ DAT2 and p3’ DAT3 the fragment was excised
with BamHI and XhoI and ligated into the BamHI and SalI site of pGL3-P
introducing the fragment downstream of the stop codon of the luciferase
gene.

To introduce the two common Int8 allelic variants into the intron of the
renilla vector phRLsv40 (Promega), we utilised a plasmid supplied by Dr J.
Bubb containing an AscI linker within its intronic region. The primers were
modified: Forward 5’-TTGGCGCGCCGCTTGGGGAAGGAAGGG-3’ and
Reverse 5’-TTGGCGCGCCGTGTGCGTGCATGTGG-3’ to include Asc1
restriction sites enabling direct ligation of the PCR product into phRLsv40. All
plasmids were confirmed for validity and directionality by DNA Sequencing.
Transfection
~1x104 cells were plated onto 24 well plates 24 hours prior to
transfection with Transfast (Promega). Transfections were optimised
according to manufacturers’ instructions. In brief, reporter plasmid (0.5µg per
well) was mixed with serum free cell media (200µl per well) and Transfast
was added at a ratio of 2:1 (3µl per well). Cells were then washed twice with
PBS, DNA media mixture added for 1 hour, after which 1 ml of relevant cell
media containing 10%FBS was added

Reporter gene assay
After 48hour cells were washed twice with PBS, then lysed with
Passive Lysis buffer (Promega). After 15 min agitation at room temperature,
the cell lysate was centrifuged briefly at 10000g. Supernatants were assayed
for reporter gene expression by using the relevant Promega assay system.
Supernatants (20µl) was added to 100µl of assay reagent in opaque 96 well
plates and the light emission was measured over a given time interval with
the Life Sciences Labsystems Luminoskan, model RT. Cells where appropriate
were serum deprived, exposed to a potassium evoked depolarisation or a
potassium evoked depolarisation combined with Forskolin. Forskolin was
used at 10µM final concentration. Depolarsation of SN4741 cells was achieved
using final concentrations of 10mM CaCl2 and 40mM KCl. Luciferase/renilla
results were normalized to total protein concentration, which was measured
with the BCA protein assay kit (Pierce) in accordance with the manufacturers
instructions. Results are means +/- S.D. of three experiments performed in
triplicate using cells of the same or similar passage number.

Results
Genotyping
The analysis was conducted dividing the samples in two groups based
on individual’s ethnic background: Brazilian Caucasian and Mixed Brazilian
African/Caucasian.
The genotype counts and frequencies are indicated in Table 1a, b ,c for
the Int8 VNTR, the 3’UTR VNTR, and 37bp VNTR respectively. No significant
case-control difference was observed for either the 3’UTR or 37bp VNTRs.
However consistent association in both ethnic groups was found with the Int8
VNTR. Evaluating the genotype distribution we observed that the 33
genotype is distinctly increased in the case samples from both ethnic groups
whereas the 23 genotype was noticeably decreased.
Subsequently, allele wise odds ratios were calculated by excluding the
rare alleles and only considering alleles 2 and 3 of Int8 (as they were >90% of
the total alleles observed) using Woolf’s method28. Genotypic odds ratios were
calculated in a similar manner, using a recessive model for the 3 allele and by
using 23 as a reference. Using Woolf’s method also allowed us to metaanalyse the data to give odds ratios and p-values while allowing for the
differing allele and genotype frequencies between the Caucasian and Mixed
African/Caucasian samples.
Table 2 summarizes the results. Allele wise analyses did not show any
statistical differences between cases and controls in the different groups.

However the recessive model for the int8 VNTR allele 3 showed a significant
increase frequency of the 33 genotype in the case sample for both ethnic
groups. Moreover when 23 was used as a reference the association became
even more evident with an Odds Ratio (OR) =1.40 and 95% Confidence
Interval (CI): 1.06-1.83 (p=0.017) for the Caucasian group and an OR=1.68,
95%CI: 1.15-2.45 (p=0.007) for the African/Caucasian sample.
The Meta Analyses finally demonstrated that the 33 genotype is
associated with cocaine abuse in the Brazilian sample (for 33 versus 22 and 23:
OR=1.35, 95%CI: 1.10-1.67, p=0.0047; for 33 versus 23: OR=1.49, 95%CI: 1.191.85; p=0.0004). The p-values generated by CLUMP25 (T1, T4 using 10,000
simulations) for analysis of genotypic and allele wise distributions are also
included in table 2 for comparison with the odds ratio analysis.
Genotypes and allele frequencies for the I1+1036 and I8+ 2086 SNPs did
not show a significant difference between cases and controls in both groups
(data not shown). In addition, both control groups and both case group were
in Hardy Weinberg Equilibrium (p>0.05) for the markers tested (as assessed
by the HWE program)31. Additional clinical variables such as type of cocaine
used, age of onset or sex did not show an association/interaction with the
markers genotyped (data not shown).

one of the samples are shown. All genotype distributions were in Hardy Weinberg equilibrium.

Caucasian and Mixed African/Caucasian Samples. In Table 1b only the genotype that were represented more than 1% in at least

Table 1: Genotype Number and Frequency (%) of the 3 VNTRs in Healthy Controls and Cocaine Abusers in the Brazilian
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0.539

0.007

0.045

0.216
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0.18

0.0004

0.0047

(2-tailed)

p-value

0.019

0.043

Clump t4 p-value*

*considering entire distribution

0.047

0.017

Clump t1 p-value*

Genotype Wise p-values

Table2: Genotype p-values, Odds Ratio analysis of Int8-VNTR alleles, genotypes with 95% Confidence Intervals and p-values.

presented in Table 1a using CLUMP are also shown, for comparison.

Meta-Analyses of both populations using Woolf’s method are shown. Genotype wise p-values derived from analysis of data

A recessive model for allele 3 and a model with the 23 genotype as reference were used in addition to allele wise. Results of

Table2: Odds Ratio analysis of Int8-VNTR alleles and genotypes with 95% Confidence Intervals and p-values.

Comparison of Data with CEPH Diversity Panel Data
In an attempt to verify the influence of genetic stratification in our
sample, we decided to compare the allele frequencies of the intron8 VNTR
between the Brazilian Caucasian group and Mixed African/Caucasian group
with populations from the CEPH diversity panels using the ALFRED
database29 namely:
1. “Europeans, Mixed” - 44 samples collected by K. Kidd from
unrelated individuals of European ancestry living in the United States and
Canada.
2. “African-American” - This sample is of 91 cell lines (182
chromosomes) from the NIGMS Cell Repository, Corielle Institute for Medical
Research and was collected throughout the United States of America. These
represent a broad cross-section of African Americans.
Figure 1 summarizes the results of the comparison. The frequency of
the alleles in the Brazilian Caucasian group showed to be very similar to the
Europeans Mixed population (70% versus 71% for the allele 3, respectively).
The

observed

allelic

African/Caucasian group

distribution
was

among

intermediate

the

Brazilian

between the

Mixed

values

for

“Europeans, Mixed” and African American. It should be noted that our
association is primarily genotypic and not allelic in nature and that
comparison of genotype frequencies yields similar results for the control
groups but less marked similarities for the cases.
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Figure 1. Frequency of Int8-VNTR allele 2 and 3 in cases, controls and
reference populations.
Case and control allele frequencies (in % terms) for both samples. For
comparison, the allelic distribution in two populations from the ALFRED
database, “Europeans, Mixed” and African American, are also shown.
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3

Haplotype and Linkage Disequilibrium Analysis
We analysed haplotypes for all markers involved using
Genecounting26 and Genecounting utilities27 (data not shown) and did not
find significant haplotypic association after permutation analysis. In addition
pair-wise LD was calculated using LDpairs program from GC utilities27 and
is given in Table 3 in terms of r (the Cramer’s V statistic).
Table3: Pairwise LD Values - Values of r (Cramer’s V)
A. Brazilian Caucasian
SNPInt8
SNP0.158

Int1

Int8VNTR

3’UTRVNTR

37bp
VNTR

0.146

0.107

0.108

0.398

0.147

0.075

0.269

0.146

SNPInt8
Int8VNTR
3’UTR0.236

VNTR
B. Brazilian African Caucasian
SNPInt8Int8
VNTR
SNP0.094

Int1

3’UTRVNTR

37bp
VNTR

0.122

0.192

0.159

0.513

0.155

0.074

0.174

0.153

SNPInt8
Int8VNTR
3’UTRVNTR

0.198

Functional Results
We tested the function of both 3' and intron 8 VNTRs separately in
conventional reporter gene constructs (Promega). The intron 8 VNTR
common alleles had no activity in a reporter gene assay when cloned in the 3'
location; however when the intron 8 VNTR alleles were cloned in the region
5' to the reporter gene both the 2 and 3 copy demonstrated a repressor
function, Figure 2. The 3'UTR VNTR was cloned in the 3’ location and
displayed no activity (data not shown) although when cloned in the 5’
position it demonstrated enhancer function14. Since the location of both the
intron 8 and 3' UTR VNTR demonstrated differential function we cloned the
intron 8 domain in a more relevant orientation, using a modified renillia
vector with a polyclonal site within an intron for testing such intronic VNTR
domains as functional units. The intron element when cloned in this domain
demonstrated a small but statistically significant increase (p<0.05) in reporter
gene expression for the 2 allele of the Int8 VNTR.
We then tested the response of the Int8-VNTR-2 and Int8-VNTR-3
alleles to synergistic challenge. Pairing of increased Ca2+ and cAMP signals
results in robust, synergistic, activation of CRE-mediated transcription.
Specifically, the co-administration of Forskolin (10µM) and K+ (40 mM)
triggered a ~6-fold potentiation of reporter expression (see Figure 3).
Forskolin (1 - 10 mM) is a membrane permeable activator of adenylyl
cyclase. Increasing extracellular potassium will depolarise the membrane

potential of neurons (or any cell). In cultured cells increasing extracellular K+
results leads to an increase in cytosolic Ca2+ and results in enhanced (Cre
dependant) transcription. Furthermore, the co-activation of Ca2+ and cAMP
pathways results in a robust synergistic activation of transcription. In this
system the Int8-VNTR-3 allele demonstrated a large increase (6-fold) in
reporter gene expression in response to synergistic challenge (p<<0.001). We
have demonstrated that these domains can support differential expression to
specific challenges and that Int8 VNTR alleles can differentially mediate
response.

Figure.2 Expression of DAT Int8-VNTR alleles in expression constructs

Figure 2(a) A representation of the two reporter plasmids utilized.
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Figure 2(b) Relative expression of DAT Int8-VNTR allele is different reporter
construct orientations.
Data is presented using unrecombined plasmid as a control in each
experiment, the relative expression over the unrecombined plasmid yields a
fold increase measure of activity. Cells were left for 48hours post transfection
before assay, each experiment was performed three times and in triplicate.
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Figure 3. Potassium induced depolarisation (K+IP) and forskolin/K+IP stimulate
differential responses in gene expression between the two Int8-VNTR alleles.

of renilla activity.

10mM CaCl2 and 40mM KCl. Data is presented using relative expression over the unrecombined plasmid yielding a fold increase measure

the two Int8-VNTR alleles. Data are from experiments performed in triplicate. Forskolin was added to 10µM, and K+IP was induced using

Figure 3. Potassium induced depolarisation (K+IP) and Forskolin/K+IP stimulate differential responses in gene expression between
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Discussion
We examined a total of 695 cocaine abusers and 855 controls and
identified a positive association with an allele of the 30bp VNTR in intron 8 of
the dopamine transporter gene, the Int8 VNTR. Association and haplotype
analyses using other polymorphisms in and near the gene (the 3’UTR VNTR,
a novel 37bp VNTR and SNPS rs2963238 and rs27048) indicate that the Int8
VNTR is the variant responsible for the observed association, despite
significant linkage disequilibrium (r > 0.4) existing between it and some of the
other variants. Moreover, functional analyses strongly suggest that the risk
allele 3 mediates a differential and increased response to stress in reporter
constructs in comparison with the other common and “protective” allele 2.
However, the main direction of association observed is genotypic not
allelic, suggesting that both alleles have a role to play in regulating
expression. Notably the Int8-VNTR genotype was as strongly protective as
the 33 genotype was risk-causing. This suggests that if indeed the 3 allele acts
to increase risk of cocaine abuse, it does so in a recessive manner. The lack of
allele-wise association could be due to this, and a much larger sample may be
needed to detect the separate effect of each allele. Unusually, the 22 genotype
was neither protective nor significantly risk causing in either sample. This
may be due to the smaller number of observations or, alternately, a complex
interaction between the two alleles at this marker in regulating gene
expression.

Our sample was divided in two ethnic groups for analysis, sample I of
patients and controls derived from mixed European ancestry (Italian,
Portuguese, German) and another of mixed European African heritage, with
association being observed in both groups. Comparison of allele frequencies
in our samples with reference populations indicates this division is consistent
with observed allele frequencies. Nevertheless, the possibility of stratification
means these results should be interpreted cautiously. However, replication in
both samples of the same genotypic pattern of association adds weight to the
observed association. In addition, our functional evidence shows that the risk
allele 3 exhibits a 6-fold differential response to stimulus in comparison to the
protective or 2 allele, and is strongly supportive of the association finding.
In our functional work we found good evidence of a differential effect
on reporter gene expression of the Int8-VNTR 3 allele when placed in the
intron of an expression vector. The data indicates that in a normal or resting
state the 3 allele confers slightly less expression of the reporter construct that
the 2 allele. However, when challenged with the addition of KCl and
Forskolin to the cell culture medium the 3 allele causes a large upregulation of
reporter gene expression (6x normal), while the 2 allele does not exhibit any
change. The use of K+ induced depolarisation and Forskolin addition is a
well-practised method to “stress” cells and induce responses in gene
expression 32-34 . Furthermore, this was observed using a mouse dopaminergic
cell line and in 3 replicate experiments.

It is notable that this is the first large scale study of the role of
dopamine transporter gene variants in Cocaine abuse both in terms of the
sample size examined and the number of polymorphisms genotyped. There
have been relatively few genetic association studies of cocaine abuse, only one
of which11 looked at the role of a DAT polymorphism in a small (by more
recent standards) sample of cocaine abusers (n=102) through genotyping the
3’UTR-VNTR. Other molecular genetic studies that have examined cocaine
abuse as the primary phenotype have principally focussed on the serotonin
transporter35-37, dopamine beta hydroxylase38 and dopamine receptors39. In the
previous DAT association study, Gelernter et al11 failed to find an association
with cocaine abuse but did suggest a role for DAT 3’ UTR-VNTR alleles in
cocaine induced paranoia.
The effect of the Int8-VNTR 33 genotype on dopamine transporter
expression in the brain is unknown. Given the stress response characteristics
of the reporter gene containing the Int8 VNTR in reporter constructs, and the
neurochemical and neurotoxic effects of cocaine we hypothesise that people
possessing the 33 genotype will exhibit a differential response in terms of
DAT gene expression when exposed to cocaine. If, as our data suggest,
expression may rise rapidly upon stimulus, this could leave an individual in a
dopamine depleted state in the period after an initial dose of cocaine.
Conceivably, this could contribute to both the described salience and
sensitisation responses observed in abusers40.

To summarise we have found a robust association between cocaine
abuse and a functional VNTR allele in the dopamine transporter. While a false
positive finding due to population stratification is a potential concern for this
type of study, this was addressed by the implementation of a replication
strategy, with confirmation of the association in the two population groups,
and also the demonstration of a functional effect for the risk allele. In
addition, haplotype analyses in the sample support the idea that the Int8VNTR is the relevant functional motif in this sample as no other markers and
common marker-marker haplotypes exhibit association. However, both the
functional and genetic work will require replication in Cocaine abuse.
Additional studies of other drug abuse phenotypes than cocaine abuse will be
necessary to explore the role of this polymorphism in addictive processes.
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