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The Variable Number of Tandem Repeats
Polymorphism of the Dopamine Transporter
Gene Is Not Associated with Significant
Change in Dopamine Transporter

Phenotype in Humans
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A 40 base polymorphism of a variable number of tandem
repeats (VNTR) has been described in the 3’ untranslated
region of the gene (SLC6A3) coding for the dopamine
transporter (DAT). Despite being located in the
untranslated region of the gene, this polymorphism has been
associated with clinical phenotypes associated with
dysregulation of dopamine transmission, such as attention
deficit hyperactivity disorder and cocaine-induced paranoia.
To examine the neurochemical phenotype associated with
this polymorphism, we compared amphetamine-induced
dopamine release (measured as displacement of the
radiotracer [**I]IBZM) and DAT expression (measured
with [*31]B-CIT) in the striatum with Single Photon

Computerized Emission Tomography (SPECT). Our
sample included 59 subjects, 31 healthy controls and 29
patients with schizophrenia. No significant association was
found between VNTR polymorphism and amphetamine-
induced dopamine release or DAT density in the total
sample, nor when each diagnostic group was considered
separately. Thus, we did not replicate the findings of two
previous studies, which had suggested that the 9 repeat
allele was associated with either an increased or decreased
DAT expression, albeit in different patient populations.
[Neuropsychopharmacology 24:553-560, 2001]
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The dopamine transporter (DAT) plays a key role in reg-
ulating dopamine neurotransmission. The gene coding
for DAT, SLC6AS3 (solute carrier family 6, member 3), is
localized on chromosome 5p15.3 (Vandenbergh et al.
1992). A 40 base polymorphism of a variable number of
tandem repeats (VNTR) has been described in the 3’ un-
translated region of exon 15 of the gene (Vandenbergh et
al. 1992, 2000). In most populations, the nine and ten re-
peat alleles are the most common, although three, five,
seven, eight, and eleven repeat alleles are also observed
in various populations (Gelernter et al. 1998).

Despite being located in the untranslated region of the
gene, this polymorphism has been associated with sev-
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eral clinical phenotypes associated with dysregulation of
dopamine transmission. Linkage disequilibrium between
attention deficit hyperactivity disorder (ADHD) and the
10-repeat allele has been demonstrated in 4 studies (Cook
et al. 1995; Daly et al. 1999; Gill et al. 1997; Waldman et al.
1998). Gelernter et al. (1994) have demonstrated an associ-
ation between the 9-repeat allele and a history of cocaine-
induced paranoia among cocaine dependent subjects. An
association between the nine-repeat allele and severity of
alcohol withdrawal has been reported (Sander et al. 1997;
Schmidt et al. 1998). Nine-repeat allele carriers have also
be found to be less likely to be tobacco smokers (Lerman
et al. 1999; Sabol et al. 1999). On the other hand, this
VNTR polymorphism is not associated with polysub-
stance abuse (Persico et al. 1993), cocaine dependence
(Gelernter et al. 1994), delusional disorder (Persico and
Catalano 1998), schizophrenia (Byerley et al. 1993; Persico
et al. 1995), Tourette’s syndrome (Gelernter et al. 1995;
Vandenbergh et al. 2000), or alcoholism itself (Sander et
al. 1997; Vandenbergh et al. 2000).

The 3" VNTR polymorphism is not associated with
mutations in the DAT protein sequence (Vandenbergh
et al. 2000). Thus, these associations suggest that the 3’
VNTR polymorphism might be in linkage disequilib-
rium with a mutation which influences either gene ex-
pression or physiological function of the protein. Brain
imaging provides a tool to study the functional conse-
quences of this genetic polymorphism in vivo. Single
photon emission tomography (SPECT) and the radio-
tracer ["®IJmethyl 3B-(4-iodophenyl)tropane-2B-car-
boxylate (['*I]B-CIT) provides a quantitative measure
of DAT availability in the human brain (Innis et al.
1993; Laruelle et al. 1993). Two groups have reported an
association between the SLC6A3 VNTR polymorphism
and DAT density in humans. Heinz et al. (2000) studied
a group of 25 subjects (14 abstinent alcoholics and 11
controls) and reported that 9-repeat individuals (9-10
heterozygotes) had a mean 22% decrease in ['ZI]3-CIT
binding in putamen compared to the 10-repeat subjects
(10-10 homozygotes). Jacobsen et al. (2000) studied a
group of 44 subjects (14 recently detoxified cocaine
abusers and 30 healthy controls). In this study, 9-repeat
carriers (99 homozygotes and 9-10 heterozygotes)
showed a mean 13.4% increase in striatal ["?°I]3-CIT
binding compared to 10-10 homozygotes. Thus, these
groups, using the same radiotracer, reported opposite
findings, such that it remains unclear if the SLC6A3
VNTR polymorphism influences the density of this pro-
tein in humans.

On the other hand, DAT function is influenced by
multiple factors other than degree of expression, such
as phosphorylation and sequestration. The observation
that cocaine abusers who have the 9-repeat allele
(SLC6A3*9R) run an increased risk of developing co-
caine induced paranoia (Gelernter et al. 1994) is consis-
tent with the hypothesis that this allele may be associ-
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ated with a decreased efficiency of the DAT to clear
dopamine from the synaptic space, since psychostimu-
lant-induced psychosis is associated with increased
dopamine transmission (Laruelle et al. 1996). The in-
crease in synaptic dopamine concentration elicited by a
psychostimulant challenge (cocaine, methylphenidate,
or amphetamine) can be measured as the decrease in
binding potential of the dopamine type 2 receptor (D,)
radiotracers such as [!'CJraclopride or ['*I]IBZM
(Laruelle et al. 1995; Schlaepfer et al., 1997; Volkow et
al. 1994). Competition between dopamine and these ra-
diotracers for binding to D, receptors in the mechanism
believed to underlie this effect, although agonist-medi-
ated internalization of D, receptors might also play a
role in this response (for review see Laruelle 2000).

In this study, we investigated the association be-
tween the SLC6A3 VNTR polymorphism and 1) DAT
protein availability measured as the specific binding of
['®I]B-CIT and 2) amphetamine-induced increase in
synaptic dopamine measured as a decrease in the spe-
cific binding of ['®IJIBZM. Both measurements were
obtained in the same group of 59 subjects (31 healthy
controls and 28 untreated patients with schizophrenia).
Given the previous contradictory findings reported on
the association between SLC6A3 VNTR polymorphism
and ['ZI]B-CIT binding, we did not specifically formu-
late a hypothesis regarding an increase or decrease in
['#I]B-CIT binding and VNTR polymorphism.

With respect to the association between SLC6A3
VNTR polymorphism and amphetamine-induced dopa-
mine release, our hypothesis was that SLC6A3*9R carri-
ers would display greater reduction in ['*I]IBZM BP
following amphetamine (i.e., greater increase in synaptic
dopamine) compared to 10-repeat carriers (SLC6A3*10R).
This hypothesis was generated by the previous obser-
vation that the 9 repeat allele increases vulnerability to
cocaine-induced psychosis.

METHODS
Subjects

The SLC6A3 VNTR polymorphism was determined in
59 subjects: 31 controls and 28 patients with schizophre-
nia. All 59 subjects underwent SPECT scanning with
['ZIJIBZM, before and after an amphetamine challenge
(0.3 mg/kg). Forty-three of these subjects underwent
scanning with ['ZI]B-CIT.

The imaging data of most of these subjects have been
previously published. In the amphetamine-induced
dopamine release sample (n = 59), imaging data were
published in Laruelle et al. (1996) (25 subjects: 13 con-
trol subjects and 12 patients with schizophrenia), in
Abi-Dargham et al. (1998) (28 subjects: 15 control sub-
jects and 13 patients with schizophrenia), and in Kege-
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les et al. (1999) (2 control subjects), while imaging data
from 4 subjects are unpublished (1 control and 3 pa-
tients with schizophrenia). Data included subjects stud-
ied at Yale University (53) and Columbia University (6).
Studies from both sites were performed using the same
type of SPECT camera (PRISM 3000, Picker, Cleveland,
OH) equipped with the same collimators and the same
protocol, and were conducted under the direction of the
same investigators (AAD and ML). We have previously
shown that the study site does not affect the outcome mea-
sure of amphetamine-induced reduction in ['*IJIBZM
binding potential (Laruelle et al. 1999). The ['*I]B-CIT
sample (n = 43) included 21 controls and 22 patients
with schizophrenia. All ['"®I]B-CIT scans were per-
formed at Yale and published in Laruelle et al (Laruelle
et al. 2000).

These studies were approved by at least 2 of 4 insti-
tutional review boards (IRB). Studies conducted at Yale
were approved by the Yale University IRB and West
Haven Veteran Administration Medical Center IRB.
Studies conducted at Columbia were approved by the
New York State Psychiatric Institute IRB and the Co-
lumbia Presbyterian Medical Center IRB. Patients pro-
vided informed consent after detailed explanation of
the nature and risks of the study.

Inclusion criteria for patients were as follows: (1) di-
agnosis of schizophrenia according to Diagnostic and
Statistical Manual (DSM-1V), (2) no other DSM-IV axis I
diagnosis, (3) no history of alcohol or substance abuse
or dependence, (4) no concomitant or past severe medi-
cal conditions, (5) absence of pregnancy; (6) no current
suicidal or homicidal ideation, and (7) ability to provide
informed consent.

All subjects with schizophrenia scanned with
['ZIJIBZM had been off all psychotropic medication for
at least 21 days prior to the study (with the exception of
lorazepam, which was allowed at a maximal dose of 3
mg per day up to 24 hours prior to the study). Since
chronic neuroleptic administration does not affect DAT
density (Allard et al. 1990; Ase et al. 1999; Reader et al.
1998; Rivest et al. 1995), there was no rationale to with-
hold treatment prior to the ['®I]B-CIT scan. In the
[**I]B-CIT study, eight of the schizophrenic patients
were treated with antipsychotic medication at the time
of scanning. The other subjects were off-medications for
an average of 17.5 * 11 days (range 7-33 days).

Inclusion criteria for the normal control group were:
(1) absence of past or present neurological or psychiatric
illnesses, (2) no concomitant or past severe medical con-
ditions, (3) absence of pregnancy, (4) absence of prior ex-
posure to d-amphetamine, and (5) informed consent.

Imaging Methods

The imaging method and data analyses have been previ-
ously described (Laruelle et al. 1996, 2000). Briefly, slices
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with highest striatal uptake were used to generate a
summed striatal slice. Right and left striatal regions and
an occipital region were positioned on the summed
slice. The right and left striatal regions were averaged
and the occipital region was used as the reference re-
gion. Attenuation correction was performed using the
Chang algorithm (Chang 1987), which assumes uniform
attenuation within an ellipse drawn around the skull.
Both measures of ['®I]IBZM and ['Z’I]3-CIT were taken
at equilibrium. For ['"®I]B-CIT, the outcome measure
was the specific to nonspecific equilibrium ratio (V")
measured 24 h following single bolus injection. V5" is de-
fined as the ratio of specific to nonspecific activity or
BP/V2 where BP = Bmax/KD and V2 is the non-
displaceable distribution volume. For amphetamine-
induced dopamine release, the outcome measure was
the relative difference in ['*I]IBZM V", measured under
equilibrium conditions, before and 60 min after amphet-
amine injection (0.3 mg/kg). This difference was ex-
pressed in percentage of the baseline value.

SLC6A3 VNTR Polymorphism

We used either the primers described by Vandenbergh
et al. (1992), as described previously (Gelernter et al.
1998), or primer T7-3along (CTT CCT GGA GGT CAC
GGC TCA AGG) (Vandenbergh et al. 1992) and James5
(AG GAA ATT CTG TTT ATG TTC TTG) to amplify the
VNTR. The latter pair amplifies a segment 91 bp longer
than that amplified by use of both primers described by
Vandenbergh et al. (1992).

Statistical Analysis

For purpose of this analysis, 9-10 and 9-11 heterozygotes
and 9-9 homozygotes were grouped as SLC6A3*9IR car-
riers and contrasted with SLC6A3*10R homozygotes.
Given the relative rarity of 9-9 homozygotes it was nec-
essary to group all 9 allele carriers (homozygotes and
heterozygotes) together. Statistical analyses were car-
ried out with a 2 way ANOVA using genotype and di-
agnosis as factors and the imaging outcome measure as
the dependent variable. Values are given as mean + SD.

RESULTS
Genotype Composition of the Sample

Among 31 control subjects, 12 were SLC6A3*9R carriers
(11 were 9-10 and 1 was 9-9), and 19 were 10-repeat ho-
mozygotes. Among the 28 subjects with schizophrenia, 11
were SLC6A3*9IR carriers (8 were 9-10 genotypes, 2 were
9-9, and 1 was 9-11), and 17 were SLC6A3*10R homozy-
gotes. The relative proportion of SLC6A3*9R carriers was
38% in controls and 39% in patients with schizophrenia.
The four subgroups were matched for age (Table 1).
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Table 1. Sample Composition

SLC6A3*9R SLC6A3*10R
carriers homozygotes
Diagnosis n Age (years) n Age (years)
Controls 12 43+9 19 38%=9
Patients with Schizophrenia 11 38+9 17 40%=10
Total 23 41+9 36 39*10

Amphetamine-Induced Dopamine Release

Baseline D2 receptor availability did not differ signifi-
cantly between SLC6A3*9R carriers (baseline ['*I]IBZM
V3" 0f 0.93 = 0.23) and SLC6A3*10R homozygotes (0.97 +
0.26, p = .51). Regarding amphetamine-induced DA re-
lease, analysis of variance revealed a significant effect
of diagnosis but no significant effect of DAT VNTR sta-
tus (Table 2). Amphetamine-induced displacement of
['*I]IIBZM in the SLC6A3*IR carrier group was 14.4 =
13.8% compared to 10.3 = 10.2% for the SLC6A3*10R
homozygote group (p = .16).

The mean displacement of ['*I]IBZM following am-
phetamine in SLC6A3*9R carrier subjects with schizo-
phrenia was 21.0 = 16.2% compared to a mean dis-
placement in SLC6A3*10R homozygote subjects with
schizophrenia of 14.5 + 11.7% (p = .24). The SLC6A3*9R
carrier control subjects showed a mean displacement of
8.3 * 7.8%, whereas SLC6A3*10R homozygote control
subjects showed a mean displacement of 6.6 * 7.2% (p =
.55). Thus, the SLC6A3*9R carrier subjects displayed
greater decrease in ['*I]IBZM BP after amphetamine in
both diagnostic groups, but this difference failed to
reach significance (Figure 1).

DAT Expression

Analysis of variance revealed no significant effect of di-
agnosis or VNTR status on ['#I]3-CIT V5" (Table 3). The
mean ['ZI]B-CIT V;" in the SLC6A3*9R carrier group
was 8.1 = 1.8 compared to 8.1 = 1.4 for the SLC6A3*10R
homozygote group (p = .97).

['ZI]B-CIT V3" in SLC6A3*9R carrier subjects with
schizophrenia was 7.9 = 2.1 compared to 7.8 = 1.5 in
SLC6A3*10R homozygotes subjects with schizophrenia.
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SLC6A3*9R carrier control subjects showed ['ZI]B-CIT
V;" of 8.2 = 1.5, whereas SLC6A3*10R homozygote con-
trol subjects showed ['ZI]B-CIT V,” of 8.2 * 1.3 (Figure
2). Among the schizophrenic patients, no significant
difference was noted between patients on (['*I]B-CIT
V" of 7.9 % 1.1) or off (PIB-CIT V4" of 7.8 + 2.0, p =
.94) neuroleptic at the time of the ['*I]B-CIT scan.

DISCUSSION

In this study, no significant association was detected be-
tween SLC6A3 VNTR polymorphism and amphetamine-
induced dopamine release or DAT expression. This
study is the first report examining potential relationship
between SLC6A3 VNTR polymorphism and amphet-
amine-induced dopamine release. The observation that,
in cocaine abusers, SLC6A3*9R carrier subjects are more
prone to cocaine-induced paranoia (Gelernter et al. 1994)
prompted the hypothesis that the SLC6A3*OR allele
might be associated with increased psychostimulant-
induced dopamine release. The mechanism by which
amphetamine induces a marked increase in synaptic
dopamine is complex, but is ultimately associated with
DAT function, since it is currently postulated that am-
phetamine-induced dopamine release is mediated by re-
verse transport of dopamine from the cytoplasm to the
synaptic cleft (Sulzer et al. 1993).

In accordance with this hypothesis, we observed
that, in both groups (patients with schizophrenia and
controls), SLC6A3*9R carrier subjects displayed a
greater amphetamine-induced dopamine release com-
pared to SLC6A3*10R homozygotes. Yet, this difference
did not reach significance. Thus, it appears that if the
VNTR polymorphism has an effect in modulating
dopamine transporter function, it is small in magnitude
and studies in a larger group of subjects might be
needed to clarify this issue.

While the diagnosis by genotype interaction was not
significant, the effect size (dt) of the difference was
larger in patients with schizophrenia (dt = 0.46) than in
controls (dt = 0.07). We previously showed that am-
phetamine-induced dopamine release is increased in
patients with schizophrenia who are experiencing a
first episode of illness or an episode of illness exacerba-
tion but not in patients in clinical remission (Laruelle et

Table 2. Effect of Diagnosis and DAT VNTR Status on Amphetamine-Induced

Dopamine Release

df  Sum of Squares =~ Mean Square = Fvalue  p value
Diagnosis 1 0.148 0.148 12.688 .008
DAT VNTR Status 1 0.024 0.024 2.032 .16
Diagnosis by VNTR Status 1 0.008 0.008 0.697 A1
Residual 55 0.641 0.012
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Figure 1. Mean * SD of striatal amphetamine-induced
decreased in ["®I]JIBZM binding potential in patients with
schizophrenia carriers of the DAT VNTR 9-repeat allele
(SCH-9R-C), in patients with schizophrenia homozygotes
for the DAT VNTR 10-repeat allele (SCH-10R-H), in healthy
controls carriers of the DAT VNTR 9-repeat allele (CTR-
9R-C), and in healthy controls homozygotes for the DAT
VNTR 10-repeat allele (CTR-10R-H). Schizophrenia was
associated with a larger increased in synaptic dopamine fol-
lowing the amphetamine challenge compared to controls.
While in both diagnostic groups subjects carriers of the
9-repeat allele displayed larger amphetamine effect, this dif-
ference failed to reach significance.

al. 1999). This observation suggests that the dysregula-
tion of dopamine transmission revealed by the amphet-
amine challenge might fluctuate over the course of ill-
ness. If this is the case, it would make the identification
of genotype associated with this response more diffi-
cult, since the relationship would have to be corrected
for the illness phase. When controlling for this factor
(two way ANOVA with clinical phase and genotype as
factors and ['*I]IBZM displacement by amphetamine
as dependent variable), we found the previously signif-
icant effect of illness phase (p = .014) and no effect of
the genotype (p = .33). Thus, there is no evidence that
this confounding factor obscured a potential impact
of SLC6A3 VNTR polymorphism on amphetamine-
induced dopamine release in patients with schizophre-
nia. Quite the opposite, the VNTR effect was reduced
when the clinical phase was taken into consideration.
Regarding ['*I]B-CIT binding, the present study was
clearly negative and failed to replicate previously de-
scribed associations between the SLC6A3*9R allele and
low [®I]B-CIT binding (Heinz et al. 2000) or high
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['®I]B-CIT binding (Jacobsen et al. 2000). The three
studies used the same ligand (['*I]3-CIT) and similar
scanning techniques (equilibrium imaging at 24 h post
injection), although there were some differences in im-
aging methodology.

1. Heinz et al. (2000) used BP’ as outcome measure,
which is the ratio of specific binding to plasma
['#I]B-CIT concentration at equilibrium. In our study
and that of Jacobsen et al. (2000), the outcome mea-
sure was V5", which is a ratio of specific to non-spe-
cific binding. Although we would not expect geno-
type to affect non-specific binding, the advantage of
the method used by Heinz et al. (2000) is that it pro-
tects against possible between group differences in
nonspecific binding.

. Jacobsen et al. (2000) and Heinz et al. (2000) used the
cerebellum as the reference region, whereas our
study used the occipital cortex as the reference re-
gion. Again, this factor would not be expected to af-
fect the outcome given that both regions are devoid
of both DAT and D, receptors.

. Jacobsen et al. (2000) performed attenuation correc-
tion based on a transmission scan, whereas our
study and that of Heinz et al. (2000) assumed uni-
form attenuation within an ellipse drawn around the
skull. However, attenuation correction based on
transmission scan does not significantly increase stri-
atal ['ZI]B-CIT accuracy compared to uniform atten-
uation (Rajeevan et al. 1998). Thus, the differences in
imaging methods between the three studies are not
expected to bias the between group comparisons.

Interactions between VNTR polymorphism effect on
gene expression and clinical conditions is another po-
tential source of conflicting results. Heinz et al. (2000)
studied alcoholic subjects and healthy controls, Jacob-
sen et al. (2000) studied cocaine abusers and healthy
controls, and we studied patients with schizophrenia
and healthy controls. However, in all three studies, the
findings resulting from the analysis of the entire sample
(pathological condition plus controls) were also present
in the control subjects.

Heinz et al. (2000) studied a group of 25 subjects (14
abstinent alcoholics and 11 controls) and reported that
SLC6A3*9R carriers had a mean 22% decrease in ['2*I]B-
CIT binding in putamen compared to non SLC6A3*10R
homozygotes. Since this association was significant in

Table 3. Effect of Diagnosis and DAT VNTR Status on ['*I]B-CIT V"

df  Sum of Squares =~ Mean Square = Fvalue  p value
Diagnosis 1 1.346 1.346 0.528 47
DAT VNTR Status 1 0.003 0.003 0.001 .97
Diagnosis by VNTR Status 1 0.064 0.064 0.025 .87
Residual 39 99.389 2.548
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Figure 2. Mean = SD of striatal ['*’T]3-CIT V3" in patients
with schizophrenia carriers of the DAT VNTR 9-repeat allele
(SCH-9R-C), in patients with schizophrenia homozygotes
for the DAT VNTR 10-repeat allele (SCH-10R-H), in healthy
controls carriers of the DAT VNTR 9-repeat allele (CTR-
9R-C), and in healthy controls homozygotes for the DAT
VNTR 10-repeat allele (CTR-10R-H). The DAT VNTR poly-
morphism had no influence on DAT expression measured
with [*2I]B-CIT.

the putamen but not in the caudate, we also analyzed
our data by subregions. The lack of association between
SLC6A3 VNTR and ['ZI]B-CIT V;” was observed in
both caudate (SLC6A3*9IR carriers, 8.1 = 1.9; SLC6A3*10R
homozygotes, 8.2 = 1.5) and putamen (SLC6A3*9R car-
riers, 8.0 * 1.7, SLC6A3*10R homozygotes, 7.9 = 1.4).
The study of Heinz et al. (2000) was controlled for pos-
sible confounding factors such as age and the lower
['ZI]B-CIT binding was observed in both control and al-
coholic SLC6A3*9R carriers. Thus, discrepancies be-
tween the results of Heinz et al. (2000) and our study
probably stem from a sampling effect due to relatively
small sample sizes.

Jacobsen et al. (2000) studied a group of 44 subjects
(14 recently detoxified cocaine abusers and 30 healthy
controls). A lower ['?’I]B-CIT binding was observed in
SLC6A3*10R homozygote subjects, and this finding
was also present when cocaine abusers were removed
from the analysis and when analyses were controlled
for age. Thus, we cannot readily identify factors that
might account for the differences between the two stud-
ies, which could also result from sampling effects of rel-
atively small cohorts.

When the results of the three studies are considered
together, the most parsimonious conclusion is that the
SLC6A3 VNTR polymorphism is not consistently asso-
ciated with differences in DAT expression in humans,
although we cannot completely exclude the possibility
that this is a diagnosis-dependent relationship.

A potential limitation of this study is that we did not
control for possible affect of nicotine on outcome mea-
sures (the smoking status of the subjects was not consis-
tently recorded). Cigarette smokers have been shown to
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have a higher uptake of cerebral [18F]DOPA (Salokan-
gas et al. 2000) as well as decreased levels of striatal
monoamine oxidase A and B (Fowler et al. 1996, 1998),
both of these findings would be expected to decrease
dopamine metabolism in the striatum of smokers. Al-
though we know of no study to date that demonstrates
increased amphetamine-induced dopamine release in
response to amphetamine in smokers, it is possible that
the smoking status of subjects could affect this re-
sponse. With regard to the ['ZI]B-CIT study, a recent
study has demonstrated that smoking status does not
affect striatal ['*I]-CIT binding (Staley et al., 1999).

In summary, this study failed to identify neurochem-
ical phenotypes associated with the VNTR polymor-
phism of the DAT. The mechanism by which this poly-
morphism is associated with conditions such as ADHD
remains to be elucidated.
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