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Objective: Evidence of a relationship between genotype and
binding availability was assessed for the dopamine and seroto-
nin transporter genes.

Method: The authors assessed dopamine transporter geno-
type at the SLC6A3 3′  variable number of tandem repeats
(VNTR) polymorphism and serotonin transporter genotype at
the SLC6A4 promotor VNTR polymorphism in 30 healthy sub-
jects who also underwent single photon emission computed to-
mography with [123I]β-CIT.

Results: Subjects homozygous for the 10-repeat allele at the
SLC6A3 locus demonstrated significantly lower dopamine trans-
porter binding than carriers of the nine-repeat allele. There was
no effect of SLC6A4 genotype upon serotonin transporter bind-
ing.

Conclusions: These findings suggest that genetic variation at
the SLC6A3 3′  VNTR polymorphism may modify dopamine
transporter function.

(Am J Psychiatry 2000; 157:1700–1703)

Several polymorphisms of the human dopamine trans-
porter gene (locus: SLC6A3) and serotonin transporter
gene (locus: SLC6A4) have been described. At SLC6A3,
there is a variable number of tandem repeats (VNTR) poly-
morphism in the 3′ untranslated region, with repeat num-
bers ranging from three to 11 (1); allelic variation at this
locus has been found to be associated with several psychi-
atric disorders (2, 3). The promotor region of SLC6A4 con-
tains a VNTR polymorphism with two common alleles
differing in length by 44 base pairs; these have been desig-
nated as long (16 repeats) and short (14 repeats) according
to their relative size (4). In vitro measures have demon-
strated that the long allele has higher transcriptional activ-
ity than the short allele (4).

The few human studies that have examined the rela-
tionship between genetic polymorphisms at these loci and
binding availability of the dopamine and serotonin trans-
porter proteins they encode have produced inconsistent
results. One postmortem study of suicide victims and
comparison subjects found increased serotonin trans-
porter binding in subjects homozygous for the short allele
(5). A second postmortem study of midbrain serotonin
transporter binding found that ethanol-using carriers of
the short allele had higher binding in the dorsal raphe
than did comparison subjects who carried the short allele
(6). When ethanol users were excluded, heterozygotes had
lower serotonin transporter binding than homozygotes for
either the short or the long allele (6). In vivo data from
healthy and alcohol-dependent subjects have suggested
that 1) among healthy subjects, serotonin transporter
binding is higher among those homozygous for the long
allele than for carriers of the short allele and 2) among

those homozygous for the long allele, serotonin trans-
porter binding is lower in alcohol-dependent subjects
than in healthy subjects (7). Putamen dopamine trans-
porter binding was lower in subjects heterozygous at the
SLC6A3 locus (i.e., who carried a 9/10-repeat allele) than
in subjects homozygous for the 10-repeat allele (8).

In the present study, the relationship between SLC6A3 and
SLC6A4 genotype and dopamine and serotonin transporter
binding availability, respectively, was examined by using
[123I]2-carbomethoxy-3-(4-iodophenyl)tropane ([123I]β-CIT)
and single photon computed tomography (SPECT). Previous
work has shown that striatal [123I]β-CIT binding is displaced
by the selective dopamine transporter inhibitor GBR 12909
but not by the selective serotonin transporter inhibitors cit-
alopram or paroxetine, whereas the reverse is true for bind-
ing of this ligand in diencephalon and brainstem (9, 10).
These findings indicate that striatal [123I]β-CIT binding re-
flects dopamine transporter binding availability, while dien-
cephalic and brainstem [123I]β-CIT binding reflects seroto-
nin transporter binding availability. On the basis of earlier
work (8), we hypothesized that at SLC6A3, subjects homozy-
gous for the 10-repeat allele would show higher dopamine
transporter binding availability than carriers of the nine-re-
peat allele and that at SLC6A4, subjects homozygous for the
long allele would demonstrate greater serotonin transporter
binding availability than carriers of the short allele.

Method

Subject assessment included the Structured Clinical Interview
for DSM-IV Axis I Disorders (11), physical and neurologic exami-
nation, routine laboratory testing, and urine toxicology to rule
out medical, neurologic, and psychiatric illness, including drug
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abuse or dependence. Thirty healthy subjects participated (mean
age=37.0 years, SD=9.3). Four were African American, 26 were Eu-
ropean American, and 13 were female.

All subjects provided written informed consent for participa-
tion in this study, which was approved by the Yale and VA Con-
necticut Healthcare System institutional review boards.

Genomic DNA was extracted from whole blood, and the poly-
merase chain reaction was used to amplify the variable segment of
the 3′  untranslated region of the SLC6A3 gene (1). Amplification
was performed by using the primers T7-3aLong (CTT CCT GGA
GGT CAC GGC TCA AGG) and James5 (AG GAA ATT CTG TTT ATG
TTC TTG), which amplify a segment 91 base pairs longer than that
amplified by other primers (1). The number of repeats contained
in each allele, determined from polymerase chain reaction prod-
uct size, was reflected in the numeric designation of each allele.
The SLC6A4 promotor VNTR polymorphism was genotyped as de-
scribed previously (12). Alleles were designated according to their
relative size: short (14 repeats) and long (16 repeats).

SPECT scanning was performed 21.7 hours (SD=1.4) after in-
jection of 6.0 mCi (SD=0.2) of [123I]β-CIT (13). A Picker PRISM
3000 camera (Picker International, Inc., Cleveland) was used to
obtain simultaneous acquisition of a transmission scan and a 15-
minute emission scan, followed by a 24-minute emission scan.
Emission scans were acquired in continuous mode (128 × 128 ma-
trix, 3.56-mm slice thickness, 120° angular range, 3° angular step,
40 steps, 36 seconds per step, and a 15.5-cm radius of rotation).
An axial magnetic resonance imaging (MRI) scan (acquisition
matrix=256 × 192, number of excitations=1, flip angle=45°, TE=5
msec, TR=24 msec, field of view=24 cm2, slice thickness=3.0 mm)
was acquired from all subjects.

SPECT emission scans were reconstructed from photo peak
counts (20% energy window centered on 159 kiloelectron volts)
by using a Butterworth filter (power factor=10, cutoff=0.24 cycles
per second). Transmission scans were reconstructed by using a
Bayesian algorithm and a smoothing Gibbs prior (14). The emis-
sion images were coregistered, and the same three-dimensional
transformation applied to the transmission image. Nonuniform
attenuation correction of the second emission image was per-
formed (14). MRI scans were coregistered to the SPECT transmis-
sion scan and reoriented such that the axial plane was parallel to
the intercommissural plane. This three-dimensional transforma-
tion was applied to the emission image. The coregistered, reori-
ented MRI was used to guide placement of standardized two-di-
mensional region of interest templates for the right and left
striatum (eight slices), diencephalon (four slices), brainstem
(eight slices), and right and left cerebellum (six slices). Three di-
mensional volumes of interest were then created for striatum
(sum of eight right and left striatal regions of interest, 9.5 cm³
each), diencephalon (sum of four slices, 1.9 cm3), brainstem (sum
of eight slices, 3.7 cm3), and cerebellum (sum of six right and left
cerebellar regions of interest, 43.2 cm3 each). The three-dimen-
sional volumes of interest were transferred to the coregistered, re-
oriented SPECT emission scan to determine regional activity
(counts per minute per pixel).

Scans from nine subjects measured by two raters (L.K.J. and
J.K.S.) and remeasured by a single rater revealed inter- and in-
trarater reliabilities (intraclass correlation coefficients [15]), re-
spectively, of 0.99 and 0.98 for striatal activity, 0.96 and 0.99 for di-
encephalic activity, 0.91 and 0.99 for brainstem activity, and 0.97
and 0.99 for cerebellar activity. All data were analyzed by a single
rater who was blind to genotype. The cerebellum, which is nearly
devoid of dopamine and serotonin transporters, was used as a
measure of nondisplaceable uptake (13). Dopamine transporter
binding availability (V ′′ ) was estimated by using regional radio-3

activities measured from striatal and cerebellar volumes of inter-
est in the following equation: V3′′=(striatum – cerebellum)/cere-
bellum. Serotonin transporter binding availability was estimated

by substituting, separately, diencephalic and brainstem for stri-
atal regional radioactivities in this equation (9).

Dopamine and serotonin transporter binding availability
tended to be inversely correlated with age (striatum: r=–0.40, df=28,
p=0.03; diencephalon: r=–0.30, df=28, p=0.10; brainstem: r=–0.32,
df=28, p=0.09). Therefore, the relationship between binding avail-
ability and dopamine and serotonin transporter genotype was ex-
amined by using analysis of covariance (ANCOVA), with genotype
as the independent variable, [123I]β-CIT binding (at striatum for
dopamine transporter binding and at diencephalon and brainstem
for serotonin transporter binding) as the dependent variable, and
age as the covariate.

Results

For one subject, polymerase chain reaction failed to am-
plify the variable segment of the 3′ untranslated region of
the SLC6A3 gene. One subject carried a three-repeat and
one an 11-repeat SLC6A3 allele. These subjects were ex-
cluded from statistical analyses. Only two subjects were
homozygous for the nine-repeat allele; thus, homozygous
and heterozygous carriers of the nine-repeat allele were
grouped and compared to subjects homozygous for the
10-repeat allele.

ANCOVA, controlling for age, revealed no effect of
SLC6A4 genotype upon serotonin transporter binding (di-
encephalic binding: short/short mean=2.2 [SD=0.4],
short/long mean=2.2 [SD=0.3], long/long mean=2.3 [SD=
0.4]; brainstem binding: short/short mean=1.0 [SD=0.2],
short/long mean=1.0 [SD=0.2], long/long mean=0.9 [SD=
0.2]). In contrast, SLC6A3 genotype exerted a significant
effect upon dopamine transporter binding (Figure 1), with
subjects homozygous for the 10-repeat allele (mean stri-
atal binding=7.1, SD=1.0) demonstrating 13.4% lower stri-
atal binding than carriers of the nine-repeat allele (mean
striatal binding=8.2, SD=1.0). When race was added as a

FIGURE 1. Ratio of Specific to Nonspecific Striatal [123I]β-
CIT Binding by SLC6A3 Genotype in 27 Healthy Subjectsa

a Striatal [123I]β-CIT binding reflects dopamine transporter binding
availability, which was significantly lower for subjects who were ho-
mozygous for the 10-repeat allele at the SLC6A3 locus than for ho-
mozygous and heterozygous carriers of the nine-repeat allele (F=
9.43, df=1, 24, p=0.005).
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second covariate, the results were unchanged (F=8.78, df=
1, 23, p=0.007).

Caudate and putamen volumes were quantified by us-
ing a previously described method (16) in 14 subjects from
the present study group and 17 subjects from a separate
group of cocaine-dependent patients who also underwent
genotyping. This exploratory analysis revealed no evi-
dence of an effect of SLC6A3 genotype on volume of cau-
date or putamen (repeated measures ANCOVA with diag-
nosis and age as covariates; F values [df=1, 27] ranged
from 0.04 to 0.46), which suggests that the observed effect
of genotype on dopamine transporter binding availability
was not mediated by an effect of genotype on caudate or
putamen morphology.

Discussion

In this examination of the relationship between SLC6A3
and SLC6A4 genotype and binding availability of their cor-
responding products, the dopamine and serotonin trans-
porters, subjects homozygous for the 10-repeat allele at
the SLC6A3 locus demonstrated significantly lower
dopamine transporter binding than carriers of the nine-
repeat allele. Evidence supporting a relationship between
genotype at the SLC6A4 locus and serotonin transporter
binding availability was not observed. Discrepancies be-
tween the present findings and those from previous work
may stem from effects of postmortem interval or from dif-
ferences in the quality of psychiatric and pharmacological
history that can be ascertained in in vivo versus post-
mortem studies. In addition, differences in subject groups
studied, methods for controlling effects of diagnosis and
previous drug exposure, and methods of image analysis
may have contributed to differences in the findings
observed (5–8).

Limitations of this study include small group size, which
precluded our ability to examine potential interactions
between race, SLC6A3 allele frequency (which varies in
frequency across race [17]), and dopamine transporter
binding availability. Other limitations include the poor
spatial resolution of SPECT and use of a radiotracer that
has both dopamine and serotonin transporter binding ca-
pability. Although previous work has demonstrated spe-
cific displacement of [123I]β-CIT in striatum by dopamine
transporter-binding pharmaceuticals and in diencepha-
lon and brainstem by serotonin transporter-binding phar-
maceuticals (9, 10), a dopamine transporter contribution
to brainstem [123I]β-CIT binding, particularly in the region
of the substantia nigra, cannot be completely ruled out.

If replicated in a larger sample, with a higher resolution
imaging modality, such as positron emission tomography,
and a radiotracer with greater dopamine transporter spec-
ificity, these findings would suggest that the SLC6A3 3’

VNTR may be in linkage disequilibrium with another poly-
morphism that modifies dopamine transporter function
or that it may itself affect gene regulation. If replicated, the

observed relationship between SLC6A3 genotype and
dopamine transporter binding availability could be used
to predict dopamine transporter binding availability in
neuropsychiatric disorders associated with alleles at this
locus. For example, given that a number of studies have
demonstrated an association between the 10-repeat
SLC6A3 allele and attention deficit hyperactivity disorder
(ADHD) (3, 18–20), dopamine transporter binding avail-
ability could be expected to be lower in patients with
ADHD relative to age- and population-matched healthy
subjects. This would be consistent with the mouse
dopamine transporter gene knockout—which has been
considered a model of ADHD, since the animals exhibit
spontaneous hyperlocomotion (21)—and would suggest
that decreased dopamine transporter function or expres-
sion may render children vulnerable to the development
of ADHD.
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