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Abstract Abnormalities in monoamine metabolism, in-
cluding serotonin metabolism, have been implicated in
the pathophysiology of affective disorders, schizophrenia,
suicide, and other psychiatric disorders. Serotonin trans-
porter protein (SERT) allows neurons to retrieve serotonin
that has been released into a synapse. SERT is a site of ac-
tion for several drugs with CNS effects, including both
therapeutic agents (e.g., antidepressants) and drugs of
abuse (e.g., cocaine). This gene had previously been phys-
ically mapped to chromosome 17. We used a PCR product
corresponding to the 3 untranslated region of the gene as
a probe to identify restriction fragment length polymor-
phism (RFLP), which we then used to establish that the
SLC6A4, genetic locus for SERT, is near 17q12 and prob-
ably flanked by D17S58 and D17S73 (a location consis-
tent with observed crossovers). These data should be use-
ful for linkage studies of neuropsychiatric disorders.

Introduction

The serotonin transporter protein is the cellular reuptake
site for serotonin (SHT) and a site of action for many tri-
cyclic antidepressant medications (such as imipramine)
and certain drugs of abuse. In the brain, after SHT is re-
leased into the synapse it is taken up into the presynaptic
neuron at the serotonin transporter protein; this terminates
the synaptic actions of SHT and recycles it into the neuro-
transmitter pool. Abnormalities in serotonin transporter
protein density have been observed in schizophrenia
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(Joyce et al. 1993). Neurotransmitter reuptake sites (in-
cluding also the norepinephrine transporter protein and
the dopamine transporter protein) are logical candidate
genes for susceptibility to psychiatric illness. We have
previously (Gelernter et al. 1993) mapped the norepineph-
rine transporter protein to chromosome 16g21. We describe
here linkage mapping of the serotonin transporter protein
gene (gene symbol SLC6A4, for “solute carrier family 6
(neurotransporter, serotonin), member 47), which was
cloned in 1991 (Blakely et al. 1991; Hoffman et al. 1991)
and previously assigned to chromosome 17, most likely to
band 17q11.2, by in situ hybridization (Ramamoorthy et
al. 1993). QOur linkage results confirm the initial mapping of
SLC6A4 and place it in the linkage map of proximal 17q.

Materials and methods

We first identified a polymorphism at the SLC6A4 locus. We am-
plified bases 1947-2509 of the 3” untranslated region (sequence
from Ramamoorthy et al. 1993) using the polymerase chain reac-
tion (PCR). We were unable to identify a single-strand conforma-
tion polymorphism (SSCP) in this PCR product, so we used it as a
probe to screen for a restriction fragment length polymorphism
(RFLP); we identified a PstI RFLP (heterozygosity, 0.43) (Gelern-
ter and Freimer 1994). We then typed the polymorphism, using
standard RFLP methods, on a series of extended reference pedi-
grees (two segregating for Tourette’s syndrome, known as TS
Canadian, Branch “C” and TS Oregon; one segregating bipolar af-
fective disorder, OOA110; and one segregating ocular albinism;
altogether 249 individuals were genotyped for SLC6A4. These
kindreds are described in Gelernter et al. 1990.)

Pairwise linkage analyses were carried out using LIPED (Ott
1976). These results were used to identify markers likely to be use-
ful for multipoint analysis and to define a realistic sex recombina-
tion ratio.

For multipoint analysis, we used a newly parallelized version
of Linkmap (original program, Lathrop et al. 1985; new version,
Carriero and Gelernter 1995. The parallelization was accom-
plished using C-Linda (Gelernter 1985).

Results

Pairwise linkage analysis provided strong evidence for
linkage to markers located on proximal chromosome 17q
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Table 1 Pairwise lod scores

by LIPED between SLC6A4 Marker (location)“ PrObe Enlyme Zmax ®mux Zmax G‘)mz\x

and several other chromosome- (M, F) M=F) (M=F)

17 markers from four non-

CEPH extended pedigrees D17S58 (17p11.2-cen)* EW301 Tagl 11.4 0,0.10 10.5 0.05
D177Z1 (cen)** 17HS5 EcoRI 5.2 0.05,0.10 5.1 0.10

a Marker locations are from: D17873 (1711.2-q12)** EW207 (Hap)® 10.7 0,0.05 10.5 0.05

* Fain (1992); ** Fain et al. D17S898 (17q12-q21.1)** EWI122 Mspl 16.4 0,0 16.4 0

qggé); 5% Barker et al. D17S47 (17q12-q24)*** LEW110 Bglll 3.3 0.10,0.30 3.0 0.20

t() Hapl)otype: B/l and HindIIT NGFR (17g21-q22)* PE51 Hincll 9.6 0,0.20 8.7 0.05

systems EPB3 (17q21-gter)* p242 Pstl 7.2 0,0.20 6.5 0.05
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(Table 1). These analyses also suggested that the female:
male recombination ratio exceeds 2: 1 for this region. Of
the markers studied, D17858, D17Z1, and D17S73
are chromosome-17 reference markers (Solomon et al.
1993).

Crossovers observed in 00A110 place SLC6A4 distal
to D17S58 (individual 5937) and proximal to D17S73 (in-
dividual 5935; Fig. 1).
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We used multipoint analyses for finer localization of
the SLC6A4 locus (Fig.2). A five-point analysis moving
SLC6A4 across a fixed map (markers D17S58, D17Z1,
D17S73, and NGFR) gave the best resolution. (The > 220
individual computations needed for this problem were com-
pleted in 1582 using the newly parallelized version of Link-
map running on 10 IBM RS6000/340s and 6 IBM RS6000/
560s, whereas the original version could not compute



30
Lod score r Female:male recomb. 2:1

25 f\
20
15

N

10

5

0
i 017573
1

(5(%).6) (O.I4) (0.2) 0 0.2

(<—pter) D17858, D17Z1 (cen)

NGFR

04 06

. (gter—->)
Map position (Morgans)

Fig.2 Serotonin transporter protein locus (SLC6A4) moved across
a fixed map of chromosome-17 markers. Female: male recombina-
tion is 2:1; male map position given in Morgans; Haldane map
function

even a single point in 90 min of CPU time on a VAX
7610. A single computation, or point, refers to a lod score
for one pedigree at one map position). The maximum lod
score of > 27 occurred in the interval between D17Z1 and
D17573. The interval containing the next highest lod
score was D17873-NGFR, with a maximum lod score of
24.9. Placement of SLC6A4 flanked by D17S873 and D17Z1
is favored over all of the other intervals (except D17S73-
NGFR) by > 3 lod units of support. An observed cross-
over (described above) is most consistent with placement
of HTT in the D17Z1-D17S73 interval, rather than the
D17573-NGFR interval. These observations, together
with that of a lod score of 16.4 with D17S98, located at
17q12—q22.1 (Fain et al. 1991) at O cM, supports localiza-
tion of SLC6A4 at 17q12, the only point of overlap be-
tween the D17Z1-D17S873 interval and D17S98.

Discussion

We have confirmed the genetic mapping of SLC6A4 to
proximal 17q, using linkage analysis. The most likely lo-
cation according to our analysis is at 17q12, flanked by
D17Z1 and D17S73, but possibly distal to that interval.
Alterations in various neurotransmitter levels are
found in many neuropsychiatric disorders. Mutations in
the neurotransmitter transporter proteins could predispose
to psychiatric illness by either increasing or decreasing
synaptic availability of a particular neurotransmitter. A
mutation at SLC6A4 specifically could result in either ex-
cessive or insufficient amounts of serotonin (5HT) in the
synaptic cleft. SHT system dysfunction is implicated in
schizophrenia (van Kammen and Gelemnter 1987), affec-
tive disorders, violence and impulsivity, suicide, and
Tourette’s syndrome. Tricyclic antidepressants, which are
used to treat some of these disorders (especially affective
disorders), also bind SERT. SLC6A4 is therefore a candi-
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date gene for causation of the several psychiatric illnesses
that may involve abnormalities in serotonergic neuro-
transmission or may respond to tricyclic antidepressant
medications. We have excluded genetic linkage between
SLC6A4 and bipolar affective disorder in one large kin-
dred, Old Order Amish pedigree 110, both indirectly
based on our earlier exclusion of the entire region using
several RFLPs (Pakstis et al. 1991a) and directly using
this SLC6A4 polymorphism (Gelernter et al., unpublished
data). Since this region of 17q has also already been ex-
cluded for linkage with TS (Pakstis et al. 1991b) using
several closely linked markers, SLC6A4 can also safely
be considered to be excluded as the major causative locus
in those specific families for TS.

Acknowledgements Laura Green provided technical assistance.
The work was supported in part by funds from the U.S. Depart-
ment of Veterans Affairs (USVA National Center for PTSD Re-
search, the VA-Yale Alcoholism Research Center, and a merit re-
view grant from the VA Medical Research Program, the MHCRC
at Yale (NIMH grant MH30929), NIMH grant MH00931 to J.G.,
and NIMH grant MH39239 to K.K. Kidd. Computing resources
for Linda analyses were provided by the Yale Center for Parallel
Computing.

References

Barker DF, Wright EC, Andersen WL, Willard HF, Tuinen PV
van, Ledbetter DH (1989) Isolation and physical localization of
chromosome 17 RFLP markers (abstract). Cytogenet Cell
Genet 51:957

Blakely RD, Berson HE, Fremeau RT Jr, Caron MG, Peeck MM,
Prince HK, Bradley CC (1991) Cloning and expression of a
functional serotonin transporter from rat brain. Nature 354:
66-70

Carriero NS, Gelernter DH (1994) Case studies in asynchronous data
parallelism. Int J Parallel Programming 22: 129-150

Fain PR (1992) Third international workshop on chromosome 17
mapping. Cytogenet Cell Genet 60: 178186

Fain PR, Solomon E, Ledbetter DH (1991) Second international
workshop on chromosome 17. Cytogenet Cell Genet 57 : 66-77

Gelernter DH (1985) Generative communication in Linda. ACM
Trans Prog Lang Sys 1:80-112

Gelernter J, Freimer M (1994) Ps:I STS RFLP at serotonin trans-
porter protein (SERT) locus. Hum Mol Genet 3:383

Gelemter J, Pakstis AJ, Pauls DL, Kurlan R, Gancher S, Civelli O,
Grandy D, Kidd KK (1990) Gilles de la Tourette syndrome is
not linked to D, dopamine receptor. Arch Gen Psychiatry 47:
1073-1077

Gelemnter J, Kruger S, Pakstis AJ, Pacholczyk T, Sparkes RS, Kidd
KK, Amara S (1993) Assignment of the norepinephrine trans-
porter protein (NET1) locus to chromosome 16. Genomics 18:
690692

Hoffman BJ, Mezey E, Brownstein M (1991) Cloning of a sero-
tonin transporter affected by antidepressants. Science 254:
579-580

Joyce IN, Shane A, Lexow N, Winokur A, Casanova MF, Klein-
man JE (1993) Serotonin uptake sites and serotonin receptors
are altered in the limbic system of schizophrenics. Neuropsy-
chopharmacology 8:315-336

Van Kammen DP, Gelernter J (1987) Biochemical instability in
schizophrenia II: the serotonin and gamma-aminobutyric acid
systems. In: Meltzer H, et al (eds) Psychopharmacology, the
third generation of progress. Raven Press, New York

Lathrop GM, Lalouel JM, Julier C, Ott J (1985) Multilocus linkage
analysis in humans: detection of linkage and estimation of re-
combination (1985). Am J Hum Genet 37 :482-498



680

Ott J (1976) A computer program for linkage analysis of general
human pedigrees (letter). Am J Hum Genet 28:528-529

Pakstis AJ, Kidd JR, Castiglione CM, Kidd KK (1991 a) Status of

the search for a major genetic locus for affective disorder in the
Old Order Amish. Hum Genet 87:475-483

Pakstis AJ, Heutink P. Pauls DL. Kurlan R, Wetering BIM van de,
Leckman JF. Sandkuyl LA, Kidd JR, Breedveld GJ, Cas-
tiglione CM, Weber I, Sparkes RS, Cohen DJ, Kidd KK, Oos-
tra BA (1991 b) Progress in the search for genetic linkage with
Tourette syndrome: an exclusion map covering more than 50%
of the autosomal genome. Am J Hum Genet 48:281-294

Ramamoorthy S, Bauman AL, Moore KR, Han H, Yang-Feng T,
Chang AS, Ganapathy V. Blakely RD (1993) Antidepressant-
and cocaine-sensitive human serotonin transporter: molecular
cloning, expression, and chromosomal localization. Proc Natl
Acad Sci USA 90:2542-2546

Solomon E, Ledbetter D, Fain P (1993} Report of the committee
on the genetic constitution of chromosome 17. Genome Prior-
ity Rep 1:473-504



