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A b s t r a c t  Abnormalit ies 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 (5HT) and a site o f  action for many tri- 
cyclic antidepressant medications (such as imipramine) 
and certain drugs of  abuse. In the brain, after 5HT 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  5HT and recycles it into the neuro- 
transmitter pool. Abnormalit ies 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 (Gelemter et al. 1993) mapped the norepineph- 
rine transporter protein to chromosome 16q21. We describe 
here linkage mapping of  the serotonin transporter protein 
gene (gene symbol SLC6A4,  for "solute carrier family 6 
(neurotransporter, serotonin), member  4"), 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). Our 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 Gelemter 1995. The parallelization was accom- 
plished using C-Linda (Gelemter 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 
and several other chromosome- 
17 markers from four non- 
CEPH extended pedigrees 

Marker locations are from: 
* Fain (1992); ** Fain et al. 
(1991); *** Barker et al. 
(1989) 
b Haplotype: BglII and HindlII 
systems 

Fig. 1 Chromosome- 17 marker 
genotypes in a subset of 
OOA110 (see text). TMck lines 
indicate approximate points of 
crossovers. SLC6A4 segregates 
with proximal markers in a 
maternal crossover gamete 
transmitted to 5953 and with 
distal markers in a maternal 
crossover gamete transmitted 
to 5937. This provides evi- 
dence for localization of 
SLC6A4 between D 17S58 and 
D17S73. The position shown 
for D17S579 is that which was 
most consistent with these data 

M a r k e r  (location) a Probe E n z y m e  Z . . . .  (~ ..... Z ... . .  [~) . . . . . .  

(M,F) (M=F)  (M=F)  

D17S58 (17pl 1.2-cen)* EW301 Taql 11.4  0,0.10 10.5 0.05 
DI7ZI (cen)** 17H5 EcoRI 5.2 0.05,0.10 5.1 0.10 
D17S73 (1711.2-q12)** EW207 (Hap) b 10.7 0,0.05 10.5 0.05 
D17S98 (17q12-q21.1)** EW122 MspI 16.4 0,0 16.4 0 
D17S47 (17q12-q24)*** LEW110 BglIl 3.3 0.10,0.30 3.0 0.20 
NGFR (17q21-q22)* PE51 Hincll 9.6 0,0.20 8.7 0.05 
EPB3 (17q21-qter)* p242 Pstl 7.2 0,0.20 6.5 0.05 

[ ]  
5961 

D 17S58 
S L C 6 A 4 " - ~ . . ~  2 1 

D'7S73BglI, 2 1 
D17S73 Hincll - - - - - - - - - - -  1 1 

D17S54 2 1 
2 1 

PPY- - -  3 5 
(D17S579) ~ A A 

1 1 HOXB Haplotype 
NGFR / 1 2 

TK1 

5927 

2 1 
2 2 
2 2 
1 1 
2 2 
2 2 
3 4 
A B 
1 2 
1 1 

Q 
5963 

2 1 
1 2 
1 2 
2 1 
2 2 
1 2 
3 4 
A B 
2 2 
1 1 

�9 
5929 

1 2 
1 2 
1 1 
2 1 
1 2 
2 1 
1 2 
C C 
2 1 
2 1 

5931 5933 5935 5941 5943 5916 5937 5939 

2 1 2 1 ? ?  2 
2 1 2 1 2 ~  2 
2 1 2 1 2  2 
1 2 1 2 1 1  1 
2 1 2 1 2 2  2 
2 2 2 2 2 1  2 
3 1 3 1 3 2  3 
A ~ A C A C A  
1 ? ? 1 1  1 
1 2 ? ? ? ?  1 

1 2 1  1 1  1 ~  ? ?  
1 2 1  2 1  2 ~ 2 1  
1 2 1  ? ?  ? ?  ? ?  
2 1 2  1 2  1 1  1 2  

+ 2 1  2 1  2 ~  2 1  
2 2  2 2  2 2 ~  

2 3 1  4 1  4 1  3 
C A C  B C  B C  A C  
1 1 ~  2 2  2 ~  1 1  
1 1 1  1 2  1 1 1 1  

(Table 1). These analyses also suggested that the female: 
male recombinat ion ratio exceeds 2 : 1 for this region. Of 
the markers  studied, D17S58,  D17Z1,  and D17S73 
are ch romosome-17  reference markers  (So lomon  et al. 
1993). 

Crossovers observed in 0 0 A l l 0  place SLC6A4 distal 
to D17S58 (individual  5937) and proximal to D17S73 (in- 
dividual 5935; Fig. 1). 

We used mult ipoint  analyses for finer localization of 
the SLC6A4 locus (Fig. 2). A five-point  analysis moving 
SLC6A4 across a fixed map (markers D17S58, D17ZI ,  
D 17S73, 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 
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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 t ime on a VAX 
7610. A single computa t ion ,  or  point ,  refers to a lod score 
for  one ped igree  at one map  posi t ion).  The m a x i m u m  lod 
score o f  > 27 occurred in the interval  be tween  D 17Z1 and 
D17S73.  The interval  conta in ing the next  highest  lod 
score was D 1 7 S 7 3 - N G F R ,  with a m a x i m u m  lod score of  
24.9. Placement  of  SLC6A4 flanked by D17S73 and D17Z1 
is favored  over  all o f  the other  intervals  (except  D17S73-  
N G F R )  by  > 3 lod units of  support .  A n  observed  cross- 
over  (descr ibed  above)  is most  consis tent  with p lacement  
o f  HTT in the D17Z1-D17S73  interval ,  rather than the 
D 1 7 S 7 3 - N G F R  interval.  These  observat ions ,  together  
with that of  a lod score of  16.4 with D17S98,  located at 
17q 12-q22.1 (Fain et al. 1991) at 0 cM, supports  local iza-  
t ion o f  S L C 6 A 4  at 17q12, the only point  of  over lap  be- 
tween the D17Z1-D17S73  interval  and D17S98.  

Discussion 

We have conf i rmed  the genet ic  mapp ing  of  S L C 6 A 4  to 
p rox ima l  17q, using l inkage analysis .  The most  l ike ly  lo- 
cat ion according  to our analysis  is at 17q12, f lanked by 
D17Z1 and D17S73,  but  poss ib ly  distal  to that interval.  

Al tera t ions  in var ious  neurot ransmit ter  levels  are 
found in many  neuropsychia t r ic  disorders.  Muta t ions  in 
the neurot ransmit ter  t ransporter  prote ins  could  pred ispose  
to psychia t r ic  i l lness  by  ei ther  increas ing or  decreas ing  
synapt ic  ava i lab i l i ty  of  a par t icular  neurotransmit ter .  A 
muta t ion  at S L C 6 A 4  speci f ica l ly  could  resul t  in ei ther ex- 
cess ive  or  insuff icient  amounts  of  serotonin (5HT) in the 
synapt ic  cleft. 5HT sys tem dysfunct ion is impl ica ted  in 
sch izophren ia  (van K a m m e n  and Gelern ter  1987), affec- 
t ive disorders ,  v io lence  and impulsivi ty ,  suicide,  and 
Touret te ' s  syndrome.  Tr icycl ic  ant idepressants ,  which are 
used to treat some o f  these d isorders  (especia l ly  affect ive 
disorders) ,  a lso b ind  SERT. S L C 6 A 4  is therefore a candi-  

date gene for causat ion  of  the several  psychia t r ic  i l lnesses 
that may  involve  abnormal i t ies  in serotonergic  neuro-  
t ransmiss ion or m a y  respond  to t r icycl ic  ant idepressant  
medicat ions .  We have exc luded  genet ic  l inkage  be tween  
S L C 6 A 4  and b ipo la r  affect ive d isorder  in one large kin- 
dred, Old Order  Amish  ped igree  110, both indirect ly  
based  on our ear l ier  exc lus ion  o f  the entire region using 
several  R F L P s  (Pakstis  et al. 1991 a) and direct ly  using 
this S L C 6 A 4  po lymorph i sm  (Gelernter  et al., unpubl i shed  
data). Since this region of  17q has also a l ready been ex-  
c luded for l inkage with TS (Pakstis et al. 1991b) using 
several  c losely  l inked markers ,  S L C 6 A 4  can also safely 
be cons idered  to be exc luded  as the major  causat ive  locus 
in those specif ic  famil ies  for TS. 
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