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The dopamine transporter (DAT) plays a key 
role in the regulation of dopaminergic neu- 
rotransmission by mediating the active reup- 
take of synaptic dopamine. It is an important 
candidate gene for bipolar disorder because 
of data implicating dopamine abnormalities 
in mania, and because it is the site of action 
of amphetamine, which has activating and 
psychotogenic properties. DAT has recently 
been cloned by its homology to a family of 
transporters, and mapped to chromosome 
5~15.3. We tested DAT for linkage to bipolar 
disorder in a collection of 21 families from 
the general North American population (Uni- 
versity of California, San DiegoAJniversity of 
British Columbia [UCSD/UBC] families), 
three Icelandic pedigrees, and Old Order 
Amish pedigree 110. We examined three 
markers at DAT, including a 5’ TuqI RFLP 
(HDAT-TuqI), a highly polymorphic variable 
number of tandem repeats marker (VNTR) 
(HDAT-VNTRl), and a 3’ 40-bp repeat 
marker (HDAT-PCRl), as well as two nearby 
microsatellite markers, D5S392 and D5S406. 
A maximum lod score of 2.38 was obtained at 
D5S392 in one of the UCSD/UBC families un- 
der an autosomal-dominant model. A lod 
score of 1.09 was also obtained under the 
same dominant model in the Amish at 
HDAT-PCR1. In the combined set of families, 
a maximum lod score of 1.76 was obtained 
under an autosomal-recessive model at 
HDAT-TuqI. Positive results were also ob- 
tained at several markers, using three non- 
parametric methods in the UCSDAJBC fam- 
ily set: the affected pedigree member 
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method (P = 0.001), an affected sib pair 
method (ESPA, P = 0.0008), and the trans- 
mission disequilibrium test (P = 0.024). 
These results suggest the presence of a sus- 
ceptibility locus for bipolar disorder near 
the DAT locus on chromosome 5. 
0 1996 Wiley-Liss, Inc. 
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INTRODUCTION 
A variety of data implicate the dopamine transporter 

(DAT) as a candidate gene for bipolar disorder. DAT 
mediates the active reuptake of dopamine from the 
synapse into the presynaptic nerve terminal, and 
thereby plays a critical role in the termination of 
dopamine synaptic signals, and in the regulation of 
dopaminergic neurotransmission in general [Giros and 
Caron, 19931. The possible role of dopamine in bipolar 
disorder, and mania in particular, has been suggested 
by several lines of evidence. Amphetamines, and other 
psychostimulants, act at DAT to  increase synaptic 
dopamine [Kuczenski and Segal, 19941. The euphoria 
and activation of acute stimulant intoxication can bear 
a striking resemblance to mania, such that they can be 
confused clinically. Chronic administration of stimu- 
lants can trigger mania in bipolar patients, and psy- 
chosis in nonbipolar patients [Angrist, 19941. Similarly, 
L-dihydroxyphenylalanine (L-DOPA), which also in- 
creases synaptic dopamine, has been observed to pre- 
cipitate mania [Murphy et al., 19711. Furthermore, 
antipsychotic drugs, which block dopamine receptors, 
are an effective treatment for mania [Goodwin and 
Jameson, 19901. The role of dopamine in mania has 
also been suggested by reports of elevated dopamine 
metabolites in the CSF of manic patients [Jimerson, 
19871. Lastly, the antidepressant drug bupropion, 
which acts a t  least partly at DAT, has been reported to 
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be of particular efficacy in bipolar depression [Sachs 
et al., 19941. 

DAT has been recently cloned and found to be a 
member of a highly conserved family of transporters 
including those for gamma ,3mino butyric acid (GABA), 
norepinephrine, and serotonin [Kdty et al., 1991; Shi- 
mada et al., 1991; Giros et al., 1992; Vandenbergh et al., 
1992al. These transporters* all share a characteristic 
structure, which include!; 12 membrane-spanning 
domains. DAT has been ( ytogenetically localized to 
chromosome 5p15.3 by bot I in situ hybridization and 
somatic cell hybrids [Giros c:t al., 1992; Vandenbergh et  
al., 1992131. Several polyniorphisms have also been 
identified, including a Tuql RFLP in the 5‘ end of the 
gene, a 40-bp tandem repeat in the 3‘ untranslated tail 
and a highly informative rrariable number of tandem 
repeats (VNTR) polymorr hism [Vandenberg et  al., 
1992a,b; Byerley et al., 19931. As part of an  ongoing 
survey of the genome for loci linked to bipolar disorder, 
we examined this region in our set of 25 families. Our 
results suggest the presence of a locus for bipolar dis- 
order near DAT on chromosome 5~15 .3 .  

MATERIALS A N D  METHODS 
Family Ascertainment and Diagnosis 

Twenty-five families from three populations were ex- 
amined. The size and diagnxtic characteristics of these 
families are summarized in Table I. The Old Order 
Amish family and the Icelandic families represent mod- 
erate to large families from relative population isolates, 
and the UCSDNBC familj set is a larger collection of 
smaller families from the gmeral North American pop- 
ulation. 

The UCSDAJBC families derive from a collaborative 
effort between the University of California at San 
Diego and the University of British Columbia. At 
UCSD, families are identified through the UCSD Men- 
tal Health Clinical Research Center, as well as  through 
a variety of UCSD and corimunity hospitals and clin- 
ics. At UBC, families are identified through systematic 
screening of the UBC Mood Disorders Clinic, which is a 
tertiary referral center for all of British Columbia. At 

TABLE I. Families for Linkage Analysis 

UCSD/ 
UBC Icelandic Amish Total 

Total subjects 
No. of families 
Average members/ 

family 
Bipolar I 
Bipolar I1 
Major depression, 

recurrent 
Major depression, 

single episode 
Other psychiatric 

disorder 
No psychiatric 

disorder 
Total affected 

members 
Average affected/ 

family 

172 54 
21 3 

8.2 18 
33 11 
15 0 

28 9 

14 2 

25 3 

49 28 

76 20 

3.6 6.7 

118 344 
1 25 

118 13.8 
22 66 

0 15 

7 44 

3 19 

8 36 

77 154 

29 125 

29 5 

each site, families are identified through a proband 
with bipolar I, bipolar 11, or schizoaffective disorder, 
and selected for study if at least two other members 
with bipolar, schizoaffective, or recurrent major de- 
pression are available for study. Each family member 
was interviewed directly, using the Structured Clinical 
Interview for DSM-111-R [Spitzer et al., 19871, and 
blood was obtained for immortalization of lymphoblas- 
toid cell lines. One family (family 16) was interviewed 
using the SADS-L [Endicott and Spitzer, 19781 as mod- 
ified for DSM-111-R diagnoses. Information from the in- 
terview, from medical records, and from at least one 
other family informant was reviewed by a committee of 
clinicians, blind to genotypic or family membership in- 
formation, in order to make consensus “best-estimate” 
DSM-111-R diagnoses. Common training procedures 
and regular reliability testing were employed to main- 
tain high diagnostic reliability both within and be- 
tween sites. 

The Old Order Amish are a conservative religious 
sect who live in relative isolation in Southeastern 
Pennsylvania. The epidemiology of affective disorders 
in the Amish, their advantages for genetic studies, and 
the diagnostic methods employed have been previously 
described [Egeland and Hostetter, 1983; Egeland et al., 
19901. Briefly, each subject was interviewed directly us- 
ing the SADS-L, and additional information was ob- 
tained from other family informants and medical 
records. These data were reviewed by a panel of psy- 
chiatric clinicians, who were blind to genotypic data 
and family relationships, in order to obtain a consensus 
diagnosis using the Research Diagnostic Criteria 
(RDC) [Spitzer et al., 19781. Pedigree 110 was originally 
ascertained through a systematic epidemiological sur- 
vey of the Lancaster County Old Order Amish. As used 
in this study, it is identical in membership to a previ- 
ously published pedigree [Kelsoe et al., 19891, except 
for several subsequent new onsets of illness [Kelsoe 
et  al., 19931. 

The Icelandic population is also a relative genetic iso- 
late, and has similar advantages to the Old Order 
Amish for genetic studies. The epidemiology of affective 
disorders in Iceland has been studied extensively by 
Helgason [19791. Three families with bipolar disorder 
were ascertained by one of us (H.K.) from the National 
University Hospital in Reykjavik. These pedigrees and 
the diagnostic methods employed have been reported 
previously [Kelsoe, et al., 19931. Briefly, information 
was obtained from direct interview using an  Icelandic 
version of the SADS-L. This interview, along with med- 
ical records and information from at least one family in- 
formant, was used by a panel of psychiatrists, blind to 
genotypic data, to make RDC consensus diagnoses. 

Genotyping 
Three polymorphisms were used a t  the DAT locus: a 

40-bp tandem repeat in the 3‘ untranslated tail of the 
gene, a TuqI RFLP in the 5‘ end of the gene, and a 
highly polymorphic large-allele VNTR [Vandenbergh 
et  al., 1992a,b; Byerley et al., 19931. The 40-bp tandem 
repeat (HDAT-PCR1) was detected by PCR amplifica- 
tion using primers selected from the published se- 
quence [Vandenbergh et al., 1992al. The left primer 
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Model q Mode f l  f2  f3  

extended from position 2527-2546 (GCGTTCAGTTG- 
ACACATTGC), and the right primer from position 
3305-3286 (CGCGGATACTGCATTCTTGA). Three 
hundred ng of DNA were amplified in a 25-p1 reaction 
including 0.3-1.0 pM of each primer, 200 pM dNTPs, 
4.5 mM MgC12, 2.5 units Taq polymerase, and buffer 
provided by the manufacturer (Perkin Elmer, Norwalk, 
CT). Thermal cycling was conducted for a total of 40 cy- 
cles according to the “touchdown” protocol, with an- 
nealing temperatures decreasing from 75°C to 65°C 
over the first 20 cycles [Don et al., 19911. PCR products 
were separated by electrophoresis in 2% agarose gels 
and visualized with ethidium bromide. Three alleles of 
sizes 700, 740, and 780 were observed. 

The two-allele TaqI RFLP (HDAT-TaqI) was detected 
using a 558-bp fragment obtained by digestion of the 
cDNA clone (pHDAT, kindly provided by Dr. Kim Neve, 
Oregon Health Sciences University) with SstII. This 
fragment spanned bases 253-810 in the 5’ end of the 
gene, and included the Taq492 probe (bases 301-793) 
described by Vandenbergh et al. [1992al. The large- 
allele VNTR (HDAT-VNTR1) described by Byerley 
et al. [1993] was detected using a 462-bp RsaI fragment 
as  probe (bases 748-1209), which spans transmem- 
brane domains 4-7. Five pg of DNA were digested with 
TaqI, and Southern blotting and RFLP detection using 
each of these probes were conducted as  described pre- 
viously [Kelsoe et al., 19931. Two alleles were observed 
for HDAT-TaqI of 7 and 5.6 kb, and 20 alleles were 
observed for HDAT-VNTR1, ranging from 4.2-13 kb. 
Genotypes were not generated for the Icelandic sam- 
ples a t  these two RFLPs because of a limited supply 
of DNA. 

In addition to these polymorphisms a t  the HDAT lo- 
cus, two microsatellite markers, D5S39.2 and D5S406, 
were also examined. These markers were chosen from 
the Genethon map of 1992 [Weissenbach et al., 19921 
because of their proximity to the region to which DAT 
had been cytogenetically mapped. They were PCR- 
amplified and detected as  described previously [Mirow 
et al., 19941. Nineteen and 14 alleles were observed for 
D5S392 and D5S406, respectively. 

Linkage Analysis 
Parametric linkage analyses were conducted using 

the FASTLINK version of the LINKAGE 5.1 program 
package [Cottingham et  al., 1993; Schaffer e t  al., 1994; 
Lathrop et al., 19841. Two definitions of the affected 
phenotype were examined. Diagnostic model 1 included 
as affected those with bipolar I, bipolar 11, or schizoaf- 
fective diagnoses; model 2 included these diagnoses 
plus recurrent major depression. Subjects with other 
psychiatric diagnoses were considered of unknown phe- 
notype. Three genetic models of transmission, two dom- 
inant and one recessive, were employed, as detailed in 
Table 11. Alleles were recoded in some of the paramet- 
ric analyses in order to increase computational speed 
[Braverman, 19851; otherwise, allele frequencies were 
estimated from the families themselves [Boehnke, 
19911. The statistical power of these families and mod- 
els was examined by simulation using the SIMLINK 

1 0.021 Dominant 0.85 0.85 0.001 
2 0.024 Dominant 0.5 0.5 0.001 
3 0.218 Recessive 0.5 0.001 0.001 

*q, frequency of disease gene; fl, penetrance of AA, where A is the dis- 
ease allele; f2, penetrance of Aa; f3, penetrance of aa. 

package, version 4.1 [Ploughman and Boehnke, 19891. 
Analyses under heterogeneity were conducted using 
HOMOG [Ott, 19911. 

These data were also examined using three nonpara- 
metric methods. The affected pedigree member (APM) 
method was employed using the programs APM and 
APMMULT empirical P values were estimated by sim- 
ulation, using the programs SIM and SIMMULT 
[Weeks and Lange, 19881. A maximum likelihood-based 
extension of the affected sib pair method was also em- 
ployed using the ESPA program [Sandkuyl, 19891. The 
transmission disequilibrium test (TDT) [Spielman 
et al., 19931 was used to examine the data for possible 
linkage disequilibrium, using a maximum likeli- 
hood method implemented in the program TDTLIKE 
[Terwilliger, 19951. 

RESULTS 
Prior to analyzing the DAT marker data, power 

analyses were conducted in order to determine the 
probability of detecting linkage in this family set. 
Under genetic model 1 (Dom. 85), diagnostic model 2 
(bipolar + recurrent major depression), and an  as- 
sumption of 50% heterogeneity, the combined family 
set has a 76% probability of a lod score >1, a 52% prob- 
ability of a lod score >2, and a 33% probability of a lod 
score >3 for a tightly linked four-allele marker. 

Lod scores for two-point analyses using each of the 
five markers are summarized by population in Table 
111. Results are presented for both diagnostic models 
and for two of the genetic models (models 1 and 3). 
Though no statistically significant lod scores were ob- 
tained, positive lod scores suggestive of linkage were 
found at each of the markers in both the UCSDAJBC 
and the Amish populations. The maximum lod score for 
each marker is indicated in boldface in Table 111. The 
maximum lod score for any of the markers in this table 
is 1.76, which is the total of both the UCSDRJBC and 
Amish populations at HDAT-TaqI under the recessive 
model and diagnostic model 2. At HDAT-PCR1, a lod 
score of 1.09 was obtained in the Amish population un- 
der a dominant model. The highly informative marker 
HDAT-VNTR1 yielded a maximum lod score of 1.16 un- 
der a recessive model for all families. Similarly, a lod 
score of 1.02 was obtained for the UCSDAJBC family 
set under the dominant model. 

The highest two-point lod scores observed were ob- 
tained in individual families, as illustrated in Table IV. 
Family 16 in the UCSDRJBC family set yielded maxi- 
mum lod scores of 2.38 and 2.08 a t  D5S392 and HDAT- 
VNTR1, respectively, under genetic model 1 and diag- 
nostic model 1. A lod score of 1.49 was also obtained at 
D5S406. The other two DAT markers were uninforma- 
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TABLE 111. Two-Point LOD Scores by Population* 

Bipolar only, 8 Bipolar + recurrent depression, 0 
Diagnostic 
model 0.00 0.01 0.05 0.10 0.20 0.30 0.40 0.00 0.01 0.05 0.10 0.20 0.30 0.40 
- - ~ ~  

MarkedGenetic Model 
HDAT-PCR1 Dom 0.85 

Icelandic -2.60 -1.90 
Amish 0.67 0.68 

HDAT-PCR1 Rec 0.50 

Icelandic - 1.05 -0.97 
Amish 0.29 0.30 

HDAT-TuqI Dom 0.85 
UCSDNBC -1.01 -0.65 
Icelandic 0.00 0.00 
Amish -4.26 -2.93 
Total -5.27 -3.58 

UCSDNBC -0.97 -0.88 

Total -2.90 -2.10 

UCSDAJBC -0.17 -0.01 

Total -0.93 -0.68 

HDAT-TuqI Rec 0.50 
UCSDNBC 0.09 0.15 
Icelandic 0.00 0.00 
Amish 0.60 0.58 
Total 0.69 0.73 
HDAT-VNTR1 Dom 0.85 
UCSDNBC -8.38 -5.46 
Icelandic 0.00 0.00 
Amish -7.64 -4.82 
Total -16.02 -10.28 
HDAT-VNTR1 Rec 0.50 
UCSDNBC - 1.04 
Icelandic 0.00 
Amish -2.21 
Total -3.25 
D5S392 Dom 0.85 

Icelandic -4.47 
UCSDNBC -4.53 

Amish -11.56 
Total -20.56 
D5S392 Rec 0.50 

Icelandic -2.12 
UCSDAJBC -0.91 

Amish -5.13 
Total -8.16 
D5S406 Dom 0.85 
UCSDAJBC -7.19 
Icelandic -3.81 
Amish -2.16 
Total -13.16 
D5S406 Rec 0.50 
UCSDAJBC -3.12 
Icelandic - 1.13 
Amish - 1.88 
Total -6.13 

.~ 

-0.68 
0.00 

-1.77 
-2.45 

-2.48 
-3.34 
-7.48 
- 13.30 

-0.59 
-1.95 
-4.48 
-7.02 

-5.21 
-2.70 
-1.21 
-9.12 

-2.80 
- 1.03 
- 1.48 
-5.31 

-0.65 
-1.09 

0.68 
-1.06 

0.32 

0.30 
-0.75 

-0.13 

-0.20 
0.00 

-1.67 
- 1.87 

0.32 
0.00 
0.49 
0.81 

-2.14 
0.00 

-2.43 
-4.57 

-0.44 
-0.68 

0.67 
-0.45 

0.48 
-0.55 

0.29 
0.22 

0.03 
0.00 

- 1.07 
- 1.04 

0.41 
0.00 
0.40 
0.81 

-0.65 
0.00 

- 1.20 
-1.85 

0.14 0.62 
0.00 0.00 

-0.73 -0.09 
-0.59 0.53 

-0.29 0.61 
-2.08 -1.40 
-3.63 -1.73 
-6.00 -2.52 

0.22 0.64 
-1.44 -1.01 
-2.83 -1.69 
-4.05 -2.06 

-2.86 -1.69 
-1.56 -1.02 
-0.18 0.34 
-4.60 -2.37 

-1.87 -1.18 
-0.71 -0.47 
-0.63 -0.19 
-3.21 -1.84 

-0.19 -0.06 -0.02 
-0.30 -0.12 -0.03 

0.59 0.42 0.19 
0.10 0.24 0.14 

0.43 0.26 0.09 

0.23 0.13 0.05 
0.38 0.27 0.11 

-0.28 -0.12 -0.03 

0.19 0.19 0.11 
0.00 0.00 0.00 

-0.49 -0.20 -0.06 
-0.30 -0.01 0.05 

0.36 0.23 0.08 
0.00 0.00 0.00 
0.22 0.09 0.02 
0.58 0.32 0.10 

0.42 0.55 0.26 
0.00 0.00 0.00 
0.00 0.34 0.18 
0.42 0.89 0.44 

0.78 
0.00 
0.38 
1.16 

1.02 
-0.69 
-0.17 

0.16 

0.75 
-0.48 
-0.54 
-0.27 

-0.66 
-0.46 

-0.54 
0.58 

-0.48 
-0.21 

0.09 
-0.60 

0.53 
0.00 
0.39 
0.92 

0.80 
-0.28 

0.20 
0.72 

0.48 
-0.19 
-0.08 

0.21 

-0.21 
-0.18 

0.38 
-0.01 

-0.18 
-0.08 

0.08 
-0.18 

- 1.28 
-3.73 

0.64 
-4.37 

0.42 

0.31 
-2.39 

- 1.66 

- 1.88 
0.00 

-3.35 
-5.23 

0.91 
0.00 
0.85 
1.76 

-9.53 
0.00 

- 12.65 
-22.18 

-1.22 
-2.86 

0.75 
-3.33 

0.42 
-2.12 

0.33 
-1.37 

-1.39 
0.00 

-2.54 
-3.93 

0.88 
0.00 
0.82 
1.70 

-7.30 
0.00 

-8.67 
- 15.97 

-1.04 
- 1.58 

0.99 
-1.63 

0.49 
-1.54 

0.36 
-0.69 

-0.55 
0.00 

- 1.48 
-2.03 

0.77 
0.00 
0.72 
1.49 

-3.68 
0.00 

-4.40 
-8.08 

-0.82 
-0.95 

1.09 
-0.68 

0.49 
-1.10 

0.36 
-0.25 

-0.12 
0.00 

-0.92 
- 1.04 

0.66 
0.00 
0.60 
1.26 

- 1.59 
0.00 

-2.19 
-3.78 

-0.45 
-0.39 

1.00 
0.16 

0.36 
-0.56 

0.27 
0.07 

0.19 
0.00 

-0.37 
-0.18 

0.44 
0.00 
0.36 
0.80 

0.17 
0.00 

-0.28 
-0.11 

-0.17 -0.06 
-0.16 -0.04 

0.68 0.27 
0.35 0.17 

0.18 0.06 

0.14 0.05 
0.08 0.04 

0.21 0.12 
0.00 0.00 

-0.11 -0.01 
0.10 0.11 

0.23 0.10 
0.00 0.00 
0.17 0.04 
0.40 0.14 

0.56 0.32 
0.00 0.00 
0.20 0.09 
0.76 0.41 

-0.24 -0.07 

0.20 -1.33 -1.01 -0.15 0.39 0.64 0.47 0.14 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.22 -2.48 -2.08 -1.03 -0.32 0.25 0.32 0.18 
0.42 -3.81 -3.09 -1.18 0.07 0.89 0.79 0.32 

0.30 -6.19 -4.75 -2.27 -0.78 0.45 0.66 0.33 
-0.07 -5.04 -4.13 -2.68 -1.81 -0.89 -0.38 -0.10 

0.06 -14.08 -10.10 -5.84 -3.47 -1.26 -0.56 -0.37 
0.29 -25.31 -18.98 -10.79 -6.06 -1.70 -0.28 -0.14 

0.18 -1.09 -0.56 0.28 0.71 0.79 0.51 0.18 
-0.05 -1.42 -1.35 -1.09 -0.82 -0.43 -0.19 -0.04 

0.04 -5.10 -4.48 -2.86 -1.72 -0.59 -0.15 -0.01 
0.17 -7.61 -6.39 -3.67 -1.83 -0.23 0.17 0.13 

-0.05 -5.47 -4.25 -2.16 -0.93 0.10 0.34 0.19 
-0.04 -3.76 -3.44 -2.36 -1.53 -0.69 -0.25 -0.06 

0.11 -4.62 -3.62 -1.78 -0.76 0.00 0.10 0.02 
0.02 -13.85 -11.31 -6.30 -3.22 -0.59 0.19 0.15 

-0.04 -3.29 -2.96 -2.05 -1.32 -0.52 -0.19 -0.04 
-0.01 -1.13 -1.05 -0.76 -0.51 -0.21 -0.05 0.00 

0.03 -2.38 -2.06 -1.23 -0.68 -0.19 -0.04 -0.01 
-0.02 -6.80 -6.07 -4.04 -2.51 -0.92 -0.28 -0.05 

~ ~ ~- ~~~ 

“Lod scores on left-hand side werc. generated using the “bipolar only” diagnostic model (model 11, while those a t  right used the “bipolar + re- 
current major depression” model (inode1 2). Lod scores are indicated by population for each of the five markers under two of the genetic models: 
autosomal-dominant with a maxirium penetrance of 0.85 (Dom 0.85), and autosomal-recessive with a maximum penetrance of 0.50 (Rec 0.85). 
The maximum lod score for each marker is in bold face. 

tive in this pedigree. Examination of the pedigree indi- 
cates that all 4 bipolar subjects and 2 of the 4 recurrent 
unipolars shared the same haplotype for the three DAT 
markers and D55392. Positive lod scores were also ob- 
tained a t  all three of the IIAT markers in the Amish 
pedigree. The maximum l’id score in the Amish was 

1.09 a t  HDAT-PCR1, as  described above. Family 16 is 
particularly notable because, although the family is not 
Amish, they live in Southeastern Pennsylvania approx- 
imately 30 miles from the Old Order Amish. They also 
share the same GermadSwiss ancestry as the Old 
Order Amish and most of the “Pennsylvania Dutch” 
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exceed those calculated under 8, = Of. Multipoint 
analyses were also conducted for the UCSDAJBC fami- 

Locus Model definition Family Lod lies using the following map, which is derived from our 
data and which will be reported in detail elsewhere: 

D5S392 Dom.85 BP 16 2.38 pter-D5S392-( 0.02)-HDAT-VNTRl-( 0.08)-D5S406. 
2.08 These analyses excluded bipolar disorder from the in- HDAT-VNTR1 Dom.85 BP 16 

D5S406 Dom.5 B P + R D  16 1 4 9  
HDAT-PCRl Dom , S 5  BP + RD Amish 1:09 terval examined under genetic model 1 and either di- 
HDAT-TaqI Dom .85 BP + RD Amish 0.85 agnostic model. Assuming that bipolar disorder is het- 
HDAT-VNTR1 Dom .5 BP + RD Amish 0.53 erogeneous and transmitted in a non-Mendelian 
HDAT-PCR1 Rec .5 BP 24 0.45 fashion, these results are not surprising, given the 
HDAT-PCR1 Rec .5 BP 2106 0.42 work of Risch and Giuffra [1990], who demonstrated 

that multipoint analyses are less robust to  violations of HDAT-TaqI Dom.85 BP + RD 10 

the assumed model than two-point analyses. D5S392 
D5S392 Rec .5 BP 10 
HDAT-VNTR1 Dom.85 B P + R D  25 0.54 The results of nonparametric analysis using the 
HDAT-VNTR1 Rec.5 BP 10 0.48 APM method are shown in Table V. Using the f(p) = 
HDAT-VNTRl Rec.5 BP 2107 0.48 l/sqrt(p) weighting function, evidence consistent with 

linkage was seen in the UCSDAJBC population. The 
marker HDAT-PCR1 yielded an AF'M statistic of 2.877, Dom .85 = model 1; Dom .5 = model 2; Rec .5 = model 3 

with an empirical P value of 0.001. Suggestive evidence 
population who live in this region. It is therefore ap- was also Seen at D5S392 and D5S406, with empirical p 
Pealing to hypothesize that these two families share a values of 0.025 and 0.021, respectively. In a multipoint 
common mutation in the DAT gene that Predisposes to analysis incorporating four of the markers, further evi- 
bipolar disorder. Though the highest lod scores were ob- dence suggestive of linkage was obtained with an APM 
tained in these two families, other families in the statistic of 3.11 and an empirical p value of 0.001. Re- 
UCSDAJBC family set also yielded positive lod scores sults using the two alternative weighting functions are 
at several of these markers, as shown in Table IV. In provided for comparison purposes. These functions pro- 
fact, as family 16 was uninformative at HDAT-TaqI and vide either no weighting (f(p) = 1) or a strong weighting 
HDAT-PCR1, the positive lod scores at these markers (f(p) = Up) for allele frequency. The function f(p) = 
for the UCSDAJBC population described above re- l/sqrt(p) provides an intermediate weighting, and is 
sulted entirely from families other than family 16. recommended by the developers of the test because of 

Application of the admixture test using the HOMOG its greater power. The Icelandic and Amish samples 
program failed to reveal any significant evidence for ge- provided no support for linkage using the APM method 
netic heterogeneity. Similarly, lod scores calculated un- a t  any marker. 
der an assumption of heterogeneity did not differ ap- Table VI summarizes the results of the affected sib 
preciably from those calculated under an assumption of pair analysis using the ESPA program in the 
homogeneity (data not shown). Lod scores were also UCSDAJBC family set at the marker HDAT-PCR1. In 
calculated allowing for sex-specific recombination (data these analyses, results consistent with linkage were ob- 
not shown). No maxima were found which significantly tained for both diagnostic models. These results were 

TABLE IV. Two-Point Lod Scores in Individual Families 

Genetic Diagnostic 

0.45 
Dom.85 B P + R D  25 0.47 

0,48 

TABLE V. APM Analysis* 

Population Locus Weighting function Statistic Empirical P 

UCSDNBC HDAT-PCRl f(p) = l/sqrt(p) 
HDAT-TaqI f( p) = l/sqrt( p) 
HDAT-VNTR1 ff P) = l/sqrt(p) 
D5S392 A p) = l/sqrt( p) 
D5S406 f( p) = l/sqrt( P) 
Multipoint" f(p) = l/sqrt(p) 
HDAT-PCR1 f(P) = 1 
HDAT-Taq I f(p) = 1 
HDAT-VNTR1 f(P) = 1 
D5S392 f(P) = 1 
D5S406 f(p) = 1 
Multipoint" ffp) = 1 
HDAT-PCR1 ff p) = l/p 
HDAT-TaqI f(P) = l/P 
HDAT-VNTR1 f(P) = l/P 
D5S392 f(p) = 1/p 
D5S406 f(p) = l/p 
Multipoint" f(P) = l/P 

Amish Not significant a t  

Icelandic Not significant at 
any locus 

any locus 

2.877 
0.821 
0.034 
2.154 
2.441 
3.116 
1.109 
0.069 

-0.630 
1.757 
2.229 
2.386 
2.918 
1.213 
0.438 
1.405 
0.689 
2.258 

0.001 
0.213 
0.452 
0.025 
0.021 
0.001 
0.133 
0.472 
0.735 
0.039 
0.012 
0.016 
0.002 
0.112 
0.331 
0.080 
0.245 
0.029 

*Diagnostic model 2 (bipolar + recurrent depression) was used for these analyses. 
"The following map was used for multipoint analysis: D5S392-(.02)-HDAT-PCR1-(.001bHDAT- 
VNTR1-(.079)-D5S406. 
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TABLE VI. Extended Sib Pair Analysis (ESPA) for HDAT-PCR1 in UCSDNBC Families 

Diagnostic 

BP only Completely known 0.0 8.0 8.00 0.0024 

BP + RD Completely known 0.0 10.0 10.00 0.0008 

model Not shared Shared X 2  P 

ESPA 4.0 10.72 3.07 0.039 

ESPA 11.0 18.35 1.84 0.087 

particularly strong when thc analysis was restricted to 
alleles which were completely known. The results were 
reduced though still suggestive when other alleles were 
estimated using a maximum likelihood method (ESPA 
results). The fact that family 16 was relatively unin- 
formative a t  this locus suggests that these results 
may have come primarily i'rom other families in the 
collection. ESPA employs no correction for the noninde- 
pendence of sib pairs from sibships with three or more 
affecteds. However, an  examination of allele sharing in 
individual families did not indicate that any single 
highly-affected sibship con1 ributed disproportionately 
to the results. No other mark er provided positive results 
in the UCSDAJBC families, and no evidence of linkage 
was obtained in the Amish c r Icelandic samples. 

As it was our hypothesis that  the disease mutation 
was in DAT, and hence very close to the DAT markers, 
we tested our data for the ~resence  of linkage disequi- 
librium, using a maximum likelihood-based version of 
the transmission disequilibi*ium test. These results are 
summarized in Table VII for the UCSDAJBC family set 
under diagnostic model 2 (BP + RD). No significant ev- 
idence oflinkage disequilibrium was obtained for any of 
the five markers in our initial analysis, though there 
was a trend towards linkitge disequilibrium for the 
marker HDAT-PCR1. Mini satellites have high muta- 
tion rates and have been implicated as  disease-causing 
mutations [Krontiris, 19951 In particular, a class of al- 
leles in a given size range a t  the insulin 5' VNTR has 
been demonstrated to contribute to the susceptibility to 
insulin-dependent diabetes mellitus. Based on this, we 
hypothesized that the size of the HDAT-VNTR1 allele 
might be associated with illness, even though no single 
specific allele was so associiited. To test this, we pooled 
the HDAT-VNTR1 alleles into two groups based on size, 
such that each group had a frequency of approximately 
50% in the combined family sample. Alleles of 5,500 bp 
or smaller were included in the group of smaller alleles, 

TABLE VII. Transmissicmn Disequilibrium Test in 
UCSDKJBC Families* 

Marker -2Ln(LR) P 
HDAT-TaqI 0.00 0.50 
HDAT-VNTRl 0.513 0.23 
HDAT-VNTR1 (two alleles)" 3.87 0.024 
HDAT-PCR1 1.93 0.08 
D5S392 1.13 0.143 
D5S406 0.64 0.211 

*These results employed diagnostic model 2 (bipolar + recurrent de- 
pression). 
"HDAT-VNTR1 alleles were pooleai into two groups, 5 5,500 bp and 
> 5,500 bp. 

while those above 5,500 bp were in the larger allele 
group. Using these two created alleles, we obtained a 
maximum likelihood statistic of 3.87 (P  = 0.024). 
Though not statistically significant, this does lend some 
suggestive support for the involvement of the VNTR in 
bipolar disorder. 

DISCUSSION 
These data suggest the presence of a susceptibility lo- 

cus for bipolar disorder near the DAT locus on chromo- 
some 51315.3. However, since the conventional criterion 
of a lod score of 3.0 is not reached, a statistically signif- 
icant conclusion regarding linkage cannot be made. 
Furthermore, these results must also be qualified 
based on the number of tests conducted, and on argu- 
ments that even more stringent criteria should be em- 
ployed for complex genetic disorders [Lander and 
Schork, 19941. We chose to employ a variety of analyti- 
cal methods because of the uncertainty regarding the 
mode of transmission of the disorder. Parametric meth- 
ods (MLINK) clearly provide greater power when the 
mode of transmission is known. However, nonparamet- 
ric methods (APM, ESPA, or TDT) may be more robust 
when the mode of transmission is unknown or hetero- 
geneous. Such use of multiple methods may increase 
the risk of a false-positive. However, for this initial 
study, we felt it was more important to avoid falsely re- 
jecting linkage. 

Nevertheless, several factors argue that this region 
bears further examination in other samples. First, sug- 
gestive evidence of linkage was obtained at  both multi- 
ple markers in this region, and in multiple families. 
The two families with the strongest positive lod scores, 
family 16 and the Amish family, are of very similar an- 
cestry consistent with a common inherited risk locus. 
Second, consistent results were obtained using a vari- 
ety of both parametric and nonparametric methods. 
Third, there is a compelling rationale for the involve- 
ment of the dopamine transporter. 

We can conclude from these data that although link- 
age to DAT appears tight in some families, obligate 
crossovers occur in other families. This eliminates the 
hypothesis that the candidate gene DAT is causal in all 
families. However, it is possible that different muta- 
tions in DAT may exist, with differing patterns of trans- 
mission. Also, if DAT is a gene for bipolar disorder, it is 
likely to be one of many genes which contribute to the 
susceptibility to illness, and may operate in only a sub- 
set of families. A possible hint of such heterogeneity in 
our data set comes from suggestive evidence of linkage 
in family 16 to one marker (D18S35) in a region previ- 
ously implicated by other investigators on chromosome 
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The theory that a defect in DAT results in an 
amphetamine-like dysregulation of dopamine release 
that predisposes to bipolar disorder is very appealing. 
However, caution should be observed in interpreting 
our findings. It is possible that although DAT led us to 
examine this region, the actual predisposing locus 
could instead be another nearby gene. Numerous genes 
are likely to reside in the region implicated by our data. 
One possible alternative candidate is the gene for a 
brain adenylate cyclase (ADCY2) which has been re- 
cently cloned by homology and mapped by in situ hy- 
bridization to 5p15.3 [Stengel et al., 19921. Abnormali- 
ties in adenylate cyclase or other proteins involved in 
signal transduction have long been hypothesized to  be 
involved in both bipolar disorder and the mechanism of 
action of lithium. 

Though our results are not conclusive, they should 
provide encouragement for other investigators to ex- 
amine this region in their samples. Confirmation of our 
results may then come through replication of linkage 
in independent family collections, or through demon- 
stration of linkage disequilibrium. Association studies 
of DAT or ADCY2 would more specifically test each of 
these candidates. Lastly, studies are warranted which 
directly examine the DAT gene in individuals with 
bipolar disorder for coding sequence variants, splicing 
errors, or other abnormalities of gene structure and 
function which might predispose to illness. 

18 [Kelsoe et al., 1995; Stine et al., 1995; Berrettini 
et al., 19941. Both between- and within-family hetero- 
geneity is likely to confound detection of linkage, and 
may be reflected in the more positive results which we 
obtained using nonparametric methods, and the detec- 
tion of positive lod scores under both dominant and re- 
cessive models. Yet our analyses using HOMOG failed 
to detect heterogeneity. This is likely due to the fact 
that our families were relatively small, and hence with 
limited power to detect heterogeneity. 

Coon et al. [19931 reported on the only other study 
of the DAT locus in bipolar families. In their set of eight 
families they obtained strongly negative lod scores 
which excluded linkage to a 20-cM interval around 
DAT. However, their analyses were conducted under 
only one autosomal-dominant model of transmission. 
Furthermore, these families were ascertained in Utah, 
and though they were of primarily European ancestry, 
they may have represented a somewhat different sub- 
group than the two families of GermadSwiss ancestry 
who yielded the highest lod scores in our data. Detera- 
Wadleigh et al. [1992] conducted a study of 24 RFLP 
markers spanning chromosome 5 in 14 bipolar pedi- 
grees. Though overall their data excluded linkage to 
the entirety of chromosome 5, inspection of lod scores 
for individual families near the 5pter region indicated 
three families with lod scores in the range of 0.7-1.3 at 
the markers D5S10 and D5S12. D5S10 mapped to an 
interval between 0-9 cM proximal to D5S392, and 
D5S12 between 9-15 cM proximal to D5S392 [Murray 
et al., 19941. In an 81-member subset of Amish pedigree 
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