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Evidence of a Predisposing Locus to Bipolar 
Disorder on Xq24-q27.1 in an Extended 

Finnish Pedigree 
Petra Pekkarinen, 1,3 Joseph Terwilliger, 2 Per-Erik Bredbacka, 1 Jouko 

L nnqvist, and Leena Peltonen 

1Departments of Human Molecular Genetics and Mental Health, National Public Health Institute, 
Helsinki, Finland; 2Wellcome Trust Center for Human Genetics, University of Oxford, England 

An X-chromosomal predisposing locus to manic-depressive illness has been suggested since 1969 on the basis 
of the cosegregation of this trait in some families with phenotypic markers, such as color blindness, the 
glucose-6-phosphate dehydrogenase deficiency, and the coagulation factor IX deficiency. However, the 
conclusive evidence and the exact location of the putative X-chromosomal locus have remained controversial. 
We report here a linkage between DNA markers near the coagulation factor IX gene and bipolar disorder in 
an extended pedigree rising from the genetically isolated population of Finland. A distinct chromosomal 
hapiotype covering a 20-cM region on Xq24-q27.1 could be demonstrated to segregate with bipolar disorder. 
These findings should encourage research groups to study extended family materials with Xq24-q27.1 
markers to finally resolve the question of the X-chromosomal linkage of bipolar disorder. 

Bipolar disorder (BP) belongs to a group of affec- 
tive disorders, which are psychiatric illnesses 
causing abnormal mood. Bipolar disorder is char- 
acterized by episodes of mania (BPI) or hypoma- 
nia (BPII) and depression. During the episodes, 
patients experience changes in sleep, appetite, 
and sexual behavior and abnormalities of endo- 
crine and chronobiological systems. BP aggre- 
gates in families, and, in addition to BP, these 
families frequently show cases of unipolar disor- 
der and schizoaffective disorder (Weissman et al. 
1984; Winokur et al. 1995). These three seem to 
represent different disorders, but they probably 
share some etiological factors. The lifetime prev- 
alence of BP is 0.6%-1.2% and it is not influenced 
by sex or race (for review, see Goodwin and Jarni- 
son 1990). The onset of the disorder typically oc- 
curs at young adulthood and results in impaired 
interpersonal, social, and occupational function- 
ing. As many as one-third of the patients have 
chronic symptoms and evidence of social decline 
(for review, see Goodwin and Jamison 1990). 

The etiology of BP is unknown,  but twin 
studies have evidenced the significance of ge- 

3Corresponding author. 
E-MAIL petra.pekkarinen@ktl.fi; FAX 358 0 4744 480. 

netic factors in predisposition to the disorder (for 
review, see Nurnberger and Gershon 1992). Even 
so, no success has yet been reached in identifying 
specific susceptibility genes to BP because of 
problems commonly encountered in the genetic 
analyses of complex diseases, such as unknown 
mode of inheri tance and unclear phenotype  
(O'Donovan and Owen 1992). Many investiga- 
tors have tried to locate the susceptibility genes 
to BP by classical linkage analyses. One chromo- 
somal region repeatedly suggested to be linked to 
BP is Xq26.3-q28 containing the color-blindness 
(CB) and glucose-6-phosphate dehydrogenase 
(G6PD) loci on Xq28 (Reich et al. 1969; Mend- 
lewicz et al. 1972, 1979, 1980; Mendlewicz and 
Fleiss 1974; Baron 1977; Gershon et al. 1980; Del 
Zompo et al. 1984; Baron et al. 1987) and the 
coagulation factor IX locus (F9) on Xq26.3 (Men- 
dlewicz et al. 1987; Craddock and Owen 1992; 
Gill et al. 1992; Lucotte et al. 1992; Jeffries et al. 
1993) (Fig. 1). The linkages to both of these re- 
gions, Xq28 (Gershon et al. 1979; Berrettini et al. 
1990) and Xq26.3 (Gejman et al. 1990; Bredbacka 
et al. 1993; De bruyn et al. 1994), have also been 
rejected by many investigators. In addition, the 
linkage data have been challenged by a signifi- 
cant amount  of criticism raising issues, such as 
hidden recombinants remaining undetected be- 
cause of the low informativeness of the pheno- 
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Figure 1 The order of the markers on Xq24-q28. 
Order is based on the report from the Fifth Interna- 
tional Workshop on Human X Chromosome Map- 
ping (Willard et al. 1994). Genetic distances are 
from Wang and colleagues (1994). The location of 
the marker DXSl122 is uncertain because it was 
only recently described (Donnelly et al. 1994). Also, 
the location of the marker DXS994 is unresolved, 
because it has been physically mapped between the 
markers DXS425 and DXS737 (Willard et al. 1994), 
but genetically it was localized more distally be- 
tween the markers DXS100 and DXS1062 (Don- 
nelly et al. 1994; Gyapay et al. 1994; Wang et al. 
1994). The approximate locations of these markers 
are shown by a line at r ight of the ordered markers. 
Markers located within a 1-cM distance from each 
other are indicated by a line at left. Numerals be- 
tween the markers are intermarker distances in cen- 
timorgans. 

typic markers like CB and the G6PD deficiency 
(Baron et al. 1993), the possibility for ascertain- 
ment bias when ascertaining doubly ill probands 
(Gershon and Matthysse 1977), and the absence 
of evidence of the X-chromosomal transmission 
of manic-depressive illness (Hebebrand 1992). 

The Finnish population has been isolated for 
several thousand years owing to geographical 
and linguistic reasons (for review, see de la 
Chapelle 1993). This kind of isolated population 
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should be highly useful in genetic studies of com- 
plex diseases because of the founder effect, which 
restricts the number of the original predisposing 
mutations. We have studied one extended pedi- 
gree (P101), which rises from the genetically iso- 
lated population of Eastern Finland and demon- 
strates 16 affectively ill individuals (10 bipolar, 1 
schizoaffective, and 5 recurrent unipolar) and re- 
port here evidence of linkage between bipolar 
and schizoaffective disorders and the markers on 
Xq24-q27.1. 

RESULTS 

Linkage Analyses in Pedigree PIOI 

The X-chromosomal markers were studied as part 
of a genome screen for susceptibility genes in 
Pedigree P101. At that stage, -80 markers on 
chromosomes 3-5, 9, 11, 13, 15, 18-22, and X 
had been analyzed. 

Results of the two-point linkage analyses un- 
der the single major locus (SML) and affecteds 
only (AO) models (Table 5, below) and the most 
stringent diagnostic category A are presented in 
Table 1A. Under the SML model, a lod score of 
3.54 was obtained to the marker DXS994 on 
Xq24-q26 at O = 0.0. The linkage analyses to the 
same marker under the AO model resulted in a 
lod score of 2.17 at O = 0.0. Under both models, 
the surrounding markers on an -20-cM chromo- 
somal region revealed positive lod scores peaking 
at 2.9 (Table 1A). Under diagnostic category B, 
the linkage analyses resulted in less positive lod 
scores at higher recombination fractions with a 
m a x i m u m  lod score of 2.21 to the marker 
DXS994 at O - 0.10 (Table 1B). Under diagnostic 
category C, linkage analyses under the SML 
model resulted in negative lod scores except for 
markers DXS300 and DXS984, which gave posi- 
tive lod scores of 0.70 and 0.74 at the O = 0, re- 
spectively, and linkage analyses under the AO 
model resulted in uninformative positive lod 
scores with a maximum of 0.71 to the marker 
DXS984 at the O- -0  (data for category C not 
shown). Linkage analyses with the markers out- 
side the Xq24-q27 chromosomal region resulted 
in negative lod scores under both models and the 
three diagnostic categories with the exception of 
GABRA3, which remained uninformative. 

To evaluate the probability to obtain equally 
high lod scores owing to chance alone, simula- 
tion analyses under no linkage were performed. 
Five thousand replicates of the pedigree under 
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Table 1. Results from the linkage analyses 

Recombination fraction 
(single major locus model) (affecteds only model) 

Marker 0.00 0.05 0.10 0.20 0.30 0.00 0.05 0.10 0.20 0.30 

A. Diagnostic category A 
DXS1001 -2.16 -0.18 0 . 1 1  0.30 0.30 
DXS425 0.04 1.45 1.54 1.33 0.91 
DXS737 0.08 0.15 0.19 0.22 0.19 
DXS1122 2.59 2.48 2.31 1.82 1.1 5 
DXS100 2.90 2.73 2.52 1.99 1.35 
DXS994 3.54 3.35 3 . 1 1  2.49 1.73 
DXS1114 2.77 2.68 2.52 2.04 1.39 
HPRT 2.45 2.42 2.32 1.94 1.36 
DXS1254 2 . 5 1  2.45 2.33 1.90 1.29 
DXS300 0.70 0.69 0.66 0.56 0.42 
DXS1062 -0.08 0.09 0.20 0.30 0.29 
DXS294 0.40 0.44 0 . 4 1  0.23 -0.05 
DXS1192 -0.80 0.1 3 0.48 0.65 0.44 
DXS102 -0.18 -0.01 0 . 1 1  0.23 0.24 
F9 0.42 0.44 0 . 4 1  0.22 -0.06 
DXS984 0.59 0.59 0.57 0.48 0.36 
DXS1227 -1.69 -1.45 -1.16 -0.66 -0.32 
DXS292 -2.00 0.1 7 0.47 0 . 5 1  0.27 
DXS1200 -2.35 -2.14 -1.94 -1.50 -1.08 
DXS548 -4.01 -1.85 -1.24 -0.63 -0.31 
DXSl193 -6.20 -3.72 -2.74 -1.54 -0.87 
DXSl113 -3.57 -1.51 -1.06 -0.46 -0.14 
GABRA3 0.01 0.01 0.01 0.01 0.00 
DXS15 -1.74 0.35 0.52 0.56 0.44 
F8 -9.49 -5.63 -3.97 -2.02 -0.93 

-0.84 -0.16 0.02 0.12 0.12 
0.10 0.38 0.44 0.37 0.23 
0.67 0 . 6 1  0.55 0.42 0.29 
1.96 1.73 1 . 5 1  1.04 0.58 
1.81 1.62 1.42 1.02 0.61 
2.17 1.96 1.74 1.29 0.81 
1.92 1.72 1.52 1.09 0.66 
1.97 1.77 1.57 1.14 0.71 
2.03 1 . 8 1  1.59 1.1 3 0.68 
0.60 0.55 0.50 0.40 0.28 
1.04 0.95 0.85 0.65 0.45 
0.46 0.36 0.25 0.07 0.05 
1.97 1.74 1 . 5 1  1.02 0.56 
0.95 0.87 0.79 0.62 0.43 
0.39 0.30 0 . 2 1  0.05 -0.06 
0.70 0.64 0.57 0.44 0.30 

-0.76 -0.25 -0.08 0.06 0.08 
-0.84 -0.06 0.07 0.06 -0.02 
-1.44 -1.15 -0.91 -0.57 -0.33 
-1.12 -1.02 -0.89 -0.62 -0.38 
-2.43 -1.93 -1.51 -0.93 -0.56 
-1.79 -0.90 -0.62 -0.31 -0.14 

0.03 0.02 0.02 0 . 0 1  0.00 
-0.95 -0.27 -0.08 0.07 0.10 
-1.72 -1.74 -1.60 -0.99 -0.50 

B. Diagnostic category B 
DXS1001 -4.00 -2.02 -1.25 -0.51 -0.18 
DXS425 -2.88 -0.79 -0.15 0.26 0.24 
DXS737 0.14 0.19 0.22 0.23 0.20 
DXS1122 -0.52 1.76 1.79 1.48 0.94 
DXS100 -1.86 -0.42 0.10 0.48 0.45 
DXS994 0.40 1.96 2.21 2.03 1.49 
DXSl114 -1.32 1.43 1 . 6 1  1.49 1.06 
HPRT -1.46 1.1 6 1.40 1.38 1.02 
DXS1254 -1.64 0.96 1.22 1.24 0.91 
DXS300 0.71 0.70 0.66 0.56 0.42 
DXS1062 -1.35 -0.13 0.16 0.37 0.36 
DXS294 -3.20 -2.28 -1.70 -1.08 -0.72 
DXSl192 -4.18 -1.99 -0.97 -0.13 0.06 
DXS102 -1.61 -0.34 -0.03 0.23 0.27 
F9 -3.19 -2.30 -1.73 -1.12 -0.74 
DXS984 0.74 0 . 7 1  0.67 0.55 0.39 
DXS1227 -0.12 -0.05 0.02 0.1 3 0.18 
DXS292 -4.10 -0.71 -0.15 0.17 0.11 
DXS1200 -4.88 -2.27 -1.87 -1.33 -0.79 
DXS548 -3.35 -1.76 -1.18 -0.61 -0.30 
DXSl193 -7.41 -3.07 -2.09 -1.09 -0.58 
DXSl113 -5.13 -1.60 -1.03 -0.47 -0.18 
GABRA3 0.05 0.04 0.03 0.02 0.01 
DXS15 -0.25 0.25 0.38 0.40 0.32 
F8 -5.88 -3.96 -3.12 -1.74 -0.76 

-1.80 -1.24 -0.94 -0.53 -0.27 
-0.77 -0.42 -0.26 -0.10 -0.03 

0.64 0.59 0.53 0 . 4 1  0.28 
1.30 1.25 1.1 5 0.90 0.61 
0.48 0.39 0.34 0.27 0.18 
0.41 0.51 0.57 0.55 0.41 
1.25 1.21 1.1 3 0.89 0.61 
1.24 1.21 1.1 3 0.89 0.61 
1.29 1.25 1.16 0 . 9 1  0.62 
0.59 0.54 0.49 0.39 0.28 

-0.22 0.28 0 . 4 1  0.44 0.36 
-0.68 -0.62 -0.54 -0.36 -0.21 

0.52 0.60 0.63 0.57 0.41 
-0.32 0.20 0.35 0 . 4 1  0.34 
-0.74 -0.67 -0.57 -0.38 -0.22 

0.68 0.62 0.56 0.43 0.29 
-0.27 0.23 0.37 0.42 0.35 
-1.09 -0.48 -0.24 -0.02 0.04 
-1.27 -0.59 -0.34 -0.10 0.01 
-1.07 -1.00 -0.88 -0.61 -0.37 
-2.11 -1.34 -0.98 -0.54 -0.27 
-0.70 -0.27 -0.11 0 . 0 1  0.04 

0.02 0.02 0.02 0 . 0 1  0.00 
-0.83 -0.49 -0.32 -0.14 -0.05 
-0.47 -0.56 -0.60 -0.45 -0.22 

t he  a s sump-  
t i o n  of  a n  
X - c h r o m o -  
somal marker 
with equal al- 
lelic n u m b e r  
and frequen- 
c i e s  t o  
DXS994 (four 
alleles; allele 
f r e q u e n c i e s  
of 0.03, 0.25, 
0 . 2 9 ,  a n d  
0 . 4 3 )  a t  
O = 0.5 were 
simulated us- 
i n g  t h e  
SLINK p r o -  
gram (Weeks 
et al. 1990;  
O t t  1 9 8 9 ) .  
R e p l i c a t e s  
w e r e  a n a -  
lyzed  u n d e r  
e a c h  of t h e  
t h r e e  d i a g -  
n o s t i c  ca te -  
g o r i e s  a n d  
two inhe r i t -  
ance mode l s  
u s i n g  t h e  
MSIM opt ion  
of the SLINK 
program. The 
propor t ion of 
the replicates 
r e s u l t i n g  in 
l o d  s c o r e s  
h i g h e r  t h a n  
two or three  
u n d e r  e a c h  
m o d e l  a r e  
shown in Ta- 
b l e  2. T w o  
ou t  of 5000 
r e p l i c a t e s  
g a v e  a l o d  
s c o r e  > 2 . 1 7  
under  the AO 
m o d e l  a n d  
d i a g n o s t i c  
c a t e g o r y  A, 
for  an  es t i -  
mated  empir- 
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ical P value of 0.0004 (upper limit of 95% confi- 
dence interval for the est imated P value is 
0.0014). Similarly, 1 out of 5000 unlinked repli- 
cates analyzed under the SML model and diag- 
nostic category A resulted in a lod score > 3.54, 
for an estimated P value of 0.0002 (upper limit of 
95% confidence interval is 0.0012). If all the rep- 
licates resulting in lod scores > 3.54 in the anal- 
yses under any of the six diagnostic category and 
inheritance model combinations were summed, 
three such replicates were found resulting in a 
maximized-over-models P value of 0.0006 (upper 
limit of 95% confidence interval is 0.0018). 

Segregation of the X-chromosomal Haplotype in 
Pedigree PIOI 

H a p l o t y p e s  
w e r e  c o n -  
structed using 
1 6 m a r k e r s  
b e t w e e n  the  Moder Diagn. b 
m a r k e r s  
DXS425 and  S A 
DXS1227 on M B 
the Xq24-q27 L C 
region. The re- A A 
stricted haplo- O B 
type for mark- M C 
ers DXS737,  
D X S 1 0 0 ,  
D X S l 1 1 4 ,  
H P R T ,  a n d  
D X S 1 2 5 4  is 
shown in Fig- 
u r e  2. T h e  
m a r k e r  
DXS994 could 
not be utilized, 
because its lo- 
cation is still 
controversial. In the report from the Fifth Interna- 
tional Workshop on Human X Chromosome Map- 
ping 1994 (Willard et al. 1994), it was localized be- 
tween the markers DXS425 and DXS737, but in 
several genetic maps it is positioned more distal, 
between DXSIO0 and DXS294 (Donnelly et al. 
1994; Gyapay et al. 1994; Wang et al. 1994). Un- 
fortunately, our family material was too small to 
try to resolve its location. The haplotype analysis 
revealed that all the living family members (or 
those whose haplotype could be reconstructed) af- 
fected by bipolar (IDs 208, 309, 310, 320, 324, 

413, and 415 in Fig. 2) or schizoaffective (ID 422) 
disorder carried the same haplotype. No recom- 
bination events were present in the affected in- 
dividuals in the 20-cM chromosomal region be- 
tween the markers DXS425 and DXS1227 (Fig. 1), 
and thus this complete DNA region remains as a 
potential site for the BP locus in this family. Ten 
unaffected females (IDs 209, 211, 301, 304, 318, 
408, 421, 423, 424, and 427 in Fig. 2), who were 
34-91 years of age, and three unaffected males 
(IDs 401, 409, and 416), who are 35, 37, and 47 
years of age, also carried the same haplotype in 
this complete chromosomal region and therefore 
have to represent nonpenetrant carriers. Four fe- 
males (IDs 403, 404, 411, and 418) carried small 
portions of the complete haplotype. The location 

of the disease 
locus between 
m a r k e r s  

Table 2. Simulation analyses in pedigree P101 

p~ 

AMLS ~ S.D. d >2 >3 

0.12 0.27 0.0034 0.0002 
0.12 0.28 0.0026 0.0006 
0.12 0.26 0.0020 0.0004 

0.1 3 0.26 0.0010 0.0000 
0.1 3 0.26 0.0004 0.0000 
0.1 2 0.25 0.0000 0.0000 

5000 replicates of Pedigree P101 were simulated at the O = 0.5 from the marker 
DXS994 using SLINK and then analyzed using MSIM (Weeks et al. 1990; Ott 1989). 
aThe inheritance model used in the MSIM analyses: (SML) Single major locus model; 
(AOM) affecteds only model (Table 5). 
b(Diagn.) The diagnostic category used in the MSIM analyses. 
CAverage maximum Iod score. 
dStandard deviation. 
eProbability of a replicate to result in a Iod score higher than 2 or 3. 

DXS100 and  
DXS1114 (the 
d i s t a n c e  of  
abou t  4 cM) 
would result in 
the  s m a l l e s t  
n u m b e r  o f  
nonpene t r an t  
carriers (9 fe- 
males  and  3 
m a l e s ) ,  a n d  
the location in 
the vicinity of 
m a r k e r s  
DXS737 and  
DXS100 would 
resul t  in the 
highest  num-  
ber (12 females 
and 3 males). 

Sequence Analysis of the HPRT Coding Region 

The gene coding for the enzyme HPRT (Stout and 
Caskey 1989) resides on Xq26, and no obligatory 
recombination events were observed between the 
disease and the HPRT locus in Pedigree P101. The 
coding region of the gene was sequenced from 
one affected female (ID 309 in Fig. 2) and one 
unaffected male (ID 414) in Pedigree P101, but 
no nucleotide variation was observed, when 
these sequences were compared with the pub- 
lished cDNA sequence (Jolly et al. 1983). 
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F i g u r e  2 Pedigree P101. Numerals beneath each symbol indicate the identity number for the individual. 
Numerals in the top right corner of each symbol indicate the age of onset of an affected individual and the age 
of an unaffected individual at death or at last interview. A question mark indicates that the age at death is 
unknown. The boxes beneath the identity numbers indicate the haplotypes, and the numbers next to the boxes 
indicate different alleles for the markers. The order of the genotyped markers from the top is DXS737, DXS100, 
DXS1114, HPRT, DXS1254. The identity numbers marked with > refer to the individuals whose haplotypes have 
been reconstructed. 

DISCUSSION 

We report  here h ighly  suggestive evidence of 
linkage of BP to the chromosomal  region sur- 
rounding  the marker DXS994 on Xq24-q26 in a 
single extended Finnish pedigree bo th  under  the 
SML and the AO models. A lod score of 3.54 was 
obtained under  the most  str ingent diagnostic cat- 
egory A, in which the individuals with BP (types 
I and II and NOS) or schizoaffective disorder were 
considered affected. If the individuals with uni- 
polar disorder were included, the evidence for 
linkage dropped. Analyses with markers outside 
the chromosomal  region of Xq24-q27.1 resulted 
in negative lod scores rendering the existence of 
a susceptibility locus near to the CB and G6PD 
loci highly unlikely. 

The segregation of BP in this pedigree is com- 
patible with X-linkage but  does not  provide un- 
equivocal evidence for X-chromosomal  transmis- 
sion. This is because the first three generations 
show an excess of females, d iminishing the pos- 
sibility to detect male-to-male transmission. The 
reproductive rate of the affected males in the ped- 

igree is low because of their high mortali ty:  In the 
fourth and fifth generations, two affected males 
(IDs 303 and 407 in Fig. 2) had commit ted  sui- 
cide at a young  age before they  reproduced and 
one affected male (ID 315) commit ted  suicide af- 
ter his first child. The only  son of ID 413 died in 
a car accident. Two affected males in this pedi- 
gree have offspring (IDs 324 and 315). Their sons 
were assessed to be unaffected, but  they  are still 
only  30 (ID 428) and 16 (ID 419) years of age. 

The lack of evidence for the X-chromosomal  
t ransmiss ion  of BP has been discussed (Hebe- 
brand 1992). However, segregation analyses in 
complex diseases are problematic.  The segrega- 
t ion ratios presented for an X-linked disease gene 
for BP are based on assumptions of equal pene- 
trance and reproductive fitness in the sexes, and 
they  do not  take into account  polygenic interac- 
tions, where mult iple genetic and envi ronmenta l  
factors, none  of which may  be obligatory to cause 
disease, could predispose to BP. If one of the pre- 
disposing genes would  be X-linked dominan t ,  
but  others were not, it could totally mask the 
presence of an X-linked gene. Therefore, f inding 
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the linkage in a complex disease is the best evi- 
dence for the existence of a disease locus with 
major influence. 

When the haplotypes were constructed for 
the Xq24-q27.1 markers (Fig. 2), all the family 
members with bipolar or schizoaffective disorder 
were found to carry the same haplotype. This is 
the first report on linkage of BP, where a distinct 
haplotype constructed using highly informative 
DNA markers was found to segregate with BP, 
excluding a possibility for false linkage owing to 
undetected recombinations. The smallest num- 
ber of nonpenetrant  carriers would be present if 
the BP gene would reside in the 4-cM chromo- 
somal region between the markers DXSIO0 and 
DXSl114. This restricted haplotype was carried 
by 13 females, of whom 4 were affected, and 7 
males, of whom 4 were affected (estimated from 
the haplotyped family members). Thus, the pen- 
etrance of the susceptibility gene would be -0.6 
in males and -0.3 in females. The largest number  
of nonpenetrant  carriers would be present if the 
putative disease locus would reside in the vicinity 
of the markers DXS737 and DXS100. Then, the 
number  of carrier females would be 16 instead of 
13, and the penetrance in females would be 0.25. 
This low penetrance can be explained by several 
factors. Many of the unaffected carriers are at 
ages where they could still develop the disease, 
even though all of them have passed the low 
mean age of onset in this pedigree (22 years of 
age). Inactivation of the defective chromosome 
(Migeon 1994), such that  the deficient allele 
would be expressed only at a subthreshold per- 
centage of cells, could reduce the penetrance in 
females. It is also very likely that other genetic or 
environmental  factors are required for the ex- 
pression of full-blown disease. 

Several genes have been identified in the 
chromosomal region just centromeric to the F9 
gene. Among the most interesting ones is the 
gene for the enzyme HPRT (Stout and Caskey 
1989), which  catalyzes the metabolic salvage of 
the purine bases hypoxanth ine  and guanine.  
This enzyme is expressed in all tissues at low lev- 
els, except for the basal ganglia where the con- 
centration is high. Complete deficiency of HPRT 
results in Lesch-Nyhan syndrome with severe 
neuropsychiatric symptoms, but the specific re- 
la t ionship between these symptoms and the 
HPRT deficiency is unclear. Mostly, the defi- 
ciency seems to affect the basal ganglia and their 
dopaminergic system, and thus the possibility ex- 
ists that the expression of this gene could also 
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influence mood. With our sequence analyses we 
excluded a muta t ion  in the coding region of 
HPRT as a causative mutat ion for BP in this fam- 
ily. 

Our results would seem to support the previ- 
ous reports of linkage of BP to the F9 gene on 
Xq26.3 (Mendlewicz et al. 1987; Craddock and 
Owen 1992; Gill et al. 1992; Lucotte et al. 1992; 
Jefferies et al. 1993). However, a variety of diag- 
nostic criteria and inheritance models have been 
adopted in these studies complicating interpreta- 
tion of their results. It should be stressed that  we 
have studied previously the F9 marker in pedi- 
gree P101 in an at tempt to replicate or exclude 
the original finding of linkage by Mendlewicz 
and colleagues (1987). In this study we adopted 
the diagnostic criteria of Mendlewicz and col- 
leagues, which included to the same category 
both unipolar and bipolar disorder, and came to 
the conclusion of excluding linkage of manic de- 
pressive illness to the F9 locus (Bredbacka et al. 
1993). We also adopted diagnostic category A in- 
cluding only bipolar I subjects, but  the results of 
the linkage analyses under  this category re- 
mained uninformative. This is also obvious from 
Table 1, A and B, of the present study. When a 
genome screen was started in Pedigree P101, the 
present diagnostic categories were constructed 
and more informative markers centromeric to F9 
were analyzed, and only then the evidence for 
linkage appeared. This emphasizes the impor- 
tance of well-based diagnostic classification and 
the use of maximally informative markers in the 
linkage analyses. 

Against this background, we were interested 
to know what would be the results of the studies 
published previously on bipolar pedigrees typed 
with Xq26-q27 markers if they were analyzed un- 
der uniform diagnostic criteria and inheritance 
models. Therefore, we carried out a reanalyses 
where all available pedigrees irrespective of their 
results were included. These studies and their 
original results are summarized in Table 3. Link- 
age analyses were carried out under diagnostic 
category A, and the AO model using a polylocus 
method (Terwilliger and Ott 1993). In this ap- 
proach, if the locus of interest is uninformative in 
a pedigree (e.g., not analyzed), the nearest infor- 
mative marker to the primary locus of interest is 
analyzed instead to extract linkage information 
from all pedigrees together in a two-point con- 
text. The allele frequencies were taken from Gej- 
man and colleagues (1990). In the reanalyses, 
suggestive evidence for linkage was found. The 
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Table 3. Published data on Xq26-q27  markers in bipolar disorder 

No. of 
Reference pedigrees Markers a Results b 

Mendlewizc et al. (1987) 11 
Lucotte et al. (1992) 1 (9) 
Jeffries et al. (1993) 1 

Gejman et al. (1990) 7 
Baron et al. (1993) 3 
De bruyn et al. (1994) 9 d 

F9 
F9 (DXS51, DXS98) 
DXS51, F9 (DXS105, DXS98, 

DXS369, DXS297) 
DXS51, F9, c DXS105, DXS98 
DXS98 
F9, DXS105 

z =  3.10 at O = 0.11 
F9: z =  3.91 at O = 0.00 
DXS51: z =  1.89 at O = 0.00 
F9: z =  2.20 at O = 0.00 
all markers: z < - 2  
z < - 2  
I .  F 9 : z - - 1 . 1 2 a t O = 0 . 0 0  
DXS105: z = 0.12 at O = 0.00 
2. F9: z < - 2  
DXS105: z < - 2  

Previously published studies of bipolar pedigrees typed with Xq26-q27 markers. Data in the parenthesis could not be reanalyzed, 
since not enough details were given. 
aMarkers outside the chromosomal region of Xq26-q27 are not shown. 
bThe results summarized for Xq26-q27 markers. (z) The lod score; O the recombination fraction. De bruyn and colleagues (I 994) 
divided their pedigrees into two sets: Set I includes two pedigrees studied previously by Mendlewicz and colleagues and set 2 
includes seven newly ascertained pedigrees. 
CGejman and colleagues (1990) studied three different polymorphisms in the F9 locus. 
dTwo of these pedigrees were also studied by Mendlewicz and colleagues (1987). 

m a x i m u m  polylocus lod scores obtained to the 
markers DXS51, F9a, F9b, DXS105, and DXS98 
were 2.78, 1.51, 1.77, -0.02,  a n d - 0 . 0 3 ,  respec- 
tively. Consequent ly ,  these combined  data from 
previous studies would also support  the  linkage 
of BP to the Xq26 region, and the evidence for 
linkage decreases when  moving  telomeric to F9. 
We acknowledge, that  the possibility for bias in 
favor of linkage and in favor of small recombina- 
t ion fraction estimates exists, because of the re- 
port ing bias in favor of publ ishing positive re- 
sults. However, these prel iminary data from the 
reanalyses should encourage investigators who 
have pedigrees that  have previously shown link- 
age to Xq26, to reanalyze t hem with updated  di- 
agnoses and more informative DNA markers on 
Xq24-q27.1.  This should clarify the question of 
X-linkage of BP in these pedigrees or in a fraction 
of them. 

Pedigree P101 originates in a district in East- 
ern Finland, which  received its stable Finnish 
popula t ion  only  in the 17th century  and experi- 
enced the major  popula t ion  expansion even later 
(for review, see de la Chapelle 1993). Many  of the 
rare recessive disorders, which are much  more 
prevalent  in Finland than  elsewhere in the world 
(the Finnish disease heritage), are encountered  in 
this region (Norio et al. 1973). We have some 
prel iminary data, that  BP could be more preva- 

lent in Eastern parts than  elsewhere in Finland 
suggesting that  some genes predisposing to BP 
could be enriched in this region. This kind of 
popula t ion  is very useful for linkage disequilib- 
r ium mapping.  Therefore, our next  approach is to 
s tudy the bipolar patients originating in this re- 
stricted area of Finland. The f inding of an enrich- 
men t  of a distinct haplotype  on Xq24-q27.1 in 
this pat ient  popula t ion  would bo th  confirm our 
prel iminary evidence for linkage and enable us to 
further restrict the critical region on the X chro- 
mosome.  In this process also, the marker data 
from families around the world will be h ighly  
useful and will provide the starting point  for solv- 
ing the significance of this chromosomal  region 
in predisposit ion to BP. 

METHODS 

Clinical Assessment of Pedigree PIOI 

Pedigree P101 (presented in Fig. 2) has been described ear- 
lier by Bredbacka and colleagues (1993). It was ascertained 
through a proband (ID 309 in Fig. 2) in a psychiatric hos- 
pital in Eastern Finland. Diagnostic information was gath- 
ered on each pedigree member by at least two interviews 
by a psychiatrist (P.-E.B.) using the Finnish translation of 
SADS-L (Endicott and Spitzer 1978) and by an extensive 
search to the medical records and church registers. Causes 
of death were ascertained by forensic examinations and by 
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additional interviews of relatives and neighbors. On the 
basis of these data, a case record was made by the inter- 
viewer on each affected pedigree member, and these 
records were introduced to a senior psychiatrist (J.L.), who 
made his independent diagnoses. The two psychiatrists 
(P.-E.B. and J.L.) made together the final consensus diag- 
noses on the basis of all available data according to DSM- 
III-R (American Psychiatric Association 1987) and without 
knowledge of the genotypic data. Further support for them 
was received by gathering data on family members' hos- 
pitalizations, hospital discharge diagnoses, and free med- 
ication from the Na- 
tional Hospital Dis- 
charge and  Social 
Insurance registers. 
The menta l  heal th  

status of those indi- Locus Marker 
viduals,  who  pro- 
vided DNA samples, DXS1001 
has been carefully DXS425 
followed already 7 

DXS737 years (P.E.B.) by in- 
terviews, phone calls DXS1122 
and contacts to local DXS100 
ou tpa t i en t  clinics. DXS994 
During this follow- DXS1114 
up time, one family HPRT 
member became af- DXS1254 
fected by bipolar dis-  DXS300 
order I (ID 415 in F ig .  DXS1062 
2) and another, who DXS294 
had suffered single DXS1192 
episode of depres- 
sion, turned out to DXS102 
have recurrent major F9 
depression (ID 321 DXS984 
in Fig. 2). The study DXS1227 
protocol  has been  DXS292 
approved by the eth- DXS1200 
ical committee of the DXS548 
N a t i o n a l  P u b l i c  DXSl193 
Health Institute, and DXS1113 
all the blood samples GABRA3 
were taken in accor- 
dance with the Hel- DXS15 
sinki declaration. F8 

A p s y c h i a t r i c  
disorder was diag- 
nosed on 24 family 
members according 
to DSM-III-R: 10 
with a BP [8 type I, 1 
type II, and i bipolar 
NOS (not otherwise specified)], 1 with schizoaffective dis- 
order of bipolar type, 5 with recurrent major depression, 2 
with schizophrenia, 1 with schizophreniform disorder, 2 
with psychosis NOS, and 3 with alcohol abuse (Fig. 2). Two 
family members refused to participate in the study (IDs 
425 and 428 in Fig. 2) and two family members could not 
be reached (IDs 405 and 406 in Fig. 2). These individuals 
were excluded from the analyses. Because the segregation 
of BP in this pedigree was compatible with an X-chromo- 
somal locus, the affected family members were also exam- 
ined for differences in the clinical picture between the 

sexes, but no major deviations were found in the symp- 
tomatology, age of onset, or the number or duration of the 
disease episodes. 

Marker Genotypings in Pedigree PIOI 

Genomic DNA was extracted from venous blood samples 
using the standard protocol (Vandenplas et al. 1984). The 
details for the 25 markers typed in Pedigree P101 are 
shown in Table 4. 

All the amplifiable markers (except F9) were analyzed 
using PCR and dena- 
turating polyacryla- 

Table 4. Analyzed X-chromosomal markers 

Het. a GDB ID b 

AFM248we5 0.82 G00-188-531 
861/862 0.79 G00-171-211 
MS120 0.60 G00-182-659 
26AD 0.35 G00-196-549 
23.4AC 0.59 G00-316-892 
AFM205wd2 0.68 G00-188-323 
ACAG/TGTC 0.59 G00-192-946 
HPRTB 0.77 G00-212-631 
MFD207 0.79 G00-215-019 
DXS300. PCR 0.40 G00-181-502 
AFM207xb8 0.74 G00-189-395 
DXS294.PCR 0.75 G00-181-501 
AFM196xal 0.84 G00-199-152 
DXS102.PCR 0.71 G00-181-092 
pVIII 0.45 G00-164-160 
AFM105xc5 0.72 G00-187-979 
AF M 317ye9 0.73 G00-200-332 
VK14 0.58 G00-182-422 
AFM254wh1 0.65 G00-199-554 
RS46-CA 0.65 G00-177-918 
AFM199wc7 0.75 G00-199-1 70 
AGTG/TCAC 0.76 G00-192-945 
MGD341/342 0.36 G00-180-41 3 
9120/9121 0.84 G00-207-346 
2A/intron 13-1A 0.69 G00-185-865 

aHeterozygosity. 
bThe GDB (Genome Database) identity number. 

m i d e  gel e l ec t ro -  
p h o r e s i s  (PAGE). 
O n e  of t h e  PCR 
primers was labeled 
with 32p at the 5" end 
using [7-32P]ATP and 
T4 po lynuc l eo t ide  
kinase. A PCR reac- 
tion included 20 ng 
of human  genomic 
DNA, 2-15 pmoles of 
each primer, 0.2 mM 
of the dNTPs, and 
0.15 uni t s  of Taq 
polymerase in 15 ~tl 
of its buffer. The PCR 
reactions were per- 
formed in multiwell 
microtiter plates for 
26 cycles with 30 sec 
of dena tura t ion  at 
95°C, 30 sec of an- 
neal ing at specific 
temperature for each 
primer pair, and 30 
sec of elongation at 
72°C. The initial de- 
naturation was ex- 
tended to 3 min, and 
the final elongation 
to 5 rain. The ampli- 
fied products were 
e l e c t r o p h o r e s e d  
through a 5% poly- 
acrylamide sequenc- 
ing gel, and the gel 
was dried and sub- 
jected to autoradiog- 
raphy. 

The restriction 
fragment length polymorphism in the F9 locus was ana- 
lyzed as described by Bredbacka and colleagues (1993). 

Linkage Analyses in Pedigree PIOI 

Because the phenotypic expression of the genes predispos- 
ing to BP has not been established, the linkage analyses 
were performed in three separate diagnostic categories: (A) 
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Table  5. L iabi l i ty  classes and gene f requencies  

Genotype 

Age a DD b Dd c dd A d dd B d dd c d 

0-14 0.025000 0.025000 0.000014 0.000080 0.000200 
15-24 0.225000 0.225000 0.000122 0.000719 0.001800 
25-34 0.600000 0.600000 0.000326 0.001980 0.004800 
3 5 ~  0.800000 0.800000 0.000434 0.002556 0.006400 

Gene frequencies: 0.006 0.011 0.015 

The penetrances and disease gene frequencies used under the single major locus model. In the affecteds only 
model the penetrances were divided by 1000. 
aThe age of an individual in the linkage analyses at the time of the last interview or at death. 
b(D) The disease allele. 
C(d) The healthy allele. 
d(A, B, and C) Different diagnostic categories. 

ham et al. 1993) 
and the simula- 
t ion analyses by 
the SLINK pro- 
gram (Ott 1989; 
W e e k s  et  a l .  
1990). The al- 
lele frequencies 
of the  markers  
were either cal- 
culated from 73 
unrelated Finns 
( D X S 7 3 7 ,  
D X S 1 0 0 ,  
D X S l 1 2 2 ,  
D X S 9 9 4 ,  
D X S l l l 4 ,  
HPRT) or esti- 
mated  from 12 
marr ied- in  per- 
sons in the ped- 

bipolar disorder type I, type II, and type NOS and schizoaf- 
fective disorder, manic  type, (B) in addit ion to category A, 
recurrent major depression, and (C) in addit ion to cate- 
gory B, schizophrenia,  schizophreniform disorder, and 
psychosis NOS. 

Because the mode  of inheri tance of the susceptibility 
to BP has not  been resolved, two different models were 
constructed for the statistical analyses of the genotypic 
data. A SML model  was based on the hypothesis of one 
major  gene with incomple te  and age-dependent  pene- 
trance causing psychiatric illnesses in Pedigree PIO1. The 
absence of male-to-male transmission of the disease was 
compatible with X-chromosomal  transmission and the ap- 
pearence of BP in females favored dominan t  transmission. 
The values for penetrance and disease gene frequency were 
adapted to the estimates of prevalence and monozygot ic  
twin concordance in the three diagnostic categories so that 
the disease gene frequency and the phenocopy  rate in- 
crease from category A to C. Age-dependent penetrance 
classes were constructed from the ages of onset of all psy- 
chiatrically ill individuals on Pedigree P101 (the differ- 
ences between the age-of-onset curves in the three diag- 
nostic categories were nonsignificant) as described by Ott 
(1991). A small possibility for sporadic cases was allowed, 
but the model  predicts that 96%, 88%, and 79% of the 
affected individuals carry the same disease gene in the di- 
agnostic categories A, B, and C, respectively. The liability 
classes and disease gene frequencies are presented in Ta- 
ble 5. 

The second approach taken was the AO model,  which  
allows for an epistatic effect of several disease genes. In this 
situation many  unaffected individuals possess the disease- 
predisposing genotype at one of the susceptibility loci but 
lack the second disease locus genotype required for the 
development  of the disease. In the AO analyses, the disease 
status of unaffected individuals is considered u n k n o w n  
and the genotypic information on the disease locus is only 
derived from the affected individuals.  This is accom- 
plished by dividing the penetrances in Table 5 by 1000. 

The two-point  linkage analyses were carried out by 
using the LINKAGE package (Lathrop et al. 1984; Cotting- 

igree. 

Sequencing of the HPRT Coding Region 

Total RNA was extracted from lymphoblast  cell cultures 
using the standard protocol (Chirgwin et al. 1979). The 
hypoxan th ine  phosphoribosyl  transferase (HPRT) cDNA 
(Jolly et al. 1983) was synthesized using AMV reverse tran- 
scriptase and a primer 5'-CTC-CAG-ATG-TTT-CCA-AAC- 
TCA-AC-3' (3551). The cDNA was amplified by PCR in a 
reaction volume of 50 B1 containing one- tenth  of the re- 
verse transcriptase reaction mixture, 50 pmoles of each 
primer, 0.2 mM mixture of dNTPs, 5% dimethylsulfoxide, 
and 1 uni t  of Taq DNA polymerase in its buffer. The PCR 
consisted of 26 cycles of 30 sec of denaturat ion at 95°C, 30 
sec of anneal ing at 60°C, and 45 sec of elongat ion at 72°C 
except for the initial denaturat ion of 3 min and the last 
elongation of 5 min. The PCR primers used were 3551, 
which  was 5'-biotin-labeled during it's synthesis, and 5'- 
TCC-TGA-GCA-GTC-AGC-CCG-CG-3' (3523). The HPRT 
cDNA was sequenced in three overlapping fragments using 
solid-phase sequencing (Syv~inen et al. 1989) with the se- 
quencing primers 3523, 5'-ACA-TTG-TAG-CCC-TCT-GTG- 
TG-3' (3525), and 5'-TGA-CAC-TGG-CAA-AAC-AAT-GCA- 
G-3' (3524). The s equenc ing  p roduc t s  were  electro-  
phoresed through a 5% denaturat ing polyacrylamide gel; 
the gel was dried and subjected to autoradiography. 
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