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Recent genetic studies have implicated chromosome 18 in bipolar disorder (BP) with putative
loci in the pericentromeric region and on 18q. We reported linkage to chromosome
18q21.33–q23 in a large family. In this study we typed additional markers in the family and
were able to reduce the candidate region significantly. All affected family members are sharing
alleles for markers spanning a genetic distance of maximal 8.9 cM. Haplotype analysis
provided a marker order in agreement with published genetic and physical maps. Using yeast
artificial chromosomes, we constructed a contig map that will help to identify positional
candidate genes for bipolar disorder.
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Introduction
Bipolar disorder (BP) is a severe psychiatric condition
that is characterised by disturbances in mood, ranging
from an extreme state of elation (mania) to a severe
state of dysphoria (depression). Two types of bipolar
illness have been described: type I BP illness (BPI) is
characterised by major depressive episodes alternating
with phases of mania, and type II BP illness (BPII) by

major depressive episodes alternating with phases of
hypomania. Relatives of BP probands have an
increased risk of BP, unipolar disorder – patients only
experiencing recurrent depressive episodes (UP), and
cyclothymia – minor depression and hypomania epi-
sodes (CY). Schizoaffective disorders of the manic
(SAm) and depressive (SAd) type also exhibit symp-
toms compatible with mood disorders. Based on these
observations BP, CY, UP and SA are classified as BP
spectrum disorders. The involvement of genetic factors
in the etiology of BP spectrum disorders has been
suggested by family, twin and adoption studies.1 How-
ever, the exact pattern of transmission is unknown. In
some studies, complex segregation analysis supports the
existence of a single major locus for BP.2 Other
researchers propose a liability threshold model, in
which the liability to develop the disorder results from
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the additive combination of multiple genetic and
environmental effects.3

Due to the complex mode of inheritance, parametric
and nonparametric linkage strategies are applied in
families in which BP disorder appears to be transmitted
in a Mendelian fashion. Early linkage findings on
chromosomes 11p154 and Xq27–q285,6 have been con-
troversial and could initially not be replicated.7,8 In
more recent studies, evidence or suggestive evidence
for linkage to particular regions on chromosomes 4, 12,
18, 21 and X was found.9–13 In order to test the validity
of the reported linkage results, these findings have to be
replicated in independent studies.

Recently, linkage of BP to the pericentromeric region
on chromosome 18 was reported.11 The 18p linkage was
replicated by Stine et al14 who also reported suggestive
evidence for a locus on 18q21.2–q21.32 in the same
study. In a replication study, we tested linkage with
chromosome 18 markers in 10 Belgian families with a
BP proband. In one out of 10 families (MAD31), we
found suggestive linkage with markers located at
18q21.33–q23.15 Multipoint linkage analysis gave the
highest lod score in the interval between D18S51 and
D18S61, with a maximum lod score of + 1.34. An
affected sib-pair analysis also rejected the null-hypoth-
esis of nonlinkage for several of the markers tested. At
the 1997 (Sante Fe, USA) and the 1998 World Congress
on Psychiatric Genetics (Bonn, Germany), several
other groups also reported evidence for linkage of BP
to 18p and 18q.16–21 Considering the complexity of BP
disorder and the different methodologies applied, the
independent studies focusing on 18q21–q23 might
reflect the presence of the same susceptibility gene. In
particular the regions implicated by Coon et al,17

McInnes et al,20 McMahon et al21 overlap partially with
the candidate region derived by us.15 These data
encouraged us to study the 18q region in more detail,
by refining the candidate region in family MAD31 and
by constructing a physical map of the region.

Materials and Methods
Family Data
The pedigree and the clinical diagnoses in family MAD31, a
Belgian family with a BPII proband, were described in detail
elsewhere.15 In this study, only the 15 family members who
were informative for linkage analysis were selected for
additional genotypings (Figure 1). The different clinical diag-
noses in family MAD31 are as follows: one BPI, one BPII,
two UP, four major depressive disorder (MDD), one SAm
and one SAd.

Genotyping of Family Members
All short tandem repeat (STR) genetic markers used in this
study were obtained from several sources on the internet:
Genome DataBase (GDB; http://www.gdb.org/), GenBank
(http://www.ncbi.nlm.nih.gov/), Cooperative Human Linkage
Center (CHLC; http://www.chlc.org/), Eccles Institute of
Human Genetics (EIHG; http://www.genetics.utah.edu/) and
Généthon (http://www.genethon.fr/).

Lod Score Analysis
Two-point lod scores were calculated for three different
disease models using Fastlink 2.2.22 For all models, a disease
gene frequency of 1% and a phenocopy rate of 1/1000 was
used. Model 1 included all clinically affected patients and all
healthy individuals, with the healthy individuals assigned a
disease penetrance depending on their age at examination.
The penetrance curve was calculated based on mean age at
onset in the pedigree with a maximum penetrance of 70% for
the oldest age class ( > 60 year). Model 2 is similar to model 1,
but patients were assigned a diagnostic stability score,
calculated based on clinical data such as the number of
episodes, the number of symptoms during the worst episode
and history of treatment.23,15 Model 3 is as model 1 but
includes only patients.

STS Content Mapping and Construction of the YAC
Contig
For construction of the YAC-contig spanning the chromo-
some 18q candidate region, the data of the STS-based
physical map24 was consulted on the Whitehead Institute for
Biomedical Research (WI; http://www-genome.wi.mit.edu/)
Internet site. YACs were obtained from the YAC Screening
Centre Leiden (YSCL, Leiden, the Netherlands) and from
CEPH (Paris, France). The YAC clones were grown and DNA
was extracted using standard procedures.25 YACs were
investigated for the presence of STSs between D18S51 and
D18S61 by a 40 cycles touchdown PCR protocol. YAC sizes
were determined by pulsed field gel electrophoresis (PFGE)
from embedded total yeast DNA.

Determination of YAC End Sequences
YAC end sequences were determined using an inverse PCR
protocol. Two µg YAC DNA was digested simultaneously
with RsaI and SspI in a total volume of 30 µl and was
subsequently heated to 68°C for 30 min. Five µl 10 3 ligase
buffer, 1 µl 100 mM ATP, 64 µl H2O and 1 U ligase was added
and the sample was incubated overnight at room temperature.
The sample was heated to 68°C for 30 min, cooled and then
mixed with 5–10 U of FspI (left arm) or 5–10 U SmaI (right
arm). Digestion was allowed for at least 2 hours and the
sample was heated to 68°C for 30 min and cooled to room
temperature. 1 µl of this sample was used in a 25–50 µl PCR
using the appropriate primers (left YAC end: 161:
5'-CGATGCTGTCGGAATGGACGATATC-3' and 1207:
5'-AGCCAAGTTGGTTTAAGGCGCAAGACT-3' right
YAC end: 162: 5'- GCATGTCTCCATTCACTTCCCAGAC-
3' and 1208: 5'- TCGAACGCCCGATCTCAAGATTACG-
3') for 30 cycles using the following cycle conditions: dena-
turation at 94°C for 1 min, annealing at 65°C for 1 min,
elongation at 72°C for 2 min. The PCR products were purified
and cycle sequenced with one of the amplification primers.
Sequences were analysed on an automated DNA sequencer
model ABI377 (Applied Biosystems, Foster City, USA) with
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the fluorescent dye terminator system. Primer sets were
designed based on the sequence data of the YAC ends and
were used to identify the chromosomal localisation of each
YAC end by PCR screening of a monochromosomal mapping
panel.26 Primer sets located on chromosome 18 were used to
verify overlaps among YACs.

Results
Ordering of the Markers
Twelve genetic markers, previously located between
D18S51 and D18S61, were tested for co-segregation
with BP spectrum disorders in family MAD31. The
parental haplotypes were reconstructed from genotype
information of the siblings in family MAD31 and
minimalising the number of possible recombinants
(Figure 1). Haplotypes in family MAD31 suggested the
following order for the genetic markers: cen–
[S51–S68–S346]–S55–S969–S1113–S483–S465]–[S876–
S477]–S979–[S466–S817–S61]–tel. The order relative to

each other of the markers between brackets could not
be inferred from our data. The marker order in family
MAD31 was compared with the marker orders
obtained using different mapping techniques (Table 1).
D18S68, common to all three maps, was taken as the
map anchor point, and the genetic distance in cM or cR
of the other markers relative to D18S68 are given. Our
marker order is in good agreement with the order of
the markers on the published chromosome 18 radiation
hybrid map27 and the WI YAC contig map. However, a
few discrepancies with other maps were observed. The
only discrepancy with the Généthon genetic map is the
reversed order of D18S465 and D18S477. We mapped
D18S346 above D18S55 based on maternal haplotypes,
but on the Marshfield map (http://www.marshmed.org/
genetics/) D18S346 was located between D18S483 and
D18S979. Also, we placed D18S817 below D18S979,
but on the Marshfield map this marker is located
between D18S465 and D18S477. However, our location
of D18S346 and D18S817 is in agreement with the

Figure 1 Haplotype analysis in family MAD31. Boxed haplotypes represent the risk haplotype. The father was not informative for
three markers, the mother was not informative for five markers.
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chromosome 18 radiation hybrid map of Giacalone et
al.27 A discrepancy was also observed with the WI
radiation hybrid map, in which D18S68 was located
below D18S465. However, our maps as well as others
placed this marker above D18S55.

Lod score Analysis and Refinement of the
Candidate Region
Lod score analysis gave positive results with all
markers, confirming our previous observation that

18q21.33–q23 is implicated in BP spectrum disorders, at
least in family MAD31.15 Summary statistics of the
analysis under all models are given in Table 2. The
highest two-point lod score ( + 2.01 at θ = 0.0) was
obtained with markers D18S1113, D18S876 and
D18S477 under model 1 in the absence of recombinants
(Table 2). In model 1, all individuals with a BP spectrum
disorder are considered affected and contribute fully to
the linkage analysis.

Before the fine mapping, the candidate region was
flanked by D18S51 and D18S61, which are separated by
a genetic distance of 15.2 cM on the Marshfield map.
The informative recombinants with D18S51 and
D18S61 were observed in two affected individuals
(II.10 and II.11 in Figure 1). However, since no other
markers were tested within the candidate region it was
not known whether these individuals shared a region
identical-by-descent (IBD). The additional genetic
mapping data indicates that all affected individuals are
sharing alleles at D18S969, D18S1113, D18S876 and
D18S477 (Figure 1, boxed haplotype). Also alleles from
markers D18S483 and D18S465 are probably IBD, but
these markers were not informative in the affected
parent I.1. A proximal recombination occurred
between D18S68 and D18S969. We could not use
D18S346 in refining the candidate region, because its
exact location is not known. A distal recombination
occurred between D18S477 and D18S979. Based on
these results the candidate region is reduced by 8.9 cM
between D18S68 and D18S979.

Construction of the YAC Contig
According to the WI integrated map 56 CEPH mega-
YACs are located in our initial candidate region

Table 1 Comparison of the order of the markers within the
18q candidate region for BP spectrum disorder, among
several maps

Marker
a

Genetic maps Radiation hybrid map

Généthon Marshfield (Giacalone
27)

D18S51 (–)3.4 cM (–)27.9 cR
D18S68 0 cM 0 cM 0 cR
D18S346 5.3 cM 52.2 cR

D18S55 0.1 cM 0 cM 72.5 cR
D18S969 0.6 cM
D18S1113 0.7 cM
D18S483 2.5 cM 3.2 cM 88 cR
D18S465 4.5 cM 5.3 cM 101.3 cR

D18S876
D18S477 4.4 cM 5.3 cM 166.4 cR

D18S979 8.9 cM

D18S466 7.6 cM 11.1 cM 212.4 cR
D18S61 8.4 cM 11.8 cM 249.5 cR
D18S817 5.3 cM 260.6 cR
aOrder according to haplotyping results in family MAD31; (–)
Marker is located proximal of D18S68.

Table 2 Summary statistics of the two-point lod scores in family MAD31

Marker Model 1 Model 2 Model 3

Z at θ=0.0 Zmax θmax Z at θ=0.0 Zmax θmax Z at θ=0.0 Zmax θmax

D18S51 –0.19 0.73 0.1 0.94 0.94 0.01 0.08 0.54 0.1

D18S68 –0.19 0.73 0.1 0.94 0.94 0.01 0.07 0.55 0.1

D18S346 –0.19 0.73 0.1 0.94 0.94 0.01 0.07 0.55 0.1

D18S69 1.40 1.40 0.0 1.27 1.27 0.0 1.20 1.20 0.0

D18S1113 2.01 2.01 0.0 1.87 1.87 0.0 1.77 1.77 0.0

D18S876 2.01 2.01 0.0 1.87 1.87 0.0 1.77 1.77 0.0

D18S477 2.01 2.01 0.0 1.87 1.87 0.0 1.77 1.77 0.0

D18S979 –0.18 0.77 0.1 1.08 1.08 0.0 0.08 0.54 0.0

D18S817 –0.19 0.73 0.1 1.08 1.08 0.0 0.07 0.55 0.1

D18S61 –0.21 0.73 0.1 1.08 1.08 0.0 0.07 0.54 0.1

D18S55, D18S483, D18S465 and D18S466 were not informative.
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contained between D18S51 and D18S61.28,15 We
selected those YACs that were located between D18S60
and D18S61 and that contained at least one chromo-
some 18 STS. D18S51 is not present on the WI map, but
is located 2.3 cM distal of D18S60 (Genetic Location
Database: http://cedar.genetics.soton.ac.uk/pub). To
limit the number of potential chimeric YACs, we
eliminated YACs that were also positive for non-
chromosome 18 STSs. All selected YACs were tested
for STSs and STRs mapped between D18S60 and
D18S61 and positive YACs were assembled in a YAC
contig map. Three gaps remained in the YAC contig of
which one was located in the refined candidate region
between D18S876 and GCT3G01. For this region
additional YACs were obtained and analysed for STSs
and STRs surrounding the gap, but no overlaps were
observed. Furthermore, it was not known which of the
selected YACs were chimeric. Therefore end sequences
from seven YACs covering the candidate region were
determined (Table 3) using the inverse PCR protocol

and mapped using a somatic cell hybrid panel. YACs
961–h–9, 942–c–3 and 766–f–12 are not chimeric. YACs
717–d–3, 731–c–7 and 907–e–1 had positive hits with
other chromosomes and are chimeric. The newly
developed STSs SV10R (right-arm of 942–c–3), SV11R
(right-arm of 766–f–12) and SV31L (left-arm of
752–g–8) are located within the gap and successfully
detected overlaps among YACs flanking the gap. The
final YAC contig is shown in Figure 2, in which we
represented only the YACs that had unambiguous
positive hits with the chromosome 18 STSs. In a few
cases weak positive signals were also obtained with
some YACs which probably represent false positive
results. However, these signals did not influence the
alignment of the YACs in the YAC contig. The order of
the markers provided by the YAC contig map is in
complete agreement with the marker order provided by
the WI integrated map.24 The YAC contig map also
confirms the order of the STR markers as suggested by
the haplotype analysis in MAD31. Moreover, the YAC

Table 3 Characteristics of end sequences of 7 YACs

YAC Arm/size Primer sequences Chimerism
(bp)

961h9 left no primers, sequence identified as D18S82 No
right/122 SV6R-A: TTG TGG AAT GGC TAA GT No, located between WI-2620 and WI-4211

SV6R-B: GAA AGT ATC AAG GCA GTG

942c3 left/130 SV10L-A: TCA CTT GGT TGG TTA ACA TTA CT No, located between GATA–p6051 and
D18S968

SV10L-B: TAG AAA AAC AGT TGC ATT TGA TAT
right/135 SV10R-A: AAC CCA AGG GAG CAC AAC TG No, located between D18S876 and GCT3G01

SV10R-B: GGC AAT AGG CTT TCC AAC AT

766f12 left/118 SV11L-A: CTA TGC TCT GAT CTT TGT TAC TTT No, located between GATA–p6051 and
D18S968

SV11L-B: ATT AAC GGG AAA GAA TGG TAT
right/119 SV11R-A: AAG GTA TAT TAT TTG TGT CG No, located between D18S876 and GCT3G01

SV11R-B: AAA CTT TTC TTA ACC TCA TA

731c7 left/72 SV25L-A: AAA TCT CTT AAG CTC ATG CTA GTG Unknown, no clear hits
SV25L-B: CCT GCC TAC CAG CCT GTC

right/136 SV25R-A: TGG GGT GCG CTG TGT TGT Yes, positive hit on chromosome 1
SV25R-B: GAG ATT TCA TGC ATT CCT GTA AGA

907e1 left/154 SV26L-A: TAT TTG GTT TGT TTG CTG AGG T Yes, positive hit on chromosome 13
SV26L-B: CAA GAA GGA TGG ATA CAA ACA AG

right/90 SV26R-A: CGC TAT GCA TGG ATT TA Unknown, no clear hits
SV26R-B: GCT GAA TTT AGG ATG TAA

752g8 left/178 SV31L-A: GAG GCA CAG CTT ACC AGT TCA No, located between D18S876 and GCT3G01
SV31L-B: ATT CAT TTT CTC ATT TTA TCC

right/131 SV31R-A: CAA GAT TAT GCC TCA ACT Unknown, no clear hits
SV31R-B: TAA GCT CAT AAT CTC TGG A

717d3 left/98 SV34L-A: TCT ACA CAT ATG GGA AAG CAG GAA No
SV34L-B: GCT GGT GGT TTT GGA GGT AGG

right/244 SV34R-A: ATA AGA GAC CAG AAT GTG ATA Yes, positive hit on chromosome 1
SV34R-B: TCT TTG GAG GAG GGT AGT C
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contig map provides additional information on the
relative order of the markers. Together, the haplotype
data and the YAC contig provide the following order of
markers: [S51–S68–S346]–S55–[S969–S1113]–[S483–
S465]–S876–S477–S979–S466–[S817–S61].

Discussion
Genetic mapping is very straightforward for simple
Mendelian monogenic diseases. However, due to the
complex genetic basis of BP spectrum disorders, link-
age studies on loci involved in the disease etiology have

proved very difficult. Therefore, a variety of approaches
are being used to identify susceptibility genes for BP
and for complex genetic disorders in general.29

Once suggestive linkage is found, replication studies
have to be performed in order to confirm or reject the
proposed candidate region. Linkage to chromoso-
me 18q was found in several independent studies.15–21

Therefore, the 18q region might harbour a susceptibil-
ity gene for BP spectrum disorders. This was the
starting point for our chromosome 18 genetic and
physical mapping studies.

In our previous study,15 lod scores were calculated
using diagnostic stability scores and complete pene-
trance for individuals of age 60 or older. Two healthy

Figure 2 STS content mapping of YACs spanning the candidate region. Black lines represent the YACs. Circles, squares and triangles
represent hits with a short tandem repeat sequence (STR), EST and an STS respectively. All information concerning the YACs and
STSs was found on the WI, GDB and GenBank Internet sites. Boxed YAC Id’s represent YACs comprising the minimum tiling path.
The refined candidate region is flanked by the vertical lines.
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individuals in our pedigree have the disease haplotype
and therefore reduced the initial lod scores.15 However,
this model is too strict if other genetic or environmental
modifiers of the susceptibility to BP spectrum disorder
are involved. The assumption of other factors influenc-
ing disease penetrance is reasonable, because in many
pedigrees non-affected but disease-transmitting car-
riers can be identified. Therefore, in this study, we not
only tested several new markers in the chromoso-
me 18q region but also analysed the data under three
different disease models to make our lod score analysis
more comparable with other studies. Maximum lod
scores are obtained at zero recombination frequency
with several markers, indicating that no recombinations
have occurred between the disease and the specific
marker genes, in the affected family members (Table 2).
Although the lod scores do not reach the formal levels
of statistical significance, simulation analysis suggest
that a lod score of 2.01 (model 1) is reached only in
19/10 000 replicates assuming no linkage. We also
observed in all affected individuals a common region
derived from the affected parent. Moreover, based on
two informative recombinants, we were able to reduce
the 18q candidate region for BP spectrum disorder
considerably from 15.2 cM to an estimated genetic
distance between 4.7 and 8.9 cM. A more accurate
genetic distance could not be deduced since D18S346 is
not mapped precisely. Also, no more genetic markers
are available to reduce the region between D18S477
and D18S979.

In our analyses, we assumed that there is one major
gene which causes the BP spectrum disorders observed
in MAD31. This gene has a reduced penetrance, and
there are no phenocopies in the family. However, it has
to be kept in mind that these assumptions could be
violated. Specifically, our candidate region is defined
based on two individuals, of whom one has a diagnosis
of MDD. Our candidate region would increase con-
siderably if this individual were to prove to be a
phenocopy. However, considering all data, this is the
most interesting region for us to start mapping candi-
date genes for BP spectrum disorder.

We have compared maps based on our haplotype
analysis, our STS content map, the WI integrated map,
the Généthon genetic map, the Marshfield genetic map
and some radiation hybrid maps. Despite some discrep-
ancies, we derived a general order of the markers that
is compatible with the order from different sources.

We constructed a YAC contig spanning our candidate
region. During the construction of the YAC contig,

several difficulties were encountered. Initially, three
regions were observed with no overlaps among YACs
(gaps). After narrowing the candidate region, two of
these gaps fell outside the candidate region. Based on
the end sequences of the YACs and YAC library
screening, the remaining gap was closed. From our STS
content mapping data, we observed that the refined
candidate region is covered by 20 YACs. We con-
structed a minimum tiling path spanning our candidate
region, consisting of three YACs: 961–h–9, 766–f–12
and 907–e–1. The size and stability of these YACs was
confirmed by PFGE. Based on the sizes of these YACs,
we estimated the maximal candidate region to be
4.8 megabases long. According to the recently pub-
lished radiation hybrid map of chromosome 18,27 the
maximal region is 5.1 Mb long. This region might
contain about 100 genes, making it an enormous task to
screen each of these genes separately. Therefore, we
will try to refine further our candidate region, firstly by
updating the diagnoses of the children of the affected
individuals in family MAD31 and subsequently by
trying to find new informative recombinants, secondly
by applying linkage disequilibrium studies in the
candidate region.

On the human gene map28 (http://www.ncbi.nlm.nih-
.gov/genemap), nine genes and 12 unidentified tran-
scripts have been assigned within this candidate region.
Four of these genes (maspin, CAP2, SCCA1, and
bomapin) belong to the serine proteinase inhibitors or
‘serpins’, which are key regulatory proteins in biologic
processes. Two genes (BCL-2 and FVT1) are possibly
involved in B-cell chronic lymphocytic leukaemias and
in follicular lymphomas. The function of the remaining
genes (KIAA0606, HUR7, CDC42) is not well docu-
mented. None of these genes are strong candidates in
the pathology for BP spectrum disorders, but they
cannot be excluded. Several strategies will have to be
applied to focus the search for the BP gene. Anticipa-
tion has been shown to occur in BP disorder,30 and
expanding CAG repeats have been shown to occur in
BP patients.31,32 Therefore, alternative strategies
involve the search for expanded triplet repeat
sequences by screening for their presence in cDNAs
derived from brain libraries and located in our region.
After further completion and detailed characterisation
of the YACs spanning our candidate region, we will
subclone the YACs comprising the minimum tiling path
in an exon-trap cosmid vector.33 This cosmid library will
be screened for known or new candidate genes and for
genes containing triplet repeats.
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