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Linkage analysis of psychosis in bipolar pedigrees
suggests novel putative loci for bipolar disorder and
shared susceptibility with schizophrenia
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The low-to-moderate resolution of linkage analysis in complex traits has underscored the need
to identify disease phenotypes with presumed genetic homogeneity. Bipolar disorder (BP)
accompanied by psychosis (psychotic BP) may be one such phenotype. We previously
reported a genome-wide screen in a large bipolar pedigree sample. In this follow-up study, we
reclassified the disease phenotype based on the presence or absence of psychotic features and
subgrouped pedigrees according to familial load of psychosis. Evidence for significant linkage
to psychotic BP (genome-wide P<0.05) was obtained on chromosomes 9q31 (lod =3.55) and
8p21 (lod =3.46). Several other sites were supportive of linkage, including 5933 (lod =1.78),
6921 (lod =1.81), 8p12 (lod =2.06), 8q24 (lod=2.01), 13q32 (lod =1.96), 15926 (lod =1.96),
17p12 (lod =2.42), 18921 (lod =2.4), and 20q13 (lod =1.98). For most loci, the highest lod
scores, including those with genome-wide significance (at 9q31 and 8p21), occurred in the
subgroup of families with the largest concentration of psychotic individuals (>3 in a family).
Interestingly, all regions but six—5q33, 6q21, 8p21, 8924, 13932 and 18g21—appear to be novel;
namely, they did not show notable linkage to BP in other genome scans, which did not employ
psychosis for disease classification. Also of interest is possible overlap with schizophrenia,
another major psychotic disorder: seven of the regions presumed linked in this study—>5q, 6q,
8p, 13q, 159, 17p, and 18g—are also implicated in schizophrenia, as are 2p13 and 10926, which
showed more modest support for linkage. Our results suggest that BP in conjunction with
psychosis is a potentially useful phenotype that may: (1) expedite the detection of susceptibility

loci for BP and (2) cast light on the genetic relationship between BP and schizophrenia.
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Bipolar disorder (BP) is a severe mental disorder
characterized by elated or irritable mood alternating
with episodes of depression. BP is a major public
health concern owing to world-wide lifetime preva-
lence of 0.5-1.5%, frequent need of long-term care,
and complications such as psychosocial impairment,
substance abuse, and suicide.

The etiology of BP is uncertain, but a strong genetic
component is supported by family, twin, and adop-
tion studies (reviewed in Craddock and Jones®' and
Taylor et al?). Linkage studies, including whole-
genome scans, have implicated multiple candidate
regions. Although some of these findings show
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promise, there is lack of agreement among studies
partly attributable to complex inheritance and etiologic
heterogeneity (reviewed in Baron® and Segurado et al*).
Other complex disorders face similar challenges.
Attempts to redress this issue have included a search
for clinical phenotypes that flag genetically homo-
geneous illness subsets. This strategy has been
successful with several complex disorders, which
previously seemed genetically intractable (eg diabetes
mellitus, Alzheimer disease, breast cancer).
Whole-genome linkage studies of BP have generally
utilized standard definitions of the disease pheno-
type. BP coupled with psychosis (symptoms like
delusions and/or hallucinations), or psychotic BP, is a
narrower disease phenotype, which may enhance the
prospects of linkage studies. The potential utility of
psychotic BP as a distinct disease phenotype is
suggested by: (1) severity of the clinical syndrome,®
(2) familial aggregation of psychosis in bipolar
pedigrees,®” (3) linkage of BP and schizophrenia
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(a major mental disorder with psychotic features) to
the same genomic regions (eg 10p, 13q, 22q), suggest-
ing common ‘psychosis genes’,*® and (4) evidence
that psychosis enhances linkage to BP in selected
regions, specifically 13q and 22q.° However, compre-
hensive genome-wide data on psychosis and BP in
large pedigree samples are lacking.

We previously reported a genome-wide scan (343
markers spaced at 10cM intervals) in a large bipolar
pedigree sample (373 individuals in 40 pedigrees)."®
In the present study, we reanalyzed these data using
BP with psychotic features as the disease phenotype.
We present evidence for novel, previously unreported
putative loci for BP, as well as loci that may be
common to BP and schizophrenia.

Materials and methods

Subjects

Our research protocol, including ascertainment, diag-
nostic procedures, and affection status models, was
described in detail elsewhere'®'" and is summarized
briefly. The genotyped sample consists of 373 in-
dividuals in 40 extended pedigrees with high density
of BP (at least two members per pedigree, including
the proband, with a lifetime history of mania: BPI
or schizoaffective disorder-manic type; the BPI cate-
gory comprised about 90% of manic syndromes in
this sample, with schizoaffective disorder accounting
for the remaining 10%). Clinical assessment was
based on personal interviews using the Schedule
for Affective Disorders and Schizophrenia,'” modified
for BP (SADS-LB), and supplemented by family
history information and medical records. Best
estimate consensus diagnoses were based on the
Research Diagnostic Criteria (RDC)" using all
available sources of information. The pedigree
sample was obtained in the US (29 pedigrees of
European ancestry) and Israel (11 pedigrees of
Middle-Eastern extraction) using the same research
protocol. American and Israeli families showed
similar rates of BP and related mood disorders.
The protocol and consent forms were approved by
the Institutional Review Boards at the pedigree
collection sites.

In our previous study,’® we employed three diag-
nostic models or affection status definitions, ranging
from narrow to broader phenotypic boundaries: BP1
(manic syndromes; mostly BPI, or mania and depres-
sion, including some cases of schizoaffective-manic
disorder), BP2 (same as BP1 plus BPII, or hypomania
and depression), and BP3 (same as BP2 plus recurrent
major depression, or MDD, including some cases of
recurrent schizoaffective-depressed-only disorder).
These disorders are considered part of the bipolar
‘spectrum’ by virtue of their aggregation in families of
bipolar probands. These models included 119 indivi-
duals with manic syndromes, 90 with BPII and 98
with recurrent MDD. In the present study, we
required the presence of psychosis (delusions and/
or hallucinations in the manic or depressive phase)
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for considering a subject affected. The diagnostic
models for psychotic BP were BP-P1, BP-P2, and BP-
P3, corresponding to BP1, BP2, and BP3, respectively.
These models included 68, 72, and 79 psychotic
individuals, respectively, with the following distribu-
tion of diagnoses: BPI, 68; BPII, 4; and recurrent MDD,
7. Of the 40 families, 36 included at least one
psychotic member, 25 families included at least two,
and 14 families included at least three such indivi-
duals. The ‘uncertain’ phenotype category in these
models was comprised of all affective disorders that
were not considered ‘affected’ under a particular
model (including nonpsychotic individuals). In all
models, the ‘unaffected’ category consisted mainly of
‘never mentally il1’; also included were disorders that
do not aggregate in families of BP probands.

Genotyping

We used semiautomated fluorescence-based genotyp-
ing with 343 microsatellite markers. The average
marker spacing was about 10cM (range, 0-7.5cM),
with an average heterozygosity and polymorphic
information content of 0.75 and 0.72, respectively.
The genotyping procedure is described in detail
elsewhere."* Briefly, PCR reactions were aliquoted
onto 384-well plates using a TECAN Genesis robot
and cycled on MJ thermocyclers. PCR products were
separated and detected on ABI 377 DNA sequencers,
and then analyzed using GeneScan v. 2.1 (Perkin-
Elmer). Allele sizes were called automatically with
the ABI software package GENOTYPER v. 2 (Perkin-
Elmer), and were then double-checked visually blind
to clinical diagnosis. Genotypes were then stored in
LABMAN,* a FOXPRO 2.0 database.

Linkage analysis

Mendelian inconsistencies in marker data were
checked using the Pedcheck program.'® The RelCheck
program'” was used to evaluate biological kinship.
Allele frequencies were estimated using the Geconvert
program (http://www2. Qimr.edu.au/davidD). Link-
age was examined using the three diagnostic models,
BP-P1, BP-P2, and BP-P3.

The MLINK program from the FASTLINK package'®
was used for two- and multipoint parametric ana-
lyses. Since the mode of inheritance is unknown, we
tested both dominant and recessive transmissions. We
used the same parameters described in our general
scan paper:'® dominant model, disease allele fre-
quency of 0.01, and a penetrance of 80% for gene
carriers and 0.1% for noncarriers; recessive model,
same penetrance in gene carriers and noncarriers but
a disease allele frequency of 0.10. To reduce the
impact of nonpenetrant disease alleles on the analy-
sis, all unaffected individuals were coded as un-
known. The A-test of linkage homogeneity'® was
carried out using the HOMOG program.*°

ASP analysis was performed using MAPMAKER/
SIBS (version 2.0).?* The identity by descent (IBD)
distribution (ie sharing 2, 1, or 0 alleles) was then
estimated between sib pairs and compared with the



IBD distribution under the assumption of no linkage,
that is, 0.25, 0.50, and 0.25. The maximum-likelihood
score was then calculated by comparing the estimated
IBD distribution and the null distribution at no
linkage. Since this analysis can only be carried out
in nuclear families, and each nuclear family is not
totally independent, we only analyzed the first sib
pair from each nuclear family.

To gauge the genome-wide significance of our
results, we employed two methods: (1) The com-
monly used Lander and Kruglyak®* criteria and (2)
simulated data sets under the assumption of no
linkage, using the SIMULATE program®* with 100
replicates. Each replicate was then analyzed using
FASTLINK," and a genome-wide occurrence expec-
tation, Og, was computed for the strongest two-point
lod score, as described.?*
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Results

Parametric analysis

The results are shown in Tables 1 and 3. A graphical
display, illustrating the signal-to-noise ratio, is shown
in Figures 1-3.

Table 1 shows two-point linkage results that met the
Lander and Kruglyak’s** criteria for significant (lod
>3.3, corresponding to genome-wide P=0.05) or
suggestive (lod >1.9) linkage, as well as ‘near-
suggestive’ lod scores (> 1.5 but <1.9) and multipoint
lod score (MLOD) results. Also included are two-
point lod scores >1 for these loci under other model
configurations.

Two loci showed evidence of significant linkage
using the Lander and Kruglyak’s** criteria: D9S389 at
9931 (lod=3.33, MLOD=3.55; BP-P3, recessive

Table 1 Maximum two-point parametric lod scores > 1.5, corresponding multipoint results, and two-point lod scores >1 with

other model configurations at these loci

Chromosome Locus

Position (cM) Two-point lod score Diagnostic model

Genetic model Multipoint lod score

5033 D5S820 159.77 1.78 (0.00)
1.67 (0.00)
1.52 (0.05)
1.81 (0.05)
1.36 (0.10)
2.06 (0.05)
1.91 (0.05)
1.68 (0.05)
1.64 (0.10)
1.63 (0.00)
2.09 (0.00)
1.53 (0.00)
1.20 (0.05)
2.01 (0.10)
1.91 (0.10)
1.69 (0.10)
3.33 (0.00)
2.75 (0.00)
2.74 (0.00)
1.92 (0.05)
1.60 (0.05)
1.26 (0.10)
1.68 (0.00)
1.43 (0.10)
1.43 (0.00)
1.14 (0.10)
1.96 (0.10)
1.74 (0.15)
1.69 (0.10)
2.42 (0.05)
1.98 (0.10)
1.90 (0.05)
1.51 (0.10)
2.40 (0.00)
2.11 (0.05)
1.77 (0.05)
1.43 (0.05)

6921 D6S474 118.64

8p12 D8S1477 60.34

8p21 D8S382 51.15

8q24 D8S1179 135.08

9q31 D9S938 110.93

10g22 D10S2327 100.92

13q32 D13S779 82.93

15026 D155652 90.02

17p12 D17S921 36.14

18qg21 D18S851 76.58

20q13 D20S480 79.91

BP-P3 Dominant 1.37
BP-P2 Dominant
BP-P1 Recessive
BP-P1 Recessive 1.18
BP-P1 Dominant
BP-P2 Dominant 1.75
BP-P2 Recessive
BP-P1 Dominant
BP-P3 Recessive
BP-P3 Dominant
BP-P1 Dominant 3.46
BP-P3 Dominant
BP-P2 Dominant
BP-P3 Dominant 1.12
BP-P2 Dominant
BP-P1 Dominant
BP-P3 Recessive 3.55
BP-P2 Recessive
BP-P1 Recessive
BP-P3 Dominant
BP-P3 Recessive 1.27
BP-P3 Dominant
BP-P1 Recessive 1.96
BP-P3 Dominant
BP-P1 Dominant
BP-P3 Recessive
BP-P1 Dominant 1.79
BP-P2 Dominant
BP-P1 Recessive
BP-P2 Dominant 1.39
BP-P1 Dominant
BP-P2 Recessive
BP-P3 Recessive
BP-P2 Dominant 2.12
BP-P3 Dominant
BP-P1 Dominant 1.98
BP-P2 Dominant

Numbers within parentheses, theta (recombination fraction). Multipoint results are shown only for model configurations

with the largest two-point lod scores.
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Figure 1 Genome-wide scan results for diagnostic model BP-P1 and dominant and recessive modes of transmission. The six
panels depict two-point lod score support (Y-axis) per chromosomal location (X-axis) according to familial load of psychosis.

model) and D8S382 at 8p21 (MLOD =3.46; BP-P1,
dominant model). Our simulation analysis yielded
O:=0.027 for the strongest two-point result
(lod =3.33), which is in good agreement with the
Lander and Kruglyak®** approach.

Seven other loci showed evidence of suggestive

linkage: D8S1477 at 8p12 (lod=2.06; BP-P2,
dominant model), D8S1179 at 8q24 (lod=2.01;
BP-P3, dominant model), D13S779 at 13q32

(lod=1.96; BP-P1, recessive model), D15S652 at
15q26 (MLOD=1.96; BP-P1, dominant model),
D17S921 at 17p12 (lod=2.42; BP-P2, dominant
model), D18S851 at 18921 (lod =2.40; BP-P2, domi-
nant model), and D20S480 at 20q13 (lod=1.98;
BP-P1, dominant model). More moderate lod scores
were obtained for D5S820 at 5g33 (lod=1.78),
D6S474 at 6q21 (lod =1.81), and D10S2327 at 10q22
(lod =1.6).

The multipoint lod scores (same models as in the
two-point analysis) were generally consistent with
the two-point results. Although multipoint para-
metric analysis of complex traits may result in
deflated lod scores,” four of the loci showed
increased lod scores, including the two significant
linkage results at 8p21 and 9q31.

Molecular Psychiatry

As shown in Table 1, all the loci listed displayed
two-point lod scores >1 across other configurations
of diagnostic and genetic models.

The A-test did not reject the hypothesis of linkage
homogeneity for the marker loci tested.

Nonparametric analysis
Table 2 shows the results of multipoint affected sib
pair (ASP) analysis.

A lod score supportive of suggestive linkage using
the Lander and Kruglyak’s®* criteria for nonparametric
analysis (lod >2.2) occurred on 15q25-26, in the
D15S652—-816 interval (lod of 2.62 with BP-P1). The
corresponding lod score curve is shown in Figure 4.

As shown in Figure 4 and Table 2, this region also
showed lod scores >2 with other diagnostic models.
Several other loci gave more modest lod scores (>1
but <2.2), and some of these loci also showed lod
scores >1 under diagnostic models other than those
mentioned (Table 2). The two-point ASP lod scores
(not shown) were smaller than the multipoint results.

Lod scores and familial load of psychosis
Table 3 shows the relation between our strongest
results (significant or suggestive linkage) and familial
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Figure 2 Genome-wide scan results for diagnostic model BP-P2. Other features as in Figure 1.

load of psychosis (the number of family members
with psychotic BP). A graphical presentation (para-
metric results) appears in Figures 1-3.

We examined three subgroups of families. Eight of
the 12 loci displayed their highest lod scores in
families with the largest aggregation of psychosis (>3
psychotic individuals per family). These are D5S820
at 5933, D6S474 at 621, D8S382 at 8p21, D9S938 at
9qg31, D13S779 at 13932, D17S921 at 17p12, D18S851
at 18g21, and D20S480 at 20q13. Lod scores at the
other four loci, although supportive of linkage, were
either unchanged or somewhat reduced in these
families. A similar pattern was observed for loci with
more modest linkage signals (listed in Tables 1 and 2)
(data not shown).

Discussion

Our results point to several chromosomal regions that
may harbor susceptibility loci for psychotic BP: 5q33,
6g21, 8p12, 8p21, 8q24, 9q31, 13q32, 15q25-26,
17p12, 18q21, and 20q13. Regions 9q31 and 8p21
showed significant linkage (genome-wide P<0.05);
the other regions gave evidence of suggestive®** or
near-suggestive linkage.

Most of our strongest results were obtained with a
dominant model of transmission. As described,® our
pedigrees display primarily a ‘dominant-like’ pat-
tern—as customary in studies of extended bipolar
pedigrees, we sought families with wunilineal
transmission. Some studies suggest a role for
dominant inheritance in BP,?°*% although the exact
mode of transmission is unknown. The ASP
results were generally less pronounced, consistent
with the structure of our pedigrees, where most of
the meioses connect family members across, not
within sibships.

For most loci, support for linkage was observed
under several configurations of diagnostic and genetic
models. In addition, there was some correspondence
between our parametric and nonparametric linkage
results. Specifically, six of the regions with the
highest parametric lod scores—8p, 9q, 10q, 13q, 15q,
and 18q—were also supportive of linkage under ASP
analysis. Most of our strongest results were obtained
using narrowly defined disease phenotypes (BP-P1 or
BP-P2). Compared to broader disease definitions,
such phenotypes are thought to be more homoge-
neous, with a more predictable phenotype—genotype
relationship.
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Figure 3 Genome-wide scan results for diagnostic model BP-P3. Other features as in Figure 1.

Table 2 Multipoint ASP lod scores >1

Chromosome Locus

Position Maximum Diagnostic

(cM) lod score model

2p13 D2S1394 90.82 1.34 BP-P2
1.04 BP-P1

8p12 D8S1477 60.34 1.80 BP-P1
1.65 BP-P2

9q22 D9S910 104.48 1.22 BP-P3
10q22 D10S2327 100.92 1.51 BP-P3
10q26 D10S169 173.17 1.18 BP-P1
13q32 D13S779 82.93 1.55 BP-P1
1.40 BP-P2

1.15 BP-P3

14q32 D14S617 105.53 1.46 BP-P1
15q25-26 D15S652-816 94.25 2.62 BP-P1
2.60 BP-P2

2.45 BP-P3

18qg21 D18S851 76.58 2.07 BP-P2
1.70 BP-P3

1.34 BP-P1

Six of the regions implicated in this study—5q33,
6921, 8p12, 8924, 15926, and 18q21—did not show
notable evidence of linkage in our previous genome
scan.'® Two previously reported linkage signals were
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Figure 4 Multipoint ASP results with suggestive evidence

of linkage; chromosome 15.

enhanced in the present study: D9S938 at 9q31 (a
previous parametric lod of 2.07 vs 3.55 in the current
analysis) and D18S851 at 18q21 (a previous ASP lod
of 1.18 vs 2.07 in this study). Also, all regions but
six—5q33, 6921, 8p21, 8q24, 13932 and 18gq21—were



Table 3 Lod scores and familial load of psychosis
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Chromosome Locus Position (cM)

Lod score

Psychotic members per family

>1 >2 >3
Two-point parametric analysis
8p12 D8S1477 60.34 2.06 (0.05) 2.06 (0.05) 1.90 (0.00)
8p21 D8S382 51.15 0.45 (0.15) 0.45 (0.15) 2.09 (0.00)
8q24 D8S1179 135.08 2.01 (0.10) 2.01 (0.10) 1.25 (0.15)
9q31 D9S938 110.93 2.72 (0.05) 2.71 (0.05) 3.33 (0.00)
13q32 D13S779 82.93 1.10 (0.10) 1.10 (0.10) 1.68 (0.00)
15q26 D15S652 90.02 1.96 (0.10) 1.96 (0.10) 1.50 (0.10)
17p12 D17S921 36.14 1.99 (0.10) 1.99 (0.10) 2.42 (0.05)
18qg21 D18S851 76.58 1.46 (0.10) 1.46 (0.10) 2.40 (0.00)
20q13 D20S480 79.91 0.80 (0.15) 0.80 (0.15) 1.77 (0.05)
ASP analysis
15q25-26 D155652-816 94.25 2.62 2.62 2.16

Regions included in this table are those with suggestive or significant genome-wide linkage in any analytic configuration
(Tables 1 and 2). The same analytic models that produced the highest lod score for a given locus were also used for
comparison among family subgroups. The number of families in the three psychosis load categories (>1, >2, >3) is 14, 25,

and 36, respectively (see Subjects).
Numbers within parentheses, theta (recombination fraction).

not clearly supportive of linkage to BP in other
published genome scans (reviewed in Baron,® Dicks
et al,*® and Segurado et al*). The novel (or enhanced)
linkages to BP in this study may be due to the fact
that previous genome-wide linkage studies did not
systematically target psychotic BP as the disease
phenotype.

Our linkage finding on 13q is congruent with a
previous report on linkage of psychotic BP to this
region.’ The other region implicated in that report,
22q, did not appear linked in our study. Support of
linkage on 2p was more pronounced in our previous
genome scan:'® parametric lod=3.2 vs 0.8 in this
study (result not tabulated); however, the ASP results
for 2p were similar in the two studies: lod =1.59
(previous study) vs 1.34 (this study). These differ-
ences may be partly due to the smaller number of
affected individuals in the current analysis, which
was restricted to individuals with psychotic BP.

Lod scores for most of the regions with significant
or suggestive linkage—8p21, 9q31, 10q22, 13q32,
17p12, 18q21, and 20q13—were most pronounced in
families with the highest load of psychotic BP,
reinforcing the potential genetic relevance of this
disease phenotype. Similarly, Potash et al’ observed
that linkage to BP in two of the regions they studied—
13q (same general region as in our finding on this
chromosome) and 22q—was stronger in families with
the largest number of psychotic individuals. Lod
scores for the other four regions included in our
analysis—6q21, 8p12, 8q24, and 15q26—were either
unaltered or reduced in these families, but remained
supportive of linkage.

Four of the regions implicated in our study—5q33,
6921, 8p21, and 13g32—are reportedly linked to
schizophrenia (reviewed in Baron,*® Lewis et al,*!
and Owen et al’*?). We also observed modest evidence
of linkage on regions 2p13 and 10q26, previously
implicated in BP?*'>*%% and/or schizophrenia.?*?"%*
Our findings are consistent with the notion that BP
and schizophrenia have some genes in common. For
some loci, this may be more pronounced when the BP
phenotype is restricted to the psychotic form. Also of
interest are regions 15925-26 and 18qg21, with
suggestive linkage to both psychotic BP (this study)
and schizophrenia (15q, reviewed in Baron;*° 18q,
reviewed in Lewis et al’'), although at somewhat
disparate locations, with uncertain overlap (BP,
15q25—26 and 18q21; schizophrenia, 15q15-24 and
18q22-qter). Similarly, region 17p12 showed sugges-
tive linkage to both psychotic BP (this study) and
schizophrenia,®* although the region implicated in
schizophrenia spanned a large distance (17p11-q25).
However, a linkage signal for a complex disease
locus may occur at an interval up to 30cM from the
original finding.*®

Many of the loci thought to play a role in the
susceptibility to BP (standard phenotype definition,
combining psychotic, and nonpsychotic forms) or
schizophrenia show no evidence of linkage in this
study. This suggests only partial overlap in genetic
predisposition between psychotic and nonpsychotic
forms of BP and between BP and schizophrenia.
Variability among studies in marker coverage and
sample size (affecting power to detect linkage) may
also explain the diversity in linkage results.

Molecular Psychiatry
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The pattern of linkage signals was similar in
American and Israeli families (data not shown). The
A-test failed to reject the hypothesis of linkage
homogeneity. Given the likely heterogeneity of BP,
we do not suggest that failure to reject the null
hypothesis implies that it should be accepted. The A-
test is not a powerful statistic for the analysis of
disorders with complex inheritance because the
model errors are confounded with the recombination
fraction estimates. Larger samples are needed to
assess linkage heterogeneity and differences among
populations.

Several limitations are worth noting. First, we
employed several diagnostic and genetic models, a
common practice in studies of complex disorders.
This may have led to inflated lod scores due to
multiple testing. However, the fact that some of these
models are correlated—for example, model BP-P1 is
nested in model BP-P2, and model BP-P2 is nested in
model BP-P3—partially obviates this problem be-
cause these tests are not truly independent. There is
no clearcut, satisfactory method to adjust for multiple
testing in these circumstances. Second, to render
genotyping more efficient,*® we did not genotype
unaffected siblings and married-in spouses.’ This
may cause an increase in the genome-wide false-
positive rate. Third, the subset of families with the
highest concentration of psychosis constitutes a small
portion (about one third) of the genotyped sample.
Small samples may lead to spurious linkage results,
although it might also be argued that true linkage
signals may be missed (or weakened) due to reduced
statistical power. A measure of confidence in our
results is offered by the strength of linkage signals
compared to other regions in our genome scan, and by
supporting evidence from other studies for some of
the results. Fourth, using the number of psychotic
relatives for subgrouping of families may leave out
small-sized families where psychotic relatives are not
present. This could potentially confound the analysis.
However, the exclusion of small families would only
reduce statistical power and would not bias the
linkage results proper. Previous studies of familial
breast cancer have found that using familial load of
the disease can greatly increase the power to detect
the BRCA1/BRCA2 genes in breast cancer families.?”
Therefore, the results from our heavily loaded
families should be considered potentially interesting
and in need of further investigation. Further study
using large data sets is needed to confirm our findings
and to examine the utility of this approach.

In conclusion, our findings speak to the potential
merit of dissecting the BP phenotype based on the
presence or absence of psychosis. This could enhance
the detection of susceptibility loci, whether unique to
BP or shared in common with schizophrenia.

Acknowledgements

We thank the families for their cooperation and
support. This work was supported by NIMH grant

Molecular Psychiatry

awards MH42535, MH43979, and MHO00176 (to
MB), and by funds from the Columbia Genome
Center and the New York State Office of Mental
Health.

References

1 Craddock N, Jones I. Genetics of bipolar disorder. ] Med Genet
1999; 36: 585-594.

2 Taylor L, Faraone SV, Tsuang MT. Family, twin, and adoption
studies of bipolar disease. Curr Psychiatry Rep 2002; 4: 130-133.

3 Baron M. Manic-depression genes and the new millennium:
poised for discovery. Mol Psychiatry 2002; 7: 342—358.

4 Segurado R, Detera-Wadleigh SD, Levinson DF, Lewis CM, Gill M,
Nurnberger Jr JI et al. Genome scan meta-analysis of schizophrenia
and bipolar disorder, part III: bipolar disorder. Am | Hum Genet
2003; 73: 49-62.

5 Goodwin FK, Jamison KR. Manic-Depressive Illness. Oxford
University Press: New York and Oxford, 1990.

6 Potash JB, Willour VL, Chiu Y-F, Simpson SG, MacKinnon DF,

Pearlson GD et al. The familial aggregation of psychotic symptoms

in bipolar disorder pedigrees. Am ] Psychiatry 2001; 158:

1258-1264.

Schurhoff F, Szoke A, Meary A, Bellivier F, Rouillon F, Pauls D et

al. Familial aggregation of delusional proneness in schizophrenia

and bipolar pedigrees. Am J Psychiatry 2003; 160: 1313—1319.

8 Berrettini WH. Are schizophrenia and bipolar disorder related? A
review of family and molecular studies. Biol Psychiatry 2000; 48:
531-538.

9 Potash JB, Zandi PP, Willour VL, Lan T-H, Huo Y, Avramopoulos D
et al. Suggestive linkage to chromosomal regions 13931 and
22q12 in families with bipolar disorder. Am J Psychiatry 2003; 160:
680—-686.

10 LiuJ, Juo SH, Dewan A, Grunn A, Tong X, Brito M et al. Evidence
for a putative bipolar disorder locus on 2p13-16 and other
potential loci on 4q31, 7q34, 8q13, 9931,10q21-24, 13q32, 14q21
and 17q11-12. Mol Psychiatry 2003; 8: 333-342.

11 Baron M, Endicott J, Lerer B, Loth JE, Alexander JR, Simon R et al.
A pedigree series for mapping disease genes in bipolar affective
disorder: sampling, assessment, and analytic considerations.
Psychiatric Genet 1994; 4: 43-55.

12 Endicott J, Spitzer RL. A diagnostic interview: the schedule for
affective disorders and schizophrenia. Arch Gen Psychiatry 1978;
35: 837-844.

13 Spitzer RL, Endicott J, Robins E. Research diagnostic criteria:
rationale and reliability. Arch Gen Psychiatry 1978; 35: 773-782.

14 Ghosh S, Karanjwala ZE, Hauser ER, Ally D, Knapp JI, Rayman JB
et al. Methods for precise sizing, automated binning of alleles, and
reduction of error rates in large-scale genotyping using fluores-
cently labeled dinucleotide markers, FUSION (Finland-US In-
vestigation of NIDDM Genetics) Study Group. Genome Res 1997;
7: 165-178.

15 Adams P. LABMAN and LINKMAN: a data management system
specifically designed for genome searches of complex diseases.
Genet Epidemiol 1994; 11: 87-98.

16 O’Connell JR, Weeks DE. Pedcheck: a program for identification of
genotyping incompatibilities in linkage analysis. Am ] Hum Genet
1998; 63: 259-266.

17 Broman KW, Weber J. Estimation of pairwise relationships in
the presence of genotyping errors. Am J Hum Genet 1998; 63:
1563-1564.

18 Cottingham Jr RW, Idury RM, Schaffer AA. Faster sequential
genetic linkage computations. Am J Hum Genet 1993; 53:
252-263.

19 Smith C. Homogeneity test for linkage data. Proceedings of the
Second International Congress on Human Genetics, Vol. 1, 1961,
pp 212-213.

20 Ott J. Analysis of Human Genetic Linkage. The Johns Hopkins
University Press: Baltimore, MD, 1991.

21 Kruglyak L, Lander ES. Complete multipoint sib-pair analysis
of qualitative and quantitative traits. Am ] Hum Genet 1995; 57:
439-454.

N



22

23

24

25

26

27

28

29

30

Lander E, Kruglyak L. Genetic dissection of complex traits:
guidelines for interpreting and reporting linkage results. Nat
Genet 1995; 11: 241-247.

Terwilliger JD, Ott J. Handbook of Human Genetic Linkage. Johns
Hopkins University Press: Baltimore, MD, 1994.

Yonan AL, Alarcon M, Cheng R, Magnusson PK, Spence SJ, Palmer
AA et al. A genomewide screen of 345 families for autism-
susceptibility loci. Am ] Hum Genet 2003; 73: 886—897.

Risch N, Giuffra L. Model misspecification and multipoint linkage
analysis. Hum Hered 1992; 42: 77-92.

Rice ], Reich T, Andreasen NC, Endicott J, van Eerdewegh M,
Fishman R et al. The familial transmission of bipolar illness. Arch
Gen Psychiatry 1987; 44: 441-447.

Spence MA, Flodman PL, Sadovnick AD, Bailey-Wilson JE, Ameli
H, Remick RA. Bipolar disorder: evidence for a major locus. Am |
Med Genet 1995; 60: 370—376.

Pauls DL, Bailey JN, Carter AS, Allen CR, Egeland JA. Complex
segregation analyses of Old Order Amish families ascertained
through bipolar I individuals. Am ] Med Genet 1995; 60: 290-297.
Dicks DM, Foroud T, Flury L, Bowman ES, Miller MJ, Rau ML et
al. Genomewide linkage analyses of bipolar disorder: a new
sample of 250 pedigrees from the National Institute of Mental
Health Genetics Initiative. Am ] Hum Genet 2003; 73: 107-114.
Baron M. Genetics of schizophrenia and the new millennium:
progress and pitfalls. Am ] Hum Genet 2001; 68: 299-312.

Linkage analysis of psychosis in bipolar pedigrees
N Park et al

31

32

33

34

35

36

37

Lewis CM, Levinson DF, Wise LH, DeLisi LE, Straub RE, Hovatta L
et al. Genome scan meta-analysis of schizophrenia and
bipolar disorder, part II: schizophrenia. Am J Hum Genet 2003;
73: 34-48.

Owen M]J, Williams NW, O’'Donovan MC. The molecular genetics
of schizophrenia: new findings promise new insights. Mol
Psychiatry 2004; 9: 14-27.

Badner JA, Gershon ES. Meta-analysis of whole-genome linkage
scans of bipolar disorder and schizophrenia. Mol Psychiatry 2002;
7: 405-411.

Williams NM, Norton N, Williams H, Ekholm B, Hamshere ML,
Lindblom Y et al. A systematic genomewide linkage study in
353 sib pairs with schizophrenia. Am J Hum Genet 2003; 73:
1355-1367.

Roberts SB, MacLean CJ, Neale MC, Eaves L], Kendler KS.
Replication of linkage studies in complex traits: an examina-
tion of variation in location estimates. Am ] Hum Genet 1999; 65:
876—884.

Holmans P, Craddock N. Efficient strategies for genome scanning
using maximum-likelihood affected-sib-pair analysis. Am | Hum
Genet 1997; 60: 657—666.

Ford D, Easton DF, Stratton M, Narod S, Goldgar D, Devilee P et al.
Genetic heterogeneity and penetrance analysis of the BRCA1 and
BRCA2 genes in breast cancer families. The Breast Cancer Linkage
Consortium. Am ] Hum Genet 1998; 62: 676—689.

1099

Molecular Psychiatry



