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Objective: Linkage studies of bipolar
disorder and schizophrenia have found
overlapping evidence for susceptibility
genes in four chromosomal regions—
10p12-14, 13932, 18p11.2, and 22q12-
13. The authors previously demonstrated
familial clustering of psychotic symp-
toms—defined as hallucinations and/or
delusions—in some bipolar disorder ped-
igrees. In this study they used stratified
linkage analysis to test the hypothesis
that those bipolar disorder pedigrees
most enriched for psychotic symptoms
would show greater evidence of linkage
to the regions of previous bipolar disor-
der/schizophrenia linkage overlap.

Method: Nonparametric linkage analy-
ses using GENEHUNTER and ASPEX were
performed on 65 bipolar disorder fami-
lies. Family subsets were defined by the
number of family members with psy-
chotic mood disorder.

Results: The 10 families in which three
or more members had psychotic mood
disorder showed suggestive evidence of

linkage to 13931 (nonparametric linkage
score=3.56; LOD score=2.52) and 22q12
(nonparametric linkage score=3.32; LOD
score=3.06). These results differed signifi-
cantly from those for the entire study
group of 65 families, which showed little
or no linkage evidence in the two regions.
The 10 families with three or more psy-
chotic members did not show evidence of
linkage to 10p12-14 or 18p11.2. The 95%
confidence interval on 2212 spanned
4.3 centimorgans (2.6 megabases) and
was congruent with previous findings.

Conclusions: Bipolar disorder families in
which psychotic symptoms cluster may
carry susceptibility genes on chromo-
somal regions 1331 and 22q12. Replica-
tion should be attempted in similar fami-
lies and perhaps in schizophrenia families
in which mood symptoms cluster because
these overlapping phenotypes may corre-
late most closely with the putative suscep-
tibility genes. The localization of the
22q12 finding particularly encourages
further study of this region.

(Am J Psychiatry 2003; 160:680-686)

Overlap between bipolar disorder and schizophrenia
has long been noted clinically. About 9% of people with
schizophrenia have manic syndromes (1) and 25% have
depressive syndromes (2); psychotic symptoms—halluci-
nations and delusions—occur in 58% of people with bipo-
lar I disorder (3). The existence of a diagnostic category
incorporating elements of mood disorder and schizophre-
nia—schizoaffective disorder—reflects the difficulty that
occasionally arises in distinguishing the two illnesses.

Evidence for overlapping heritability of bipolar disorder
and schizophrenia has emerged from genetic epidemio-
logic studies. Family studies have provided the strongest
evidence. An excess of major depression has been observed
in relatives of probands with bipolar disorder and relatives
of probands with schizophrenia (see reference 4 for refer-
ences). Most studies, however, have not found an excess of
relatives with schizophrenia in families of probands with
bipolar disorder or an excess of relatives with bipolar disor-
der in families of schizophrenia probands. Studies from
three data sets have addressed the question of overlap be-
tween psychotic mood disorder and schizophrenia. Two
found elevated rates of psychotic mood disorder in rela-
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tives of probands with schizophrenia and vice versa; the
third also suggested shared liability between the two enti-
ties (see reference 4 for references). In addition, some twin
studies found evidence of shared heritability between psy-
chotic mood disorder and schizophrenia (1, 5).

Linkage studies in bipolar disorder and schizophrenia
have implicated four overlapping chromosomal regions
that could harbor susceptibility genes shared by the two
disorders (6). On chromosome 13q32, two significant find-
ings (7, 8) and a more modest one (9) were reported in
schizophrenia, although one large replication attempt was
negative (10). Two suggestive findings were reported in bi-
polar disorder (11, 12). On chromosome 22q12-13, modest
evidence for linkage in schizophrenia was reported (13,
14); significant linkage for bipolar disorder was found in
the same region (12). A recent meta-analysis of 11 bipolar
disorder and 18 schizophrenia genome scans found that
13932 and 22q12 were the two most significantly linked
chromosomal regions for each of the two disorders (15).
On chromosome 10p12-14, three studies found suggestive
evidence for linkage in schizophrenia (16-18); one study
found suggestive evidence in bipolar disorder (19). On
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TABLE 1. Mood Disorder Diagnoses and Psychotic Symptoms by Family Set in a Group of 65 Families With Bipolar Disorder

Families With Psychotic

Families With Two or More Families With Three or

All Families Probands Psychotic Members More Psychotic Members
(N=65) (N=47) (N=30) (N=10)
All Affected Psychotic  All Affected  Psychotic  All Affected  Psychotic  All Affected Psychotic
Individuals  Individuals Individuals Individuals Individuals Individuals Individuals Individuals
Group N % N % N % N % N % N % N % N %
All affected individuals 302 100 104 34 220 100 96 44 151 100 80 53 55 100 37 67
Diagnosis
Schizoaffective
disorder, manic type 7 2 7 100 7 3 7 100 7 5 7 100 5 9 5 100
Bipolar I disorder 129 43 88 68 98 45 82 84 73 48 66 90 33 60 31 94
Bipolar Il disorder 97 32 3 3 67 30 2 3 42 28 2 5 8 15 0 0
Recurrent unipolar
depression 69 23 6 9 48 22 5 10 29 19 5 17 9 16 1 11

chromosome 18p11.2, three studies found evidence for
linkage in bipolar disorder (20-22) and one study impli-
cated schizophrenia (23).

We have previously used clinical features to attempt to
reduce genetic heterogeneity in bipolar disorder families.
We found that bipolar II disorder enhanced evidence for
linkage to chromosome 18q (24). We also found that psy-
chotic symptoms were familial in 65 bipolar disorder ped-
igrees (25). The current study used psychotic symptoms to
attempt to reduce genetic heterogeneity in these families.
We reasoned that bipolar disorder families in which psy-
chotic symptoms were prominent would be most likely to
carry susceptibility genes shared with schizophrenia.
These same families would thus be more likely to show
linkage to the four chromosomal regions of bipolar dis-
order/schizophrenia linkage overlap than would other
bipolar disorder families. Linkage in these regions was
assessed for all families and for three family subsets de-
fined by the number of family members with psychotic
mood disorder.

Method

Subjects

Probands were selected from patients screened in Baltimore
and Iowa City and from volunteer patients who contacted us. The
ascertainment criteria required a treated bipolar I disorder pro-
band and at least two first-degree relatives with a major mood
disorder—bipolar I disorder, bipolar II disorder, recurrent unipo-
lar depression, or schizoaffective disorder, manic type. Probands
and relatives were interviewed by psychiatrists using the Sched-
ule for Affective Disorders and Schizophrenia—Lifetime Version
(26). After complete description of the study to subjects, written
informed consent was obtained. Information from family infor-
mants was obtained, and data from medical records were added
whenever possible. Mood disorder diagnoses were made by two
independent psychiatrists using a best estimate procedure and
Research Diagnostic Criteria (27).

There were 65 bipolar I disorder probands and 237 affected rel-
atives, including 64 relatives with bipolar I disorder, seven with
schizoaffective disorder, manic type, 97 with bipolar II disorder,
and 69 with recurrent unipolar depression. No subjects had
schizophrenia or schizoaffective disorder, depressed type. A total
of 104 subjects were psychotic as defined by presence of halluci-
nations and/or delusions during a mood episode. One additional
newly ascertained psychotic bipolar I disorder subject had geno-
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types available only on chromosome 22 and was included for
analyses of those markers. All subjects with a mood disorder were
considered affected for linkage analysis. This single affection sta-
tus was used because family studies suggest that major depres-
sion is genetically related both to bipolar disorder and to schizo-
phrenia, and this study was designed to use phenotypic overlap of
the two disorders to clarify potential genetic overlap. Stratifica-
tion was performed on the basis of the presence of psychotic
symptoms in subjects with mood disorder. Family groupings in-
cluded 1) all families (65 families, 489 affected relative pairs, 325
affected sibling pairs); 2) families with psychotic probands (47
families, 373 affected relative pairs, 249 affected sibling pairs);
3) families with a psychotic proband and one or more other psy-
chotic members (30 families, 270 affected relative pairs, 179 af-
fected sibling pairs); and 4) families with three or more psychotic
members (10 families, 116 affected relative pairs, 88 affected sib-
ling pairs). Diagnostic breakdown and psychotic symptoms by
family set are shown in Table 1.

Genotyping

Many of the genotypes used in this study were generated for a
genome scan. Full description of the genotyping methods em-
ployed in this scan is provided in another publication (28). The
markers consisted of microsatellite tandem repeats. Genotyping
was done at Johns Hopkins, Stanford, and the Center for Inherited
Disease Research. Additional markers were genotyped on chromo-
somes 13g31-32 and 22q12 to follow up positive preliminary re-
sults. Mendelian inconsistencies were resolved before linkage anal-
ysis by using the GAS program (http://users.ox.ac.uk/~ayoung/
gas.html) and the UNKNOWN program from the LINKAGE package
(ftp:/ /linkage.rockefeller.edu/software/linkage/). The ASPEX SIB-
CLEAN program (ftp://lahmed.stanford.edu/pub/aspex) was used
to check for double recombinants. Initial marker order was assessed
by using the Marshfield map (http://research.marshfieldclinic.org/
genetics/). We used CRI-MAP (http://compgen.rutgers. edu/multi-
map/crimap/index.html) to refine marker order further, taking ac-
count of physical data in the University of California, Santa Cruz,
human genome browser, December 2001 assembly (http://www.
genome.ucsc.edu). Average spacing of DNA markers was as fol-
lows: chromosome 10, 4 centimorgans (cM); chromosome 13, 4
cM; chromosome 18, 6 cM; and chromosome 22, 2 cM. Genetic in-
formation content is given in Figure 1.

Linkage Analysis

Nonparametric linkage analysis was performed with GENE-
HUNTER (version 2.0) with the ALL option (http://www.genome.
wi.mit.edu/ftp/distribution/software/genehunter/), which tests
identity-by-descent allele sharing among all affected individuals
in each pedigree. To confirm results from GENEHUNTER, analy-
ses were also performed with the ASPEX SIBIBD program (version
2.2) (ftp://lahmed.stanford.edu/pub/aspex). This program calcu-
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FIGURE 1. Location and Information Content of DNA Markers Used for Genotyping

Chromosome 10

h Chromo- Information
DNA somal Distance content in
E marker band (cm)a all families
| . D10S189  10p14 19.00 0.64
D10S1412 10p14 28.31 0.62
D10S172  10p14 32.80 0.58
D10S191 10p13 37.90 0.66
D10S1423 10p12.31 46.23 0.59
D10S197  10p12.1 52.10 0.57
D10S174  10p12.1 54.23 0.59
D10S1426 10p11.23 59.03 0.64

Chromosome 18

Chromo- Information

DNA somal Distance content in

marker band (cM)a  all families
D18S62 18p11.31  18.70 0.68
- D185843 18p11.22 28.10  0.73
- D18S53 18p11.21 41.24 0.79
E D18S71 18p11.21 43.49 0.78
: D18S453 18p11.21 43.49 0.70
B D18S877  18p12.1 54.40 0.71
| D18S36 18p12.1 58.45 0.69
D18S57 18p12.2 62.84 0.80

Chromosome 13

Chromo- Information

DNA somal Distance content in

= marker band (em)a  all families
D13S800 139g22.1 55.31 0.69
D13S170  13931.1 63.90 0.81
D13S317  13931.1 63.90 0.82
D13S265 13g31.3 68.73 0.79
D13S793 13932.1 76.26 0.80
D13S786  13g32.2 76.80 0.83
D13S159 13g32.2 79.49 0.83
D13S779 13q32.3 82.93 0.81
D13S158  139g33.1 84.87 0.78
D13S173  13933.3 93.52 0.77
D13S796  13g33.3 93.52 0.76

Chromo- Information

DNA somal Distance content in

marker band (cM)a  all families
D22S420 22g11.1 0.00 0.63
D22S446  22q11.21 8.95 0.53
- D22S1685 22g11.23 12.92 0.53
- D22S689  22qg12.1 23.22 0.78
E D22S280 22qg12.3 25.96 0.81
D22S685 22q12.3 26.73 0.81
D22S277 22123 30.88 0.83
D22S278 22123 30.88 0.83
D22S683 22q12.3 30.88 0.83
D22S283 22123 33.27 0.81
D22S445  22q13.1 39.87 0.76
D22S274  22q13.31 46.21 0.41

@ From the Marshfield map (http://research.marshfieldclinic.org/genetics/).

lates maximum nonparametric LOD scores in affected sibling
pairs. The nonparametric linkage score and the ASPEXLOD score
are two among many linkage statistics. Such statistics are not
equivalent in their absolute values; comparisons between them
can be made only after conversion to the common currency of the
p value.

The GENEFINDER program (http://biosun01.biostat.jhsph.
edu/~wmchen/gf.html) was used to localize findings on chromo-
somes 13 and 22. This program uses the maximum likelihood es-
timate of identity-by-descent sharing from GENEHUNTER to
calculate the most likely location of a disease gene and a 95%
confidence interval for the location (29). This method can provide
valuable information to complement the results of GENEHUNTER
because the peak nonparametric linkage score does not necessar-
ily correspond to the most likely site of the disease locus. A shifted
peak can occur because more polymorphic markers may give rise
to larger nonparametric linkage scores despite being further away
from the disease locus than closer, less informative markers.

For GENEHUNTER findings on chromosomes 13 and 22, the
empirical significance of the nonparametric linkage scores for the
10 families with three or more psychotic members compared with
the entire group of families was assessed through simulation us-
ing the method of Cox et al. (30). Ten thousand samples of 10 fam-
ilies randomly selected from the total data set were generated,
and nonparametric linkage scores for each sample were derived.
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A similar procedure was used to assess the empirical significance
of the SIBIBD results.

Results

Results of the GENEHUNTER analysis are shown in Fig-
ure 2. The 10 families in which three or more members had
psychotic mood disorder showed nominally significant ev-
idence of linkage to 13q31 (nonparametric linkage score=
3.56, p=0.003) at D13S317 and to 22q12 (nonparametric
linkage score=3.32; p=0.005) at D225277. At these peaks on
both chromosomes 13 and 22 the evidence for linkage was
successively lower as the number of psychotic subjects in
families decreased. In the family set in which the proband
and at least one other member had psychotic mood disor-
der, the nonparametric linkage score on 13g31 fell to 1.29
and the nonparametric linkage score on 22q12 fell to 2.30.
In the psychotic proband family set, the scores dropped to
—-0.18 on 13g31 and 1.55 on 22q12. In the full family set, the
scores were —0.28 on 13g31 and 0.63 on 22q12.

GENEHUNTER findings were negative on chromo-
somes 10 and 18. For both chromosomes no psychotic
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family set yielded nonparametric linkage scores in the sig-
nificant or suggestive range. Further, in no psychotic fam-
ily set did the nonparametric linkage scores differ signifi-
cantly from those in the full family set.

Analyses on chromosomes 13 and 22 with SIBIBD in the
10 families with the most psychotic members yielded re-
sults similar to those found by using GENEHUNTER. For
these 10 families, the maximum LOD score on 13q31 was
2.52 at D13S317 (p=0.0006) and the maximum LOD score
on 22q12 was 3.06 (p=0.00009) at D22S277.

GENEFINDER was used to compute the most likely lo-
cation of the putative susceptibility genes on chromo-
somes 13 and 22 and a 95% confidence interval for these
locations. On chromosome 13 the estimated gene location
was at 62.8 cM on the Marshfield map, 1.1 cM centromeric
to D13S317, and the 95% confidence interval extended
from 56.4 to 69.3 cM, a span of 12.9 cM. On chromosome
22 the estimated gene location was at 29.4 cM on the
Marshfield map, 0.75 cM centromeric to D225277, with
the 95% confidence interval extending from 27.3 to 31.6
cM, a span of4.3 cM.

Two simulations were conducted to determine empirical
p values for the stratification of the families with the largest
number of psychotic members. On 13q31, a nonparamet-
ric linkage score of 23.56 was observed for randomly se-
lected sets of 10 families 22 times in 10,000 simulations—
equivalent to an empirical p value of 0.002. On 22q12, a
nonparametric linkage score of 23.32 was observed 242
times in 10,000 simulations—equivalent to an empirical p
value of 0.024. Using SIBIBD, a 10,000-sample simulation
yielded p values of 0.007 on 13q31 and 0.012 on 22q12.

Discussion

We examined four chromosomal regions with preexist-
ing evidence for linkage to both bipolar disorder and
schizophrenia. In two of the four regions, 13q31 and
22q12, the families with the highest number of psychotic
members showed suggestive evidence of linkage, and a
“dose-response”-like effect was observed between the
number of family members with psychotic symptoms and
the strength of linkage. Linkage evidence obtained by us-
ing one algorithm was supported by similar evidence ob-
tained by using a different algorithm. Two simulations
found that the results on 13q31 and 22q12 in the 10 fami-
lies with the most psychotic members differed signifi-
cantly from that expected by chance in this 65-family data
set, suggesting that stratification by number of family
members with psychotic mood disorder may be geneti-
cally meaningful.

Relation to Previous Findings

The linkage peak on 22q12 near D22S277 is congruent
with findings from previous studies. The only previous sig-
nificant result in bipolar disorder found linkage at D22S278
(12). A meta-analysis of schizophrenia studies also found
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FIGURE 2. Nonparametric Linkage Scores in Bipolar Disor-
der Families, Stratified by Presence of Psychotic Symptoms
in Affected Family Members

Families with =3 psychotic members (N=10)
Families with =2 psychotic members (N=30)
Families with psychotic probands (N=47)
All families (N=65)

Region of overlap from bipolar disorder
and schizophrenia linkage studies

20 Chromosome 10
1.0
00 ==
-2.0
20 30 40 50 60 70 80
4.0
Chromosome 13
3.0
2.0

1.0

0.0 ——N\ |
\%/yw
-1.0

50 60 70 80 90 100

20 Chromosome 18

- =

Nonparametric Linkage Score
Y
o

-1.0
-2.0
10 20 30 40 50 60 70
4.0
Chromosome 22
3.0
2.0
1.0 /\'/\_—H
-1.0
0 10 20 30 40 50 60

Distance Along Chromosome (cM)

modest support for linkage at D225278 (14). D225277 and
D22S278 are just 0.135 megabases (Mb) apart physically
and are indistinguishable on a genetic recombination map.
In a meta-analysis of 29 genome scans of bipolar disorder
and schizophrenia (15), 22q12 showed the strongest link-
age evidence of any chromosomal region (p=0.00000002).
This linkage region is about 16 Mb physically from the ve-
locardiofacial syndrome region of chromosome 22q11.2.

On 13q31 the peak nonparametric linkage score oc-
curred 15-29 cM centromeric to those identified by previ-
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ous linkage studies (7, 8, 11, 12), and 28 cM centromeric to
the G72 gene that was recently implicated in schizophre-
nia susceptibility (31). Although not entirely congruent
with previous findings, our result may represent the ef-
fects of the same disease locus as the previous reports be-
cause of the low resolution of linkage studies ( 32). With
200 or fewer study families, a replication of a previous true
finding may show a signal up to 30 cM away from the orig-
inal finding. The 29-genome scan meta-analysis (15)
found that 13932 was the second most strongly linked
chromosomal region (p=0.0000002).

Etiologic Overlap With Schizophrenia

The present findings support the hypothesis that psy-
chotic symptoms define a subtype of bipolar disorder with
etiologic distinction from broader bipolar disorder and
etiologic overlap with schizophrenia. The etiologic overlap
hypothesis suggests the existence of either psychosis
genes or joint mood/psychosis genes. This latter possibil-
ity would imply that examination of mood-related sub-
types of schizophrenia would further illuminate the issue
of etiologic overlap. Indeed, two studies found some evi-
dence that elevated familial rates of mood disorder occur
in a subset of subjects with schizophrenia (33, 34). The hy-
pothesis that some families with schizophrenia might
carry joint mood/psychosis genes was tested by Pulver et
al. (35). To try to reduce genetic heterogeneity in schizo-
phrenia, they analyzed a subset of six families (from a set
of 54) containing at least one relative with psychotic mood
disorder. The strongest linkage signal in the genome for
this subset was on chromosome 22q12; results were sug-
gestive. Linkage evidence was also suggestive for 13q33.

Localization of Putative Susceptibility Gene

Although the present finding on 22q12 is only sugges-
tive rather than significant, the narrow 95% confidence in-
terval, the congruence with previous findings, and the
weight of the meta-analytic linkage evidence encourage
pursuit of a susceptibility gene in this region. The 95%
confidence interval of 4.3 cM likely represents 2.6 Mb of
physical distance (http://www.genome.ucsc.edu). On
chromosome 13, our finding is less clearly localized. The
95% confidence interval of 12.9 cM likely represents 21.1
Mb. Our finding on chromosome 13 is also 15-29 cM cen-
tromeric to previous findings, which introduces further
uncertainty concerning localization.

Given its completed sequencing, chromosome 22 pre-
sents an especially attractive target for gene-finding. The
advanced state of gene characterization and single nucle-
otide polymorphism identification should facilitate the
search for bipolar disorder/schizophrenia genes. In this
2.6 Mb interval there are 25 annotated genes, 16 of which
have been characterized. Of particular interest is apolipo-
protein L2, which has been shown to be up-regulated in
postmortem schizophrenia and bipolar disorder brains
(36). Single nucleotide polymorphism genotyping across
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this region to test for linkage disequilibrium may help to
narrow the localization further.

Methodologic Considerations

There are several strengths in the methodology of this
study. First, clinical assessment was rigorously conducted.
The best estimate procedure was used to assign diagnoses
with high reliability. The assessment of psychotic symp-
toms was performed on the basis of both interview data
and supplementary data from family informants as well as
data from medical records. Second, follow-up genotyping
ensured good information content for 13q31-32 and
22q12. Third, the analysis was hypothesis-driven in that
the four chromosomal regions selected demonstrated pre-
vious evidence of linkage overlap between bipolar disor-
der and schizophrenia.

This study should also be viewed in light of several limi-
tations. First, alternative ways to define psychotic bipolar
disorder families could be construed. Even in the 10 fami-
lies with the most psychotic members, not all subjects
with mood disorder had psychotic symptoms. There were
only five families, however, in which all subjects with
mood disorders were psychotic, so the power to detect
linkage in this subset would have been low.

Second, the nonpsychotic subjects with mood disorders
in the 10 families with the most psychotic members con-
tributed to the evidence for linkage on chromosomes 13q
and 22q. We speculate that those nonpsychotic subjects
could be 13q/22q susceptibility allele carriers who fail to
express psychotic symptoms because they lack suscepti-
bility alleles for other interacting genes, or because they
lack exposure to interacting environmental factors.

Third, clinical variables that could co-occur with psy-
chosis, such as illness chronicity or cognitive impairment,
might be more genetically relevant than psychosis itself.
Although our data did not allow adequate assessment of
these variables, we did compare the 10 families with the
most psychotic members and the 55 other families on age
at onset of mood disorder, number of mood disorder epi-
sodes, and duration of longest mood disorder episode; no
significant differences were found (data not shown). Addi-
tionally, the two family sets did not differ significantly in
rates of panic disorder or panic attack, clinical features as-
sociated with linkage to chromosome 18q22 (data not
shown).

Fourth, the absence of linkage signals on chromosomes
10p and 18p could represent false negative findings be-
cause the power in the 10 families with the most psychotic
members to detect genes of small effect was low and be-
cause, on chromosome 10p in particular, the genetic in-
formation content was modest.

Fifth, the statistical significance of these findings is diffi-
cult to assess in the light of the widely used Lander and
Kruglyak criteria (37). These findings might be considered
“confirmed” linkage because this study attempted replica-
tion of four regions previously identified by bipolar disor-

Am | Psychiatry 160:4, April 2003



der and schizophrenia linkage studies. However, the more
conservative interpretation of “suggestive” linkage might
be more appropriate because this report used a novel phe-
notypic family characterization rather than simple bipolar
disorder.

In summary, we found that 10 families with psychotic bi-
polar disorder demonstrate suggestive linkage to two chro-
mosomal regions, 13q31 and 22q12, which are in or near
regions previously implicated in both bipolar disorder and
schizophrenia. Replication should be attempted in other
bipolar disorder families in which psychotic symptoms
cluster and, perhaps, in schizophrenia families in which
mood symptoms cluster because these overlapping phe-
notypes may be most closely associated with the putative
susceptibility loci. The localization of the 22q12 finding
particularly encourages further study of this region.
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