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Objective: The age at onset of bipolar
disorder is associated with clinical features
of the illness, including duration, severity,
and pattern of comorbidity with other dis-
orders. Age at onset is familial and herita-
ble, and it correlates inversely with the
prevalence of bipolar disorder among rela-
tives. Because age at onset may have util-
ity in resolving the complexity and hetero-
geneity of the disorder, the authors sought
to identify chromosomal loci that harbor
the genes influencing this trait.

Method: A genome scan of 539 geno-
typed people in 97 families ascertained for
the NIMH Bipolar Disorder Genetics Initia-
tive was performed by using multipoint
variance-components linkage analysis.

Results: The age at onset of mania was
significantly heritable in these families.
Three chromosomal regions yielded non-
significant but suggestive multipoint lod
scores greater than 2.5, with the strongest
evidence observed at markers D1251292,
GATA31B, and GATA50C, on chromo-
somes 12p, 14q, and 15q, respectively.

Conclusions: Although firm conclusions
await an independent replication, these
results suggest that three regions of the ge-
nome may contain genes influencing the
age at onset of mania in bipolar disorder.
To the authors’ knowledge, these regions
have not been implicated previously in
risk for the disorder, suggesting that sepa-
rate sets of genes influence disease suscep-
tibility and the age at which it appears.

(Am ] Psychiatry 2004; 161:625-630)

As much as 85% of the liability for bipolar disorder
may be inherited (1). Yet, although bipolar disorder has a
strong genetic basis and some regions of the genome have
been implicated, the genes involved in its etiology remain
unknown (2, 3). In fact, even when data from several ge-
nome scans were jointly examined by two different meta-
analytic methods (4, 5), discrepant findings of linked
chromosomal regions emerged. Furthermore, in the more
powerful of these two studies (5), the best evidence for
linkage at particular loci would be considered only sugges-
tive according to traditional criteria of genome-wide sta-
tistical significance, despite a pool of over 1,000 affected
individuals.

This uncertainty may be due, at least in part, to the clin-
ical complexity and heterogeneity of the disorder. For ex-
ample, although the DSM-III-R criteria and Research Di-
agnostic Criteria (6) for bipolar disorder have excellent
sensitivity and specificity in detecting a mental illness, the
disorder may still be confused with major depression,
schizophrenia, or schizoaffective disorder in as many as
10% of cases (7). Furthermore, individuals with bipolar
disorder differ markedly in illness severity and duration,
rates of personal and familial suicidality and mood disor-
der, and extent of concomitant substance abuse and neu-
ropsychiatric abnormalities. Such complexity creates clas-
sification problems that can restrict the power of genetic
studies of the condition.
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Some of the clinical heterogeneity of bipolar disorder
may be due to pleiotropic effects of a single set of bipolar
disorder genes; alternatively, such complexity could be
due to underlying etiologic heterogeneity. This latter idea
is supported by the fact that some multiply affected fami-
lies show evidence for autosomal dominant transmission
of a single major gene for bipolar disorder, while the segre-
gation of the illness through other pedigrees is more con-
sistent with a multifactorial and polygenic etiology in
which numerous environmental and genetic factors inter-
act (8-12). Clarifying the source of such discrepancies has
become a high priority for those working to understand
the true nature of bipolar disorder because of the promise
that such an approach holds for refining the phenotype(s)
of the illness and the subsequent identification of risk
genes for particular disease subtypes, if they exist.

The age at onset of bipolar disorder has been considered
as one potentially useful variable for constructing homo-
geneous groups of patients (13, 14). Age at onset correlates
with several clinical features, which could prove useful in
explaining some of the clinical heterogeneity just dis-
cussed. An early age at onset is more often associated with
a chronic course and a poorer response to mood stabiliz-
ers, while a later age at onset is associated with more severe
abnormal thought content in patients selected for psy-
choticillness (15). Age at onset may also be a useful marker
of the degree of genetic contribution to disease develop-
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TABLE 1. Characteristics of Members of Families Multiply
Affected With Bipolar Disorder in Which the Proband’s Age
at Onset of Mania Was Known

Family Members

Variable Families N Mean SD
Number 86
Number genotyped 269
Age (years) 40.1 13.8
Sex

Male 105

Female 164
Number of affected people

2 27

3 36

4 12

5 7

6 4

7 0

>7 0

ment. For example, Grigoroiu-Serbanescu et al. (16) found
that different modes of transmission best fit the segrega-
tion of early- and late-onset bipolar disorder; early-onset
forms were best explained by passage of a non-Mendelian
major gene with a polygenic component, and late-onset
forms showed multifactorial inheritance. Early-onset cases
also show comorbidity and familial co-transmission with
attention deficit and conduct disorders (13, 17-20).

Because age at onset is both familial (21) and heritable
(22), itis reasonable to use linkage analysis to detect genes
that regulate this trait in bipolar families. However, the age
at onset of bipolar disorder as defined by the age at which
any affective symptoms first appear might be too broad a
phenotype to be useful for genetic study. This phenotype
comprises at least two potentially etiologically distinct
features: age at onset of mania and age at onset of depres-
sion. Thus, to use a composite phenotype that includes
both of these aspects of the illness may introduce some
degree of causal heterogeneity, which may lower inferen-
tial power and hinder gene discovery. To overcome this
potential limitation, we examined the heritability of dis-
tinct components of the age at onset of bipolar disorder,
i.e., the age at onset of mania or depression in pedigrees
through which bipolar disorder was segregating. Because
the age at onset of depression was not significantly herita-
ble, the remainder of this work focuses on the mania age-
at-onset quantitative trait.

Method

Subjects

Families were recruited by investigators at Indiana University,
Johns Hopkins University, the National Institute of Mental Health
(NIMH) Intramural Research Program, and Washington Univer-
sity as part of the NIMH Human Genetics Initiative (http://zork.
wustl.edu/nimh/NIMH_initiative/NIMH_initiative_link.html).
Families were selected as previously described (23) by selecting
those having two or more members who met the DSM-III-R crite-
ria for bipolar disorder, type I. Written informed consent was ob-
tained by the data collection sites. Families were excluded if both
parents had either bipolar disorder I or schizoaffective disorder,
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bipolar type. The subjects were separated into six diagnostic cate-
gories: bipolar disorder I, bipolar disorder II, schizoaffective dis-
order (bipolar), unipolar depression, other mental illness, and not
mentally ill. The total study group consisted of 540 genotyped
individuals in 97 families; there were 232 with bipolar disorder I,
32 with schizoaffective disorder (bipolar), 72 with bipolar disorder
II, and 89 with recurrent unipolar depression. A genome scan of
these families for the qualitative trait of affection status has been
reported elsewhere (24-26). We gained access to the genotypes
and clinical data through the NIMH Center for Collaborative Ge-
netic Studies on Mental Disorders (http://zork.wustl.edu/nimh/).

Diagnostic Assessment

The structured interview was the Diagnostic Interview for Ge-
netic Studies (7, 27). The test-retest reliability of diagnoses based
on this interview was shown to be excellent within and across
sites (7, 27). The structured interview data were supplemented by
medical records and a semistructured itemized assessment of
psychopathology in family members, the Family Interview for Ge-
netic Studies (28). The Diagnostic Insterview for Genetic Studies
includes a mania/hypomania section that quantifies the mania
status of subjects. In this section, each participant was asked two
questions about the age at onset of mania; the first question
asked for the age at onset of any manic episode, and the second
question asked for the age at onset of the first manic episode that
could not be attributed to medical illness, medications, or sub-
stance abuse. We used the second question in our analyses be-
cause this eliminated mania episodes due to nongenetic factors;
however, the correlation between the two variables was signifi-
cant (r=0.62, N=433, p<0.0001). Use of the latter question ex-
cluded 37 subjects who reported at least one manic episode but
no “clean” episodes (i.e., no episodes of mania that could not be
attributed to medical illness, medications, or substance abuse).
Only individuals diagnosed with bipolar disorder I, bipolar disor-
der II, or schizoaffective disorder, bipolar type, were included in
the analysis.

Genotyping and Linkage Analysis

The genotyping methods have been described elsewhere (23—
26, 29, 30). Allele frequencies were created previously by using the
program USER13, which uses maximum likelihood methods (31).
Marker distances were created by using CRIMAP (http://linkage.
rockefeller.edu/soft/crimap/), and these results were compared to
existing genetic databases (32). Mendelian inconsistencies were
also examined previously. There were a total of 319 markers with
an average interval spacing of 10 cM throughout the genome.

The distribution of the ages at onset was assessed to ensure
that it met the necessary distributional assumptions for variance-
components linkage analysis; this assessment was performed by
using Sequential Oligogenic Linkage Analysis Routines (SOLAR)
(33). Blangero et al. (34) indicated that linkage analysis using
SOLAR is appropriate if the following conditions are met: 1) the
quantitative trait data resemble a normal distribution, 2) the kur-
tosis of the distribution is less than 2.0, and 3) the t test option is
specified in SOLAR. To meet the specified criteria for proper anal-
yses, the age-at-onset trait was transformed by taking the natural
logarithm.

The heritability of age at onset was calculated by using SOLAR.
Exact identity-by-descent (IBD) sharing proportions were calcu-
lated for each pair of relatives within each pedigree by using Gene-
hunter 2.0 (35). Genehunter calculates exact multipoint IBD
probabilities, whereas SOLAR (33) approximates IBD sharing by
using Markov chain/Monte Carlo methods. Because the bipolar
pedigrees were sufficiently small (2n-f<16, where n is the number
of nonfounders and fis the number of founders), Genehunter was
used to calculate exact IBD estimates. These IBD estimates were
then transported into SOLAR, and variance-components linkage
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FIGURE 1. Three Chromosomes With the Strongest Evidence for Linkage With the Natural Log of Age at Onset of Mania in

86 Families Multiply Affected With Bipolar Disorder
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analysis was performed. Table 1 presents the number of families,
number of family members, and demographic characteristics of
the families used in the analysis.

Variance-components linkage analysis was used to estimate
the proportion of the variance attributable to residual genetic ef-
fects, random environmental effects, or the quantitative trait loci.
By fitting various models, it is possible to make inferences regard-
ing the localization (the chromosomal regions mapped by the ge-
netic markers, i.e., linkage) and the magnitude of effect sizes of
major genes. The variance-components linkage analysis was per-
formed on the natural logarithm of the age at onset by using the
polygenic model in SOLAR. This analysis was performed only for
the age-at-onset score with significant heritability (i.e., age at on-
set of mania).

To test for linkage at a particular locus, the likelihoods of two
models, one with h2q (heritability of the quantitative trait loci) set
to its maximum likelihood estimate and one with h?q set to zero,
are compared. Twice the difference in the natural log of the likeli-
hood of these two models yields a test statistic that is asymptoti-
cally distributed as a 50/50 mixture of a chi-square variable and a
point-mass at zero. This is because the estimated variance due to
each quantitative trait locus was fixed to a boundary in the nested
model (36). The difference between the two log 10 likelihoods
produces a lod score (logarithm of the odds ratio for linkage) that
is equivalent to the classical lod score of linkage. Tests for linkage
and for its effect are repeated throughout the genome.

The lod scores were calculated throughout the autosomal chro-
mosomes at 2-cM intervals. Regions that had evidence for linkage
(lod score greater than 0.5) were fine-mapped with points at ap-
proximately 1-cM intervals.

Results

The heritability of age at onset for mania was estimated
as 0.41 (SE[h2]=0.17, p=0.004). Results of the genome
screen for age at onset of mania are presented in Figure 1.
The most notable results were for chromosomes 12, 14,
and 15 where the lod scores were greater than 2.0. The lod
scores were 2.78 near marker D1251292 (67 cM) on chro-
mosome 12, 3.00 near marker GATA31B (23 cM) on chro-
mosome 14, and 3.12 near marker GATA50C (50 cM) on
chromosome 15. According to widely used criteria for eval-
uating genome-wide statistical significance of the results
of linkage analysis (37), these three results would be con-
sidered “suggestive” of linkage but not significant. Previous
genome scans of this study group used three hierarchical
diagnostic models to assess linkage to diagnoses of bipolar
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disorder (rather than age at onset of mania) but did not
show findings for any of these regions (23-26, 29, 30, 38).

Discussion

Our work suggests that three regions of the genome
(chromosomes 12p, 14q, and 15q) may contain genes that
influence the age at onset of mania in bipolar disorder.
These chromosomal regions have not been implicated as
high-risk loci for bipolar disorder in either of the previ-
ously published meta-analyses of bipolar disorder (4, 5) or
in previous linkage analyses of the current data set (23-26,
29, 30). This suggests that genes influencing the age at on-
set of mania in bipolar disorder are distinct from those in-
fluencing the liability of developing the disorder. Further
studies are needed to confirm our finding and to deter-
mine whether these three loci act in concert—in either an
additive or epistatic manner—to place individuals along a
continuum of age at onset or whether these three loci are
in some way associated with the three discrete age-at-on-
set classes delineated by Bellivier et al. (39). Because these
three regions of interest each span several megabases, it is
premature to speculate about which genes gave rise to the
observed linkage signals. However, these findings can
serve as the basis for future fine-mapping efforts in these
regions that may elucidate the responsible polymorphisms.
It is clear that none of these linkage signals is attributable
to the gene coding for the serotonin transporter (SLC6A4),
which has been associated with age at onset of bipolar dis-
order (40) but resides in chromosome region 17q11.1-q12.
In addition, both of the genomic trinucleotide-repeat do-
mains that have been associated with age at onset of bipo-
lar disorder lie on chromosomes other than those showing
the strongest linkage signals in the present study; ERDA1
(41) lies in chromosome region17q21.3 and CTG 18.1 (42)
lies in region 18q21.1.

In addition to guiding subsequent work aimed at find-
ing genes that determine age at onset generally, the
present findings may also inform studies of distinct age-
at-onset classes of the disorder, especially juvenile-onset
bipolar disorder, which may be more genetically influ-
enced than other forms of the illness. In fact, a growing
body of evidence supports a greater genetic contribution
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to early-onset bipolar disorder than to later-onset forms of
the disease (13, 43).

For example, in the NIMH Collaborative Program on the
Psychobiology of Depression, the age at onset of bipolar
disorder in probands (range=13-52 years) was found to
correlate inversely with the risk of the disorder for their
relatives (44). This relationship has also been demon-
strated numerous times in studies that used a relatively
late threshold (generally early or middle adulthood) for
distinguishing between early- and later-onset bipolar dis-
order (43); however, the effect of age at onset on familial
risk is the most pronounced among the relatives of pro-
bands with pediatric onset (i.e., before 13 years) (45). For
example, Strober et al. (46) found high rates of both bipo-
lar disorder and major depression in the first-degree rela-
tives of all of their patients with bipolar disorder but found
a much higher prevalence of bipolarity in the relatives of
pediatric patients with bipolar disorder (29.4%) than in
relatives of older patients (7.4%). Similarly, Neuman et al.
(47) found that relatives of pediatric-onset bipolar pa-
tients were more than twice as likely to have bipolar disor-
der than were relatives of later-onset patients.

Such observations are consistent with a greater genetic
influence on early-onset cases and suggest that pediatric
cases may be more homogeneous, at least in their genetic
etiology. If, as presumed, bipolar disorder has a multifac-
torial polygenic etiology in which numerous genes each
have a small influence on total risk, then these genetically
enriched early-onset cases of bipolar disorder may share a
greater number of risk genes out of the total pool of re-
sponsible genes. For example, consider the hypothetical
situation where bipolar disorder is caused by the combi-
nation of environmental risk factors with at least any four
genes out of a pool of 10 risk genes. Among patients with a
smaller genetic component (e.g., traditional cases of bipo-
lar disorder), it may be common that the minimally suffi-
cient number of risk genes (N=4) is possessed. Individuals
in this category may share all four risk genes or, in fact,
may have no overlap at all in the risk genes they possess. In
an alternative scenario, among patients with a larger ge-
netic component (e.g., patients with pediatric-onset bipo-
lar disorder), it may be common for individuals to possess
more than four of the necessary risk genes. The likelihood
that one or more risk genes are shared by patients in this
category (i.e., there is genetic overlap or homogeneity) in-
creases with the number of risk genes that each individual
possesses. Thus, if each individual in this category has six
of the 10 total risk genes, some genetic overlap among pa-
tients is inevitable, as each case will have at least one risk
gene in common with every other patient in the category;
if each individual possesses all 10 risk genes, then the ge-
netic overlap among them is absolute.

In addition to the greater risk for bipolar disorder it con-
fers on relatives, pediatric-onset bipolar disorder is often
characterized by an atypical clinical picture that often in-
cludes a chronic course, poor response to mood stabiliz-
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ers, and high levels of comorbidity with attention deficit
hyperactivity disorder and conduct disorder (14, 48-52). It
is interesting that this pattern is seen in only about one-
third of adults with bipolar disorder (53). In sum, these
data suggest that individuals with an early onset of bipolar
disorder are biologically different from those with a typical
onset age and clinical presentation.

It is possible that the loci detected in our study of age at
onset harbor genes that separate early-onset and later-
onset cases. For example, these loci may contain genes
whose risk alleles, if present, lead to an earlier onset of a
more severe bipolar illness, while their absence merely al-
lows the “typical” form of bipolar disorder to become
manifest. This possibility cannot be powerfully examined
in the present data set because we had no juvenile family
members. As suggested by Todd et al. (54), linkage studies
of bipolar disorder would benefit from recruiting families
ascertained through juvenile probands.

Several limitations to this study should be considered.
First, although the group size in this study was moderate,
the power to detect genes with small effects remains lim-
ited. Second, we did not account for other forms of genetic
heterogeneity that could exist in this study group. Third, to
limit the testing of multiple phenotypes and improve
power, we considered only one definition of mania, which
may not have been optimal.

In conclusion, the present study identified three chro-
mosomal regions that may harbor genes regulating the
age at onset of mania in families that are multiply afflicted
with bipolar disorder. These genes appear distinct from
those that may increase the overall susceptibility to the
disorder. Our results provide suggestive evidence that the
age at onset of mania is controlled by multiple quantita-
tive trait loci, which further supports the idea that age at
onset is a biologically meaningful feature of the disorder
that may be useful in clarifying its heterogeneity.
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