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Molecular genetics of bipolar disorder

NICK CRADDOCK and IAN JONES

Background A robustbody of
evidence from family, twin and adoption
studies demonstrates the importance

of genes in the pathogenesis of bipolar
disorder. Recent advances in molecular
genetics have made it possible to identify
these susceptibility genes.

Aims Topresentanoverview for clinical
psychiatrists.

Method Review of current molecular
geneticsapproachesandemerging findings.

Results Occasional families may exist
in which a single gene plays a major role in
determining susceptibility, but the majority
of bipolar disorder involves more complex
genetic mechanisms such as the
interaction of multiple genes and
environmental factors. Molecular genetic
positional and candidate gene approaches
are being used for the genetic dissection
of bipolar disorder. No gene has yet been
identified but promising findings are
emerging. Regions of interest include
chromosomes 4pl6, 12q23—q24, 16pl3,
21922, and Xq24—q26.Candidate gene
association studies are in progress but no
robust positive findings have yet emerged.

Conclusion Itis almost certain that
over the next few years the identification
of bipolar susceptiblity genes will have a
major impact on our understanding of
disease pathophysiology. This is likely

to lead to major improvements and
treatment in patient care, but will also

raise important ethical issues.

Declaration of interest Funding
detailed in Acknowledgements.
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Clinicians have always known that bipolar
disorder tends to run in families, but this
observation — although of enormous aca-
demic interest — has had limited clinical im-
port until now. Advances in molecular
genetics have provided the tools needed to
identify genes involved in conferring sus-
ceptibility to complex genetic disorders
such as bipolar disorder.

In this review we will briefly describe
the evidence for the involvement of sus-
ceptibility genes in bipolar disorder, then
illustrate current molecular genetic ap-
proaches, providing examples from studies
in which we have been personally involved.
This paper is intended to be a readable
overview of the topic for the general
psychiatrist. Readers seeking a more rigor-
ous and academic review should consult
Craddock & Jones (1999).

FAMILY, TWIN AND
ADOPTION STUDIES

Several important features of the inheri-
tance of bipolar illness will be familiar to
all experienced clinicians:

(a) mood disorders often aggregate in
families;

(b) the mode of inheritance is complex and
does not usually follow simple Mende-
lian patterns (e.g. autosomal dominant,
recessive, or sex-linked);

—_
o
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within families multiply affected by
mood disorder there is frequently a
spectrum of illness phenotype, which
may include unipolar depression, alco-
holism, suicide or psychosis, in addition
to bipolar disorder. A striking illustra-
tion of these three points is provided
by the family trees of several famous
and creative individuals with bipolar
disorder, in Kay Redfield Jamison’s
fascinating book Touched by Fire
(Jamison, 1993).

Although many family and twin studies
of mood disorder have been undertaken in

the past, it is only since the 1970s that
researchers have used our modern under-
standing of bipolar illness. Epidemiological
approaches have shown that for narrowly
defined bipolar illness (i.e. bipolar I disor-
der) the life-time risk in most populations
is 1% and is approximately similar in men
and women (Smith & Weissman, 1992).
About 20 studies using the modern concept
of bipolar disorder have examined the risk
in first-degree relatives of a person with this
disorder. Qualitatively, all studies indicate
a marked increase in life-time risk of bipolar
disorder in the first-degree relatives of the
proband. Quantitative results vary between
studies (according to methodology and
method of ascertainment), with most esti-
mating a risk 5-10 times that of the general
population (Craddock & Jones, 1999). It is
important to appreciate that the life-time
risk of unipolar major depression is also
increased in the first-degree relatives of a
person with bipolar disorder. Indeed, the
absolute risk of unipolar depression is
higher than the absolute risk of bipolar
disorder in the first-degree relatives of a
proband with bipolar illness. However,
because the background population rate of
unipolar depression is substantially greater
than that of bipolar disorder (10% v. 1%),
the relative increase in risk is much lower
for unipolar disorder (of the order of a
doubling of risk) (McGuffin & Katz, 1989).

Six twin studies of bipolar disorder have
shown an increased risk in monozygotic
(identical) co-twins compared with dizygo-
tic (fraternal) co-twins of a proband with
bipolar disorder (Kringlen, 1967; Allen et
al, 1974; Bertelsen et al, 1977; Torgersen,
1986; Kendler et al, 1993; Cardno et al,
1999). Again, the quantitative results vary,
with most risk studies estimating the risk at
45-75 times that of the general population.
Moreover, twin studies indicate that the
majority of co-twins who do not develop
narrowly defined bipolar illness will have
some form of severe depression during their
life, i.e. very few identical co-twins of an
individual with bipolar disorder escape all
affective morbidity. Hence, twin studies
provide robust evidence for the importance
of genes in bipolar disorder. However, these
studies also demonstrate that genes are not
the whole story —the fact that not all
monozygotic twins are concordant for
narrowly defined bipolar disorder indicates
that genetically identical individuals are not
necessarily destined to exhibit the same
psychiatric phenotype. There have been only
two adoption studies of bipolar disorder,



neither of which was large — one had 30
probands (Mendlewicz & Rainer, 1977),
the other 10 (Wender et al, 1986) — but
they both showed that the risk of bipolar
illness is greater in biological relatives than
in adoptive relatives of the probands.

Thus family, twin and adoption data
are consistent in demonstrating the import-
ant role that genes play in susceptibility to
bipolar illness. Equally, they show that
factors other than straightforward genetics
must also play a part, the twin concordance
data being the most important evidence for
this. Table 1 summarises approximate re-
currence risk estimates for major affective
disorder in various classes of relative of a
proband with bipolar disorder.

MODE OF INHERITANCE

Having established that genes have a role in
bipolar disorder, what sort of genetic model
might we anticipate? One could postulate
three extreme possibilities for a disease:

(a) a single gene model, where only one
gene and nothing else plays a role;

(b) a polygenic model, where there are a
huge number of genes which individu-
ally have a vanishingly small effect but
together completely explain the illness;

(c) a purely environmental model, where
genes have no role.

If you think about these theoretical
models carefully, you will realise that vir-
tually no illness that we know of conforms
to any of the models. For example, it is now
becoming clear that even classical single-
gene illnesses such a cystic fibrosis have
phenotypic modifiers, which may be genes
or environmental factors. Similarly, most
environmental factors involve an interac-
tion with genotype. You may think that if
a person is knocked over by a car it is a
purely environmental event. However, peo-
ple who stagger out of bars or public houses
late at night in an intoxicated state are at

Table |

much higher risk of being knocked down
by a car. Genetics is known to influence
many personality variables (Bouchard et
al, 1990), and personality plays a major
role in determining the probability that an
individual will stagger out of a public house
intoxicated. This leads to the clear recogni-
tion that this apparent environmental event
actually represents a genotype—environ-
ment interaction.

Given these complexities in even appar-
ently simple situations, it should not be
surprising that current evidence suggests
that the majority of bipolar illness does not
conform to any of the three simple extremes
but rather to an intermediate model. When
one considers the recurrence risk data from
classical genetic studies, the rapid drop-off
in recurrence risk from monozygotic co-
twins down to first-degree relatives and
back to the general population cannot be
explained by a single-gene model of bipolar
illness, whereas it is consistent with several
interacting genes, technically called epista-
sis (Craddock et al, 1995). This interaction
could involve one gene of relatively major
effect and several with a more minor effect,
or several genes all having a modest effect.
Alternatively, it could even be a large num-
ber of genes of small effect. In addition to
the genetic effects, an unknown amount of
environmental influence is almost certainly
involved.

It remains possible that in some unusual
families, illness may be determined primar-
ily by a single gene; however, for the major-
ity of bipolar illness in the population it is
likely that several genes are involved. It is
also important to recognise that we now
know of various genetic mechanisms that
do not follow simple Mendelian laws and
that give complex patterns of inheritance.
Examples include dynamic mutations such
as expanding trinucleotide repeats (which
occur in Huntington’s disease and several
other neurodegenerative disorders), imprint-
ing and mitochondrial inheritance. It is
possible — and indeed has been suggested

Life-time risk of affective disorder in relatives of a person with bipolar disorder. The approximate life-

time risk of bipolar disorder and the additional life-time risk of unipolar depression are shown according to

degree of the biological relationship to the proband. These figures represent estimates taken from studies

conducted over the past 30 years that have used the modern concept of bipolar disorder (Craddock, 1995)

Life-time risk of bipolar disorder (%) Life-time risk of unipolar disorder (%)

Monozygotic co-twin 45-75
First-degree relative 4-9
Unrelated 0.5-1.5

15-25
8-20
5-10
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(e.g. Mclnnis et al, 1993; McMahon et al,
1995) - that such mechanisms could play
a part in bipolar illness, and these poss-
ibilities must be entertained in molecular
genetic studies (Craddock & Owen, 1996).

MOLECULARGENETIC
STUDIES

Linkage and association studies using DNA
markers are the cutting edge of modern
psychiatric genetics (Craddock & Owen,
1996). Linkage studies use families in
which more than one member is affected
by disease, whereas association studies use
unrelated affected individuals and appro-
priate comparison individuals. Concep-
tually, molecular genetic studies can be
divided into positional and candidate gene
approaches. In positional approaches, the
chromosomal locations of susceptibility
genes are determined, usually by linkage
studies. This requires no knowledge of dis-
ease pathophysiology and can be consid-
ered as a purely genetic approach. This
has obvious attractions for study of psychi-
atric illnesses where pathogenesis is poorly
understood. In contrast, the candidate gene
approach presupposes that the researcher
has sufficient understanding of disease biol-
ogy to be able to recognise genes that may
be involved in the disorder. These are then
examined in linkage or association studies.
In practice, both positional and candidate
approaches are often combined, and it is
likely that a positional candidate approach
will be required to identify genes in complex
diseases such as bipolar disorder (Collins,
1995).

Linkage studies

Researchers have been undertaking linkage
studies in bipolar illness for a number of
years. Initially, the focus was on identifying
large affected families, an approach known
to be useful in disorders following simple,
single-gene modes of inheritance. Problems
with this ‘large family’ approach (Craddock
& Owen, 1996) include the following:

(a) such families are rare — they are there-
fore difficult to recruit and are not
representative of most bipolar disorder
in the population;

E

extended multiply-affected families
typically have a broad spectrum of
expression of illness, making it difficult
to classify individuals on a simple
affected/unaffected basis;
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(c) simple, single-gene inheritance does not
occur, at least for the vast majority of
cases of bipolar illness;

e

the efficiency of the most relevant
methods of statistical analysis in large
families is severely compromised by
uncertainty of the mode of inheritance;

O

under plausible modes of inheritance,
large families may actually be less
powerful than small families for
detecting the genes by linkage (Badner
et al, 1998).

A more recent trend is to study smaller
nuclear families, which are now recognised
as being more useful for investigation of
complex disease (Badner et al, 1998) and
address issues (a) to (e) above. The main
potential disadvantage of using smaller
families is the large sample size required.
An example is the Wellcome Trust Bipolar
Sib Pair Genome Study being undertaken
by N.C.’s group in collaboration with that
of Dr Michael Gill at Trinity College,
Dublin (Craddock & Gill, 1999). In the
first stage of this study 270 affected sib
pairs were genotyped for 400 markers
spanning the genome (i.e. all the chromo-
somes). Areas of interest from stage 1 are
being followed in an expanded sample of
420 affected sib pairs. Several data-sets
with large extended families and others
with small nuclear families are now avail-
able and a great deal of work has been done
and is being done by groups around the
world in both types of family collection.

A number of chromosome locations are
emerging in which evidence for linkage is
provided by multiple data-sets. It is import-
ant, however, to emphasise that meta-
analysis of linkage studies is non-trivial
and it would not be appropriate to claim
that any of the linkage findings have yet
been replicated beyond reasonable doubt.
An overview of linkage findings in bipolar
disorder can be obtained from the collection
of Chromosome Workshop reports from the
Fifth World Congress of Psychiatric Genet-
ics, Santa Fe, 1997 (Barden & Morissette,
1998; Crowe & Vieland, 1998; Gurling,
1998; Kennedy & Macciardi, 1998; Levin-
son & Coon, 1998; Nimgaonkar, 1998;
Nurnberger & Foroud, 1998; Owen &
Craddock, 1998; Paterson, 1998; Van
Broeckhoven & Verheyen, 1998; Wilde-
nauer & Schwab, 1998) and the Sixth
World Congress of Psychiatric Genetics,
Bonn, 1998 (Barden & Morissette, 1999;
Craddock & Lendon, 1999; Crowe & Vie-
land, 1999; Curtis, 1999; DeLisi & Crow,
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1999; Detera-Wadleigh, 1999; Gejman,
1999; Hallmayer, 1999; Kennedy et al,
1999; Nurnberger & Foroud, 1999; Pater-
son, 1999; Schwab & Wildenauer, 1999;
Van Broeckhoven & Verheyen, 1999;
Wildenauer & Schwab, 1999). Chromo-
some regions of interest include 4p16,
12q23-q24, 16p, chromosome 18, 21q22
and Xq24—q26.

Unusual families or cases can some-
times give important research clues. Such
a family, which we have been investigating
in collaboration with Mike Owen’s group
in Cardiff, is pedigree 324 (Fig. 1) in which
several members had a skin disease called
Darier’s disease, together with major affec-
tive disorder (Craddock et al, 1994). Dar-
ier’s disease is a rare autosomal dominant
condition (Burge & Wilkinson, 1992). In
the pedigree, the mother and five out of
eight offspring had both Darier’s disease
and severe affective illness, whereas the
father and three out of eight offspring had
neither illness (Craddock et al, 1994). This
pedigree is shown in Fig. 1. Individual 2.6
was bipolar; 1.2 had 40 admissions with
depression; individuals 2.1 and 2.2 both
had severe recurrent depression; individual
2.8 committed suicide; and individual 2.7
had depression following childbirth.

Although there are a number of poss-
ible explanations for a mood disorder oc-
curring together with a skin disease, the
most likely explanation for this co-segrega-
tion is that a susceptibility gene for bipolar
illness lay near the gene for Darier’s disease
and that within this family the two genes
were in linkage and segregated together.
The formal genetic evidence in favour of
this hypothesis is a log likelihood ratio
(lod) score of 2.1, which although not con-
sidered conclusive is certainly interesting.
The importance of this family is that it pin-
points the region of the Darier’s disease

gene as a locus to investigate in other bi-
polar pedigrees. Thus, after the chromo-
somal location of the Darier’s gene was
mapped to chromosome 12q23-q24.1
(Craddock et al, 1993), we studied linkage
of bipolar disorder in 45 bipolar pedigrees
(none of which had any members with
Darier’s disease). Modest evidence was
obtained in support of linkage across the
Darier’s disease region, with maximum
lod scores of approximately 2 (Dawson et
al, 19935), certainly consistent with the exis-
tence of a bipolar susceptibility gene in this
region.

Linkage of bipolar disorder to the Dar-
ier’s disease region was also demonstrated
in an independent study by Barden et al
(1996). From a genetic isolate of French
origin, which included 130 members, many
of whom were affected by bipolar mood
disorder, a lod score in excess of 3 was ob-
tained in the region of the Darier’s disease
gene on chromosome 12q. This group has
extended the pedigree and with further geno-
typing, the lod score in the Darier’s region
is currently 5. This constitutes extremely
impressive evidence in favour of linkage.
More recent data from other groups have
provided further support for the existence
of a susceptibility gene in this region
(Ewald et al, 1998), although the region
of interest spans approximately 40 centi-
morgans. In addition, we have now identi-
fied another family, pedigree 5501, in
which bipolar illness and Darier’s disease
co-segregate and in which the maximum
evidence for linkage between mood disor-
der and genetic markers at the Darier’s dis-
ease locus is a lod score of 3.7 (Jones et al,
1999).

We are currently undertaking dense
marker genotyping across this chromosome
region to search for linkage disequilibrium,
which would allow the susceptibility gene

1.2
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Genogram of pedigree 324. Square symbols are used for males, circles for females. A diagonal line

indicates that the subject is dead. A solid symbol indicates that the subject is affected by both Darier’s disease

and major affective disorder. This pedigree was reported in detail in Craddock et al (1994); however, the

affective status of subject 2.8 has changed during the subsequent period of observation.



to be localised to within approximately 1
megabase. In addition, candidate gene ana-
lysis is also being used and a number of
candidates in this region have been examin-
ed, including PLA2 (Jacobsen et al, 1997),
trinucleotide repeat-containing loci such as
ASH1 and SCA2 (Franks et al, 1999), and
the Darier’s gene itself (Sakuntabhai et al,
1999; Jacobsen et al, 1999a,b).

Association studies

The original association study approach
uses unrelated bipolar cases and unrelated
comparison individuals (controls) who are
matched for potentially relevant variables
such as gender, ethnicity and age. An in-
creasingly popular refinement is to use a
family-based association paradigm in which
DNA is obtained from a proband with bi-
polar disorder and both biological parents.
The non-transmitted parental alleles are used
as a notional control, and this approach
avoids many of the problems of population
stratification that can be obtained with
conventional case—control studies (Falk &
Rubinstein, 1987). Many groups around
the world are using both case—control and
family-based association approaches to un-
dertake linkage disequilibrium and candidate
gene studies.

An example of the candidate gene asso-
ciation approach is the recent work we
undertook in collaboration with Dr George
Kirov Michael
(University of Wales College of Medicine,
Cardiff) to investigate the possible relation-
ship between catechol-O-methyl trans-

and Professor Owen

ferase (COMT), an enzyme involved in the
breakdown of catecholamines, and rapid
cycling. An amino acid polymorphism in
the gene, Val>Met at position 108, deter-
mines high and low activity of the enzyme.
The COMT gene lies in the region of
chromosome 22q commonly deleted in
velo-cardio-facial syndrome. Lachman et al
(1996) studied approximately 20 subjects
with this syndrome and found that many
had rapid-cycling mood disorder, all of
whom possessed the low-activity allele of
the COMT gene. These researchers pro-
posed that this low-activity allele may be
associated with rapid cycling in the more
general population of patients with bipolar
disorder.

To test this hypothesis, we examined
our sample of 755 participants conforming
to the DSM-IV (American Psychiatric As-
sociation, 1994) bipolar disorder diagnosis
and classified them according to the pre-
sence or absence of rapid cycling (Kirov

et al, 1998). This classification is straight-
forward for definite rapid cycling because
if a reasonable amount of information is
available, you can be sure that the indivi-
dual meets the diagnostic criteria for cycling.
Using these criteria, 55 patients were iden-
tified as having the rapid-cycling form of
the disorder. Identifying definite non-rapid-
cycling subjects is much more difficult be-
cause a substantial amount of information
is required to provide convincing evidence
that the person has never suffered from ra-
pid cycling. Using these stringent criteria,
110 patients were identified as having a de-
finite non-rapid-cycling course. Genotyping
results are shown in Fig. 2, which also in-
cludes results for a total sample of subjects
with bipolar disorder (unselected for rapid
cycling) and a comparison group of indivi-
duals without bipolar disorder. Compared
with the controls, there was very little dif-
ference in allele frequency in the whole bi-
polar disorder group, which suggests that
the COMT gene is not a susceptibility gene
for bipolar disorder. However, consistent
with the hypothesis of Lachman ez al
(1996), the low-activity allele was signifi-
cantly more common in the rapid-cycler
group compared with the non-rapid-cycler
group (P=0.0120. Furthermore, there is a
dose-dependent effect in genotype distribu-
tion such that an individual with more co-
pies of the low-activity allele has a greater
likelihood of having a rapid-cycling dis-
order. Thus, the evidence is consistent with
COMT acting as a potential course modi-
fier rather than as a susceptibility gene.
However, it is important to stress that this
finding should be treated as preliminary
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unless, and until, it is replicated in large
independent samples.

Another example of use of the asso-
ciation approach and the importance of
thorough phenotypic (i.e. clinical) charac-
terisation is provided by our work on bi-
polar affective puerperal psychosis. Many
women with bipolar disorder are suscepti-
ble to puerperal triggering of episodes
(Brockington, 1996). It is widely believed
that steroid hormones (particularly oestro-
gens) are involved in the triggering pro-
cess and there is evidence that
susceptibility to the trigger is familial,
probably genetic (Jones et al, 2000).
Thus, neuronally relevant genes influenced
by oestrogens are plausible candidates as
susceptibility genes for bipolar affective
puerperal psychosis. In a case—control
study of 96 women with bipolar disorder
who experienced puerperal episodes start-
ing within 2 weeks of parturition, we
found that variation at the serotonin
transporter gene (a major site of action
of many antidepressants) has a significant
(P<0.008), substantial (odds ratio 4) and
important (population attributable frac-
tion 69%) influence on susceptibility to
bipolar affective puerperal episodes (Coyle
et al, 2000). As with the COMT results,
it is important that this finding receives
independent confirmation.

PSYCHOSOCIAL AND
ETHICAL ISSUES

Identification of susceptibility and modify-
ing genes for bipolar disorder has the po-
tential to radically change the practice of

RC Non-RC
Subject group

Total BP Controls

Fig. 2 Distribution of alleles of the gene for catechol-O-methyl transferase (COMT) in patients with bipolar

disorder and comparison subjects, taken from data published by Kirov et al (1998). White bars represent the

high-activity allele, black bars the low-activity allele. RC, rapid-cycling bipolar group (n=55); Non-RC, non-

rapid-cycling bipolar group (n=110); Total BP, total sample of subjects with bipolar disorder (n=412); Controls,

comparison subjects unaffected by bipolar disorder (1=368) used in previous study of the COMT

polymorphism (BIOMED European Bipolar Collaborative Group, 1997).
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psychiatry, alter the perception of mental
illness and greatly enhance the understand-
ing and treatability of some of the common
major illnesses that afflict populations
around the world (Craddock & Owen,
1996). Such advances will also be accompa-
nied by important ethical and psychosocial
issues (Jones & Craddock, 1997, 1998), in-
cluding availability of new technology, ac-
cess to genetic information and the subtle
shift from a simple doctor—patient relation-
ship to a doctor-patient—family relation-
ship. An interesting question concerns the
attitude of patients, relatives, professionals
and the general public towards the possible
development of genetic tests that may help
in directing treatment or prophylaxis of bi-
polar disorder. We have undertaken a ques-
tionnaire study examining attitudes among
(a) patients with bipolar disorder attending
a lithium clinic, (b) patients and relatives
in families multiply affected by bipolar dis-
order, (c) general practice attendees un-
selected for psychiatric morbidity, and (d)
psychiatrists in training (further details
available from N.C. upon request). All
groups strongly favoured the availability of
such tests in adults, although it is of interest
that the psychiatrists were significantly more
cautious than the other groups. This and
many other psychosocial and ethical issues
require investigation in parallel with the
current molecular genetic studies.

CONCLUSION

A robust body of genetic data indicates the
existence of susceptibility genes in bipolar
disorder. The current positional and candi-
date molecular genetic studies are producing
promising results although no susceptibility
gene has yet been identified. It is likely that
several, perhaps many, susceptibility genes
will be discovered in the next few years
and this will greatly enhance our under-
standing of disease pathogenesis. It is likely
that this will lead to a revolution in clinical
psychiatry which will benefit psychiatrists,
patients and their families. It is also extre-
mely important to recognise that there are
a number of ethical issues that are going to
accompany these developments; these will
need to be considered very carefully.
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CLINICAL IMPLICATIONS

MOLECULAR GENETICS OF BIPOLAR DISORDER

® Molecular genetics provides powerful tools for investigating neuropsychiatric

disorders.

m |dentification of bipolar susceptibility genes will contribute to improved treatment

and patient care.

m Improved understanding of disease pathogenesis has the potential to revolutionise

the practice of clinical psychiatry.

LIMITATIONS

® No bipolar susceptibility gene has yet been identified.

B Understanding of disease pathogenesis will require dissection of the complex
interaction between genetic and environmental factors.

B Major advances will raise important ethical issues that will need to be considered

carefully.
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