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Abstract

Applying linkage analysis to diseases with complex
inheritance presents special problems, and it is
necessary to give due consideration to the implications
of uncertainties in diagnosis and mode of transmission.
The methodology chosen was to apply genetic linkage
analysis using DNA markers to a number of moderate to
large pedigrees containing multiple cases of
schizophrenia or manic depression (but not both). Special
databases were developed and computer programs written to
facilitate the efficient and reliable management of the
large amount of data generated. In addition two new
techniques were developed and validated: a method for
obtaining rapid approximations to the multipoint lod
score based on supplied two-point lod scores, and a
method for using a dummy quantitative variable to code
for different degrees of affection.

New and highly polymorphic markers were typed in the
cohort of schizophrenia pedigrees which had originally
yielded positive lod scores with chromosome 5gq markers.
These resulted in lod scores which were much more
negative than previously. A significant exclusion was
obtained over much of the region, although a positive lod
score of 2.4 remained in one of the pedigrees using the
DOMSS (schizophrenia spectrum) affection model. The same
region was examined in two new cohorts of pedigrees, and
significantly negative lod scores were obtained. Markers
on the long arm of chromosome 11 in the region of the
gene for the dopamine D2 receptor yielded strongly
negative lod scores.

Five manic depression pedigrees were studied and a
segregation analysis was performed to determine an

appropriate transmission model. The best-fitting model



incorporated an autosomal dominant gene with incomplete
penetrance predisposing to both bipolar and unipolar
affective illness in these pedigrees. Linkage analysis
with markers on 5gq, Xq and 9q yielded negative results,
though not conclusively so for F9 on Xg27.
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Chapter 1: Introduction

To date very little is known of the aetiology of most
psychiatric illnesses. This is certainly the case for
manic depression and schizophrenia which are the
illnesses specifically investigated in the study
presented here. For each a number of different theories
of aetiology have been proposed, and these different
theories have been accorded more or less respect at
different times and among different groups, but no
particular aetiological hypothesis has proved compelling.
The work presented in this thesis aims to investigate
certain genetic hypotheses.

1l:1. Methodology for testing genetic hypotheses

Genetic hypotheses may be tested at a number of different
levels. The least specific hypothesis is that there is
some genetic contribution to the aetiology of a disease.
Next one may postulate that a particular genetic model is
correct - that is to say one may postulate that one or a
number of genes contribute to increasing liability, and
one may specify the magnitude of the effect of each gene
and of the interactions between them. Next one may
propose that the loci having an effect on liability are
localised to specific regions on the genome, and
ultimately the region so implicated might be narrowed
down to a specific gene or exon. The most explicit
hypothesis is that specific mutations affecting specific
genes can have a specific effect on the liability to
develop a disease, and the interactions between this
mutation and other genetic and environmental factors are

quantified.
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In general, since the more specific hypotheses "include"
the less specific ones, evidence supporting a specific
hypothesis can also be taken as evidence in support of
the more general hypotheses which are implied by it. Thus
if one could conclusively demonstrate the effect of a
mutation on increasing liability to a disease then this
would imply that there was a indeed a genetic
contribution to liability, and that this was in part due
to a locus at the given location. However stronger
evidence is needed to support a specific hypothesis if
the more general one has not been satisfactorily
established. This is because the prior probability of any
such specific hypothesis is lower.

A consideration which can complicate hypotheses at any
level is that there may be heterogeneity of aetiology.
Cases which all fall into the same diagnostic category
may arise from a number of different disease processes
and the contribution of genetic factors may vary between
cases. Some cases might be entirely genetic, others
environmental, some may result from a recessive gene,
others from a dominant one, some may be due to a mutation
at one location and others due either to mutations in
different regions or to different mutations at the same
location.

1:1.1 Testing for genetic transmission

The hypothesis that a genetic contribution exists can be
tested using adoption and twin studies, which aim to
distinguish genetic transmission from other mechanisms

which might explain familial clustering of disease.

In adoption studies the hypothesis of any genetic effect
is tested by examining whether the risk of an adopted

14



child developing a disease is influenced by the affection
status of his or her biological parents. The extent to
which the risk is determined by the status of the
biological parents can provide some measure of the
magnitude of the genetic contribution to liability. The
validity of adoption studies rests on the assumption that
only genetic factors are transmitted from biological
parents and that environmental factors contributing to
liability are either random or are transmitted from

adoptive parents.

The classical twin study method involves comparing the
concordance rates for affection in monozygotic and
dizygotic twins. If the concordance rate is higher in
monozygotic twins then this supports the hypothesis that
there is some genetic contribution to liability, and the
ratio between the monozygotic and dizygotic concordance
rates once again provides a measure of the magnitude of
the genetic contribution. The wvalidity of such twin
studies rests on the assumption that there is no
difference in the extent to which monozygotic and
dizygotic twins share a common environment, and that
therefore any differences in concordance are accounted
for by the dizygotic twins sharing on average only 50% of
their genotype.

Recently, a modified twin method has been applied to
psychiatric illness. This approach is to examine the
affection rates in the offspring of monozygotic twins
discordant for affection. The extent to which such
affection rates are the same for the offspring of the
affected and unaffected twin can be taken to measure the
extent to which genetic factors determine liability. The
validity of such an approach depends on the assumption
that environmental factors affecting liability are either
random or are determined only by parental affection

15



status.

1:1.2 Testing specific genetic models

Segregation analysis is used to determine the evidence in
favour of particular modes of transmission. The
parameters to be determined consist of the magnitude of a
genetic effect, the number of genes responsible for such
an effect, and the population frequencies of these genes.
For each locus affecting liability it is then necessary
to specify whether inheritance is autosomal or sex-
linked, and the extent to which effects are dominant or
recessive. The penetrance, or probability of affection,
can be described for each genotype at each locus. If this
varies with other factors, such as age, sex or exposure
to different environmental conditions, then different
penetrances may be described for a range of liability
classes. If a number of loci are involved then it may be
necessary to specify the nature of the interactions

between them.

The information available for the construction and
testing of hypotheses by segregation analysis consists of
observed patterns of affection within related
individuals, usually either nuclear families or extended
pedigrees. Methods currently available for carrying out
segregation analyses demand that hypotheses must be
tested in a parametric manner, which is to say that one
specific hypothesis of transmission is tested against
another and the one which best explains the observations
will be preferred. For this methodology to be valid then
the assumptions of both hypotheses tested must also be
valid. The concept of a null hypothesis which makes
minimal assumptions is not prominent - for example to
compare genetic with environmental transmission one must

16



be able to specify the nature of the environmental
transmission involved, and this is usually done in terms
of a correlation between phenotypes of individuals of a
certain relatedness and an effect of sharing a common
environment. Yet more complex environmental effects are
plausible, especially for psychological and social
influences. For example it might be that in a proportion
of cases the correlation in phenotype would be negative,
as when the child of an alcoholic becomes teetotal, or
that sometimes intrafamilial dynamics produce
complementary effects on family members, so that if one
sibling bullies another then the former is a perpetrator
and the latter a victim of the bullying. Attempts to
incorporate more complex interactions into a transmission
model increase the computational burden and introduce
additional degrees of freedom which diminish the power of
the method. Yet the failure to acknowledge such
interactions might undermine the validity of standard
methods when applied to psychiatric illness and social
phenomena. For example McGuffin et al (1990) reported a
segregation analysis in which the application of POINTER
to data concerning attendance at medical school produced
statistically significant evidence in favour of the
existence of a single gene affecting this behaviour. It
would seem that this hypothesis has a rather low a priori
probability, and the study suggests that caution should
be exercised when interpreting the results of these
methods when applied to complex social phenomena.

It should be noted that analysis of segregation patterns
can give some information about the localisation of loci
with major effect, to the extent that either autosomal or
sex-linked transmission may be supported. Segregation
patterns can also provide support for a pseudoautosomal
localisation and for a locus common to both X and Y

chromosomes.
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1:1.3 Mapping loci conferring liability

Hypotheses concerning the localisation of liability loci
may be tested by examining linkage, association and
cytogenetic data. The prior likelihood of such hypotheses
may be influenced by knowledge of the disease aetiology

when candidate genes are suspected of being involved.

Linkage analysis depends on information concerning
affection status and genetic markers in related
individuals. The classical method of linkage analysis
proposed by Morton as implemented for example in the
LINKAGE programs (Lathrop et al, 1985) is parametric and
involves the prior specification of a transmission model
and then the comparison of the likelihoods for the
observed data with the liability locus at different
genetic positions relative to the marker(s), these
positions being expressed in terms of recombination
fractions between the loci. A lod score is derived which
is the logarithm of the ratio of the likelihood
associated with a given position compared with that
associated with the liability locus being unlinked to the
marker(s). Difficulties with this method are discussed in
detail below, but the necessity to have a fully specified
transmission model is certainly pertinent.

Nonparametric approaches have been recommended which do
not rely on specifying a transmission model and which
attempt to assess whether cosegregation between disease
and markers occurs more often than would be expected by
chance. Examples of such methods are affected sib pair
analysis and extension of it as implemented in the ESPA
program and the affected pedigree member method
(Sandkuijl, 1989, Weeks and Lange, 1988). Such methods
are less useful for the mapping of a liability locus than
the classical lod score method and can never provide
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strong evidence against linkage in the way that the lod
score method can. In addition, they are generally less
powerful in terms of the ability to detect linkage. The
evidence in favour of linkage is provided in the formAa >\O§\
significance level for deviation from the null hypothesis
of random allele-sharing between affected siblings. A
frequently overlooked consideration when such results are
presented is that the nominal significance level of a lod
score of 3 is in the order of 0.0002. Therefore when a
sib pair analysis or association analysis results in a p
value of less than 0.05 or less than 0.01 we should not
regard this as being particularly strong evidence to
support the localisation of a hitherto unmapped disease
locus.

Association studies rely on genetic marker data obtained
from unrelated affected subjects. If certain alleles are
found more commonly among affected individuals than in
the background population or matched controls then this
provides support for the hypothesis that the genotype at
or very near to this locus has some influence on
liability to affection. Association as a result of
linkage disequilibrium is operative only when the
distance between the marker and disease locus is very
small, and so is not usually helpful for localising the
disease locus to a genetic region. However there may be
some advantage in studying strong candidate genes in this
way. Association studies may detect common alleles which
have a minor effect on modifying liability, rather than
identifying genes which are of major aetiological

importance.

Cytogenetic abnormalities may be regarded as special
cases of linkage and association. If such an abnormality
cosegregates with a disease through an extended pedigree,
then this may be treated as a case of complete linkage

19



between a disease and a very rare genetic marker. If a
number of different mutations involving deletions at the
same site are found in unrelated individuals with the
same disease then one could say that there is an
association between the deletions and the disease. Such
cytogenetic abnormalities can be very helpful in
highlighting regions of interest, and are also

technically useful in the production of relevant probes.

The progress of fine mapping can be monitored by linkage
and association studies. One aim is to find more closely
linked markers by "jumping over recombinants", while
another may be to find markers showing higher degrees of
linkage disequilibrium. Ultimately a particular mutation
can be identified which both cosegregates with the
disease in families and is also found in other families
or unrelated individuals suffering from the same disease.

1:1.4 Characterising the effect of specific mutations

It is possible to test some hypotheses concerning
aetiological heterogeneity using segregation and linkage
studies, but in order to conclusively demonstrate the
relationship between genotype and affection it is
necessary firstly to characterise particular mutations
and then to observe their effect. Once a mutation is
identified it is conceptually relatively straightforward
to study the susceptibility to disease of individuals
with this mutation. These subjects may be compared to
those with a different mutation at the same locus or at a
different locus. It may then be possible to identify
certain phenotypic differences which are influenced by
genotypic differences. Examples might be severity, age of
onset or treatment responsiveness, or more subtle effects

might be characterised such as the interactions with
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particular environmental factors or between genotypes at
different loci. It is this kind of complete elucidation
of the relationship between genotype and phenotype which
offers the prospect of benefits in terms of refined
diagnosis, specific treatment, and the ability to act
prophylactically by modifying the environment in ways to
reduce the probability or severity of affection in at

risk individuals.

1l:2. Genetics of manic depression

A number of studies of nuclear families have shown a high
affection rate in first degree relatives of probands with
affective illness (Gershon and Liebowitz, 1975, Helzer
and Winokur, 1974, Rice et al 1987, Bucher et al, 1981,
Gershon et al 1987). Support for this being partly a
genetic effect comes from studies showing higher
concordance in monozygotic rather than dizygotic twins
for bipolar and major depressive illness (Bertelsen et
al, 1977, Torgersen, 1986), and for subclinical levels of
depression (Wierzbicki, 1986). McGuffin and Katz (1989)
concluded that the literature provided compelling
evidence for the involvement of genetic factors in the
aetiology of both bipolar disorder and severe unipolar
depression, while Maier (1990) thought that the evidence
in favour of a genetic contribution to unipolar illness
was less clear than for bipolar disorder.

Given that a genetic contribution to aetiology is
plausible, the nature of this may be further elucidated
by segregation analyses. In particular the hypotheses of
single gene versus polygenic transmission may be tested.
To date it is probably fair to say that the results of
such analyses have been inconclusive. Several studies

have supported a single major locus (Gershon et al,
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1975a, Gershon et al, 1975b, Crowe and Smouse, 1977,
Baron 1980, O'Rourke et al 1983, Rice et al, 1987)
although some others have not (Slater and Tsuang 1968,
Bucher and Elston, 1981, Price et al, 1985) and Sham et
al (1992) concluded that the support Rice et al (1987)
had detected for single locus transmission was spurious
and was an artefact of inappropriately defined liability
classes. Although it is true that the evidence in favour
of single locus transmission is by no means overwhelming,
the hypothesis that major locus effects may occur, at
least in some pedigrees, remains plausible.

1:2.1 Manic depression and X chromosome markers

There have been several reports of evidence for linkage
between manic depressive illness and markers on the g28
region of the X chromosome. This evidence has been
reviewed recently by Berrettini et al (1990). Four
studies have shown linkage between between manic
depressive illness and colour blindness (Winokur et al,
1969, Mendlewicz and Fleiss, 1974, Baron, 1977,
Mendlewicz et al, 1979), two studies have shown linkage
to G6PD (Mendlewicz et al, 1980, Del Zompo et al, 1984),
and one study has shown linkage between manic depressive
illness and both colour blindness and G6PD (Baron et al,
1987). Another study showed linkage between manic
depression and an RFLP at the gene for coagulation factor
IX, which is located at Xg27 (Mendlewicz et al, 1987).
However the extent to which this is compatible with the
earlier results is doubtful, since F9 lies at some
distance from the other markers, on the other side of the
fragile-X site (FRAX). Of some interest is the report of
a family in which major affective illness and Christmas
disease (factor IX deficiency) cosegregate in three male
members (Gill et al, 1992), but since restriction
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fragment sizes were normal it is unlikely that a
cytogenetic abnormality accounted for this finding and
the cosegregation may be coincidental.

It is clear that not all cases of familial manic
depressive illness are due to a locus in this region.
Many pedigrees show clear male-to-male transmission,
excluding X-linkage, and others that do not nevertheless
show high recombination rates with markers at Xg28. In
the 1979 study Mendlewicz and his co-workers showed that
their results supported heterogeneity of linkage with
manic depressive illness being linked to colour blindness
in some of their pedigrees but not in others. Gershon and
his coworkers reported a series of six pedigrees without
male-to-male transmission in which linkage to Xg28 was
rejected (Gershon et al, 1979) and in another study
(Berrettini et al, 1990) nine such pedigrees also
excluded linkage to the same region. It has been
suggested that approximately one third of cases of
bipolar manic depressive illness may be associated with a
susceptibility locus at Xg28 (Risch et al, 1986), but in
the light of their findings Berrettini and co-workers
concluded that the true proportion was likely to be
substantially lower.

1:2.2 Manic depression and chromosome l1llp markers

Egeland et al reported linkage between two genetic
markers on the short arm of chromosome 11 (Egeland et al,
1987) but a follow-up study of the same pedigree has cast
doubt on the original result (Kelsoe et al, 1989). There
has been no published replication showing linkage to 1llp
markers and such linkage has been excluded in three of
the pedigrees reported on in this thesis (Hodgkinson et
al, 1987) and also in other families (Detera-Wadleigh et
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al, 1987, Gill et al, 1988). Some support for the
validity of the original finding was provided when
Leboyer et al (1990) reported a positive association (not
linkage) between tyrosine hydroxylase polymorphisms and
bipolar illness, but again attempts at replication failed
(Nothen et al, 1990, Todd and 0O'Malley, 1989, Gill et al,
1991).

1:2.3 Manic depression and chromosome 1l1q markers

Smith and coworkers described an American pedigree
containing 5 members suffering from bipolar affective
disorder (Smith et al, 1989). All of the affected
individuals had a balanced translocation from chromosome
11 to chromosome 9 (9p22;11g22.3). This report was
particularly noteworthy because of the possibility that
an abnormality in the same region of chromosome 11
accounted for the multiple cases of schizophrenia and
other mental illness which had been observed to
cosegregate with a balanced translocation (1g43;11g2l) in
another pedigree (St. Clair et al, 1990), and because the
candidate genes for the type 2 dopamine receptor and
tyrosinase had been localised to this region (Grandy et
al, 1989, Spritz et al, 1989). However linkage studies
with 1l1q markers in the five manic depression pedigrees
reported in this thesis excluded the involvement of a
susceptibility locus in this region (Holmes et al, 1991),
and similarly negative results have been reported in

three other pedigrees (Byerley et al, 1990).

1:2.4 Affective illness and chromosome 9q markers

Previous investigations in families with unipolar
affective illness have supported linkage to ABO (Tanna et
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al 1989) and the nearby ORM locus (Hill et al 1988;
Wilson et al 1989). These have been reviewed by Wilson et
al (1991), who concluded that there was an overall
significance value of <0.0001 in favour of linkage to
ORM. In addition Kidd et al (1984) reported possible
linkage to ABO in a number of families with both bipolar
and unipolar disorder. Both of these loci are linked to
another catecholamine pathway enzyme, dopamine beta
hydroxylase (Keats et al, 1987). Considering the possible
involvement of tyrosine hydroxylase in affective
disorder, this gene could be considered a candidate for
the putative 9g34 locus.

1:3. Genetics of schizophrenia

Family, twin and adoption studies do provide good
evidence that genetic factors contribute to the aetiology
of schizophrenia (Gottesman and Shields, 1982, Lowing et
al, 1983, Kendler et al, 1985, McGuffin, 1988). This view
is further supported by the finding that the offspring of
the unaffected identical cotwins of schizophrenics retain
a high liability to develop the illness (Gottesman and
Bertelsen, 1989).

Segregation analyses suggest that genetic factors may be
responsible for a high proportion of the variance (Risch
and Baron, 1984, McGue et al, 1985) but have not
established a clear mode of transmission. The
transmission of schizophrenia is certainly complex and
does not follow simple Mendelian patterns (Sturt and
McGuffin, 1985, Kendler, 1987). Risch and Baron (1984)
concluded that there was evidence for polygenic
transmission when mild phenotypes were included, but
could not determine whether or not a major gene was

operating in addition. They concluded that a common,
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recessive gene with low penetrance was more likely than a
dominant gene. Risch (1990) claimed that there was
evidence to suggest that the liability to schizophrenia
was determined by a small number of genes acting
interactively, but since this finding was largely based
on the relative affection rates in first and second
degree relatives it may be an artefact of the way the
family history method was used to obtain affection data.

1:3.1 Schizophrenia and chromosome 5q markers

Following a report of a partial chromosome 5 trisomy
(5gq11.2-13.3) cosegregating with schizophrenia (Bassett
et al, 1988), linkage was claimed between chromosome 5g
markers and schizophrenia in seven Icelandic and British
families (Sherrington et al, 1988). The maximum lod score
obtained varied depending on the affection model used,
and ranged from 3.22 with the narrowest diagnostic
criteria to 6.49 with the widest. Further investigations
of these pedigrees will be reported in subsequent
chapters. There have been no published replications of
this finding and linkage to this region has now been
excluded in a number of other pedigrees (Kennedy et al,
1988, St. Clair et al, 1989, Detera-Wadleigh et al, 1989,
Kaufmann et al, 1989, McGuffin et al, 1990, Aschauer et
al 1990, Crowe et al, 1990).

1:3.2 Schizophrenia and chromosome 11q markers

St. Clair and others have described a large Scottish
pedigree in which several individuals had developed
schizophrenia, schizoaffective illness and other
psychiatric illnesses and also had a balanced
translocation from chromosome 11 to chromosome 1
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(1g43;11g21) (St. Clair et al, 1990). The evidence
against this being a chance association was quite strong
because the lod score for linkage between psychiatric
illness and the translocation was above 4 at zero
recombination, although this was dependent on which
diagnoses were used to indicate affection. This finding
seems of special interest because the translocation
possibly involves the same region of chromosome 1llg as
that reported by Smith et al (1989), and additionally
because of the mapping of two candidate genes to this

region.

The gene for the type 2 dopamine receptor has been
localised to 11g22.3-g23 (Grandy et al, 1989).
Disturbances of dopamine transmission have often been
thought to be a possible factor in the genesis of
psychotic illness, and both schizophrenia and the manic
phase of manic depression respond to dopamine receptor
antagonists. A less convincing, though still interesting,
candidate gene for schizophrenia and schizoaffective
disorder is the gene for tyrosinase. Although tyrosinase
is not thought to be directly involved in the metabolic
pathways for the synthesis or degradation of centrally
acting neurotransmitters, there have been reports of
families in which schizophrenia cosegregates with
tyrosinase-negative albinism (Baron, 1976, Clarke and
Buckley, 1989). The gene for tyrosinase has been
localised to 11g2l.4 (Spritz et al, 1989).

1:3.3 Schizophrenia and pseudoautosomal markers
Crow et al (1989) suggested that a pseudoautosomal locus
could account for increased sex concordance rates between

siblings affected with schizophrenia, and claimed that
this hypothesis was supported by segregation data showing
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that siblings concordant for sex more often inherited the
disease through their fathers than mothers. The
significance of this finding was weak, and became more so
when criticisms of the methodology and analysis were
taken into account (Curtis and Gurling, 1990, Crow et al,
1990). A replication of this approach produced results
which tended to support the hypothesis but which were not
significant when the appropriate corrections were applied
(Gorwood et al, 1992). Pooling the two studies produced
results which were significant at p < 0.05, but this did
not allow for the multiple testing which was carried out.
Two sib pair analyses using DNA markers at DXYS1l4 were
each significant at p < 0.05, with a pooled significance
of p < 0.01 (Collinge et al, 1991, D'Amato et al, 1992).
However, another study showed strongly negative lod
scores between DXYS1l4 and schizophrenia using a wide
range of transmission models, and nonparametric methods
showed no evidence in favour of linkage (indeed alleles
were shared less often than would be expected by chance)
(Asherson et al, 1992). Given this finding and the weak
significance levels achieved by the positive studies, it
seems on balance unlikely that a pseydoautosomal locus

commonly predisposes to schizophrenia.
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Chapter 2: Outline of general methodology

In this chapter are described various considerations
relating to the methodology of the investigation. The
issues pertaining to the application of genetic linkage
analysis to psychiatric illness are discussed. Accounts
are given of the techniques used to maximise the
efficiency and reliability of the management of the large
amounts of data involved, and of some of the special
computer programming techniques used in the management

and analysis of this data.

2:1. Theoretical considerations concerning linkage
analysis

Genetic linkage analysis was selected as the method of
choice to investigate genetic effects in the diseases
studied. This methodology allows the localisation of
genes with major effect to a particular region of a
chromosome. Linkage is detectable over much larger
genetic distances than association due to linkage
disequlibrium, so it is feasible to screen the entire
human genome to search for loci predisposing to a given
disease. It was decided to perform linkage analysis on a
set of large multiply affected pedigrees, rather than
using a large number of small pedigrees or sib pairs.
Pedigrees have more power than sib pairs to map
susceptibiliity loci over small genetic distances, and
large pedigrees have more power than small ones to detect
linkage, particular in the presence of non-allelic
heterogeneity (Risch, 1988). Nevertheless, there are
significant problems in the application of genetic

linkage analysis to manic depression and schizophrenia.
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2:1.1 Non-Mendelian transmission

The problems of using genetic linkage analysis to
investigate manic depression were discussed at a workshop
organised by the MacArthur foundation, the results of
which were reported by Merikangas et al (1989), and Baron
et al (1990) reviewed these issues with respect to
psychiatric illness in general. Many problems arise from
aspects of the diseases which are often subsumed under
the term "non-Mendelian inheritance", but in fact there
are a number of different concepts which can with
advantage be considered separately. These consist of
difficulty in defining caseness, incomplete penetrance,
presence of phenocopies, and possible genetic
heterogeneity. In addition the mode of transmission is
unknown, and so the quantitative value’' attaching to each
of the above parameters is unknown, as is the gene
frequency of the susceptibility allele.

The methodology of classical linkage analysis was
developed in the context of the investigation of diseases
and genetic markers which were inherited in a
straightforward Mendelian fashion. If a disease can be
said to be Mendelian then this implies that it is
possible to reliably diagnose the disease and that
everybody who inherits a copy (or, in the case of a
recessive gene, two copies) of the abnormal gene will go
on to develop the disease and that everyone else will
not. Since under these conditions the segregation pattern
makes the mode of inheritance fairly obvious, it is also
possible to make accurate estimates of the frequency of
the abnormal gene in the population based on the
prevalence of the disease. In such a situation there is
no doubt about the existence of a major gene, and so it
is additionally possible to quantify the prior
probability of that gene being within a particular
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genetic region (for an autosomal gene this being simply
the genetic distance spanning the region under
consideration divided by the total of the genetic

distances spanning all the autosomal chromosomes).

However a Mendelian mode of inheritance is not essential
for modern methods of linkage analysis, and in fact only
represents a special case of a more general model as
implemented in the computer program LINKAGE (Lathrop et
al, 1985). The general genetic model for detecting
linkage between a disease and genetic markers depends
only on the concept of there being some major gene
effect, which means that the presence or absence of one
or two copies of a certain allele at the susceptibility
locus has a substantial effect in terms of altering the
individual's liability to develop the disease. The
genetic mode of transmission is then characterised by the
probability of affection, or penetrance, conditional on
each of the three possible genotypes (pAA, pAa and paa)
and by the gene frequency of the abnormal allele
conferring increased susceptibility. A fully penetrant
dominant gene for a disease with no phenocopies is
characterised by setting pAA, pAa and paa equal to 0, 1
an 1 respectively, while for a recessive gene the values
would be 0, 0 and 1. Where a disease is only partially
penetrant the probability of an individual inheriting the
abnormal alleles developing the illness will fall to less
than 1 and if phenocopies exist, that is to say if some
cases have a non-genetic aetiology, then the probability
of developing the disease despite having a normal
genotype will rise to above 0. The power of linkage
analysis to detect a disease locus depends on the
magnitude of the major gene effect, and one way of
expressing this is as the ratio between the probabilities
of affection conditional on each genotype.
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2:1.2 Diagnostic categories and heterogeneity

In the case of manic depression and schizophrenia, which
are clearly not inherited as either Mendelian dominant or
recessive diseases, the first problem is to find a way of
defining cases which will reflect as far as possible any
major gene effect which may be present. The greater the
differences between the penetrances conditional on
genotype, the more powerful linkage analysis will be to
detect linkage. If the definition of caseness is too
narrow then many people with the abnormal gene will be
classed as unaffected and the penetrance must be set 1low,
but if the definition is too wide, for example including
all psychiatric illness, then many people classed as
affected will not in fact possess the abnormal gene and
so the penetrance conditional on normal genotype (or,
more loosely, phenocopy rate) must be set high.

A potentially useful approach to establishing a
diagnostic scheme which detects an underlying genetic
abnormality is to choose a measure which maximises the
ratio of concordance between monozygotic (MZ) and
dizygotic (DZ) twins. Gottesman and Shields (1972) found
that very broad or narrow definitions of schizophrenia
reduced this ratio and Pope et al (1982) found that using
DSM-III (1980) criteria gave low measures of heritability
in the first degree relatives of schizophrenics and
suggested that these were too restrictive, possibly
because of their over-emphasis on the positive rather
than negative features of schizophrenia. McGuffin et al
(1984) tested 6 sets of operational criteria and found
that the Research Diagnostic Criteria (RDC) (Spitzer et
al, 1978) and Feighner definitions (Feighner et al, 1972)
gave the highest MZ:DZ concordance ratio, whereas
Schneiderian symptoms (Schneider, 1959) gave only low
scores. Farmer et al (1987) found that the maximum MZ:DZ

32



ratio came with schizophrenia with mood incongruent
delusions, schizotypal personality and atypical
psychosis. The inclusion of paranoid disorder and
affective disorder reduced this ratio, suggesting that
they are not genetically related to schizophrenia.

In the case of affective illness, there is a high degree
of heritability of bipolar illness (Bertelsen et al,
1977) and there may also be some genetic transmission of
unipolar illness (Wender et al, 1986). However unipolar
depression is very common in the general population and
if all cases are included as affected then a fair number
of these may be phenocopies. Most linkage studies
therefore repeat the analyses at least twice, both
including and excluding unipolar cases.

It should be pointed out that there may be a difference
between criteria used to produce an optimal strategy for
defining cases within a family and those criteria which
should be used in order to decide which families to
select for study in the first instance. This is because
the probability of an individual who has a minor
abnormality being a "genetic case" is higher if he is
known to have a close relative with the full-blown
disease. To maximise the power of linkage analysis one
wishes first to select families in which the disease gene
is probably segregating, and then to select as cases
those individuals within the family who are most likely
carriers of the gene. This means that one may need to use
conservative criteria to select families and more 1liberal
criteria to define cases within them: for example in the
study of manic depression families are usually initially
selected to include at least one or two cases of bipolar
illness, but thereafter all individuals within the
pedigree with unipolar depression may also be included as
affected.
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nevertheless reduced by the presence of such
heterogeneity (Risch, 1988). A situation which can be
catastrophic for the classical method of linkage analysis
is when non-allelic heterogeneity occurs within a family,
that is when the multiple cases seen within a family
occur as the result of actions of two different genes at
separate loci, some cases being due to one and some to
the other. Indeed such an occurrence may explain the
collapse of the Amish linkage result (Kelsoe et al,
1989), since inspection of the pedigree makes it clear
that there are at least two independent sources of the

disease.

With the above considerations to be taken into account a
particular question is whether or not to include cases of
manic depression and schizoaffective illness in linkage
studies of schizophrenia, and vice versa. Although for
much of the modern history of psychiatry manic depression
and schizophrenia have been thought of as essentially
separate, some advocates, particularly in Britain, have
been found for the proposal that the two diseases
represent different ends of a continuous spectrum
(Kendell and Brockington 1980, Crow 1986). In the context
of a genetic aetiology this could be interpreted as
meaning that a single genetic defect might predispose to
the development of psychosis, and that other genetic or
environmental factors might determine whether the
schizophrenic or affective disease developed. However
this view has not found universal acceptance, and most
authors find that although there may be some diagnostic
overlap the different disorders do tend to "breed true".
If there is a tendency for schizophrenia and manic
depression to occur at increased rates in the same
families then this may be due to a true shared genetic
aetiology (perhaps occurring in only a subset of cases),

or it may be due to assortative mating (Merikangas and
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Spiker, 1982) or difficulty in distinguishing the
diagnoses. To some extent linkage results to date also
tend to support the view of an aetiological distinction
between the two diseases. X-linkage has repeatedly been
shown to occur in manic depression but has not been
reported in schizophrenia. All positive linkage studies
have used only one or other diagnostic category, although
it now appears that many of these results may represent
false positives and if this is the case then no inference
can be drawn from them. Since heterogeneity weakens the
power of linkage analysis (particularly if unrecognised)
the prudent course would seem to be use narrow diagnostic
criteria and to treat schizophrenia and manic depression
as separate illnesses. This is the approach which in
practice is adopted by the majority of workers in the
field.

2:1.3 Transmission parameters, power and reliability

The effect of both incomplete penetrance and non-zero
phenocopy rate is to reduce the power of linkage analysis
because the gap between probabilities of affection
conditional on normal and abnormal genotype is reduced.
Thus the magnitude of both positive and negative lod
scores tends to be reduced. If additionally, the true
values for these parameters are unknown, then the
probable effect of specifying incorrect values is to make
lod scores more negative (Clerget-Darpoux et al, 1986).
In two-point analysis the recombination fraction will be
over-estimated, and in multipoint analysis linkage may be
missed altogether and a false negative or spurious
exclusion obtained (Risch and Giuffra, 1990).

A problem therefore with performing linkage analysis with
non-Mendelian illnesses is that the interpretation of the
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lod score obtained is uncertain. For an illness that is
known to be caused by a single, fully-penetrant,
autosomal gene then the probability of a lod score of 3
representing true linkage is theoretically 95%. For
psychiatric illnesses a number of conflicting factors
affect this figure. One is that because there is no
definite evidence that a single major gene is responsible
for the disease the prior probability of the hypothesis
that such a gene is at the studied location cannot be
defined (though the value must be lower than for a
Mendelian disease). A second factor is that if (as is
commonly practised) a number of different models and
disease definitions are tested, then extra degrees of
freedom are introduced and a lod of 3 may be more easily
produced by chance. Both these factors mean that a higher
proportion of lod scores of a given value will represent
a "false positive" or type 1 error than when classical
linkage analysis is applied to a Mendelian disease.
However to balance this is the consideration that if the
mode of transmission specified is incorrect the lod score
is likely to be diminished, and that the presence of
incomplete penetrance, phenocopies and genetic
heterogeneity all tend to make it more difficult to
produce a high positive lod score (even when correct
allowance is made for them). These factors increase the
probability of "false negative" lod scores or type 2
errors. For non-Mendelian illnesses the power of the lod
score method is lower, and using a lod of 3 as a test for
linkage we may say that both the sensitivity and the
specificity are reduced. Thus such a score would still be
of interest, but represents less definite evidence of
linkage than if it occurs in the study of a Mendelian
disease. Attempting to set a higher level as being
"significant" would decrease the sensitivity of the test
still further and increase the number of false negatives
- real linkages which were missed.
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One approach sometimes advocated to avoid the problems
associated with incomplete (and unknown) penetrance is to
use a so-called "penetrance-free" method of analysis.
Essentially this means that information about affection
is only gathered from those individuals who are affected,
and all others are treated as of unknown affection
status. No genetic inferences are drawn by the
observation that someone is unaffected and for the
purposes of linkage analysis it is assumed that they may
or may not be carrying the susceptibility allele. In the
consideration of likelihood ratios between different
hypotheses of linkage and non-linkage, this approach is
mathematically equivalent to specifying an extremely low
penetrance for the susceptibility allele. However there
are two problems which make this "penetrance-free"
analysis unsuitable for the diseases under consideration.
One is that since no information at all is obtained from
unaffected individuals the pedigrees studied lose a great
deal of their power to detect linkage. The other problem
is that no provision can be made for the possibility of
phenocopies. For the analysis to be feasible it is
necessary to assume that every affected individual does
actual possess the abnormal gene, but this may well not
be the case. The diseases are common, poorly defined and
known to sometimes occur sporadically, so there may well

be cases within the data set which are phenocopies.

There are advantages in attempting to select a
transmission model which accurately reflects the true
mode of transmission of the disease. When correct
parameters are chosen the expected lod score at the
disease locus is maximised, and selecting the correct set
of parameters in advance mitigates against the loss of
power involved in testing multiple models. One approach
to obtaining appropriate values for parameters such as

penetrance and gene frequency is to perform a segregation
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analysis independent of any genetic marker data, for
example as implemented by the computer programmes ILINK,
from the LINKAGE package, or POINTER (Morton and MacLean,
1974). If these values are then held fixed throughout
subsequent linkage analysis then they no longer
contribute to the degrees of freedom of the model and the
risk of a type 1 error is not increased. However there
are problems with this approach, since families selected
for linkage analysis are generally not suitable for
segregation analysis. From one point of view it may be
desirable to estimate penetrance and linkage parameters
jointly in order to obtain more accurate results than if
segregation data alone are used, but if this is done then
it is difficult to interpret the significance of any lod

score obtained.

2:2. Design of the investigations

Many aspects of design are common to the investigations
of both diseases, and a general overview of methodology
will be presented here and then the specific application
of the approach will be described more fully in
subsequent chapters.

The approach chosen was to apply genetic linkage analysis
to large, multiply affected pedigrees. Pedigrees were
selected for inclusion on the basis of having multiple
living affected members willing to participate in the
research. The pedigrees were extended through information
provided by subjects and from genealogical records. As
far as possible diagnoses were made by face to face
interview using appropriate standardised diagnostic
criteria. Interviews were carried out by trained
psychiatrists and both affected and unaffected pedigree

members were interviewed regarding their own diagnosis
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and were also asked about their relatives. Clinical case
notes were obtained where possible. Diagnoses were then
made based on all available information, and these were
always made blind of any genetic marker data. Subjects
provided blood samples for genetic markers, and in a few
cases post mortem tissue samples were obtained.

Since the diseases studied appeared to show if anything a
dominant rather than recessive mode of transmission,
families which appeared to demonstrate two independent
sources of illness were excluded (since this would
increase the risk of intra-pedigree genetic
heterogeneity). The presence of cases of both
schizophrenia and manic depression in the same pedigree

would also result in its exclusion.

For each disease it was possible to define a core
diagnosis and other less specific categories of
affection. In the case of manic depression segregation
analyses were carried out to determine the best-fitting
parameters of the genetic transmission model for each
diagnostic category. Subsequent linkage analyses were
carried out using these parameters. Segregation analysis
was not carried out in the case of schizophrenia, since
the investigation consisted largely of studying the
validity of an earlier linkage analysis with the aid of
new genetic markers. In this case the transmission

parameters used were those used in the previous analysis.

Sufficient blood was taken to provide DNA for multiple
digests. Permanent cell lines were established from blood
samples obtained during the latter part of the
investigation. The genetic markers used for linkage
analysis were DNA markers, consisting of RFLPs, VNTRs and
microsatellite polymorphisms. Marker genotypes were
checked by investigators blind to affection status.
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Attention was concentrated on obtaining data from markers
which were linked to each other, so that multipoint
analyses could be performed to exclude large genetic
regions. Linkage analyses were carried out between
markers. For those markers whose position was known this
provided a check on the accuracy of genotyping and
pedigree structure. It was also possible to localise some
markers which had previously been unmapped. As the
project progressed there was a move towards using highly
polymorphic microsatellite markers rather than the less
informative RFLPs. This greatly increased the amount of
information available from pedigrees, and had a dramatic
impact on the conclusions which could be reached,
although the computer resources needed in terms of time

and memory were also considerably increased.

For all analyses the possibility of non-allelic
heterogeneity was borne in mind. Lod scores were
calculated, tabulated and displayed graphically by
family. For analyses in which some families in the sample
had non-trivial positive scores formal heterogeneity
testing was applied.

2:2.1 Method of segregation analysis

The computer program used to carry out the segregation
analyses was POINTER (Lalouel et al, 1983). This
implements the mixed model of genetic transmission
described by Morton and MacLean (1974) and allows the
comparison of likelihoods between different models. The
method assumes that a phenotypic variable such as
affection status represents the dichotomous expression of
an underlying continuous trait which is approximately
normally distributed in the population. This trait may be
described as liability, or propensity to develop the
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