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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 5q 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 5q, Xq and 9q yielded negative results,
though not conclusively so for F9 on Xq27.
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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.

1:1. 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
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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 validity 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
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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 sexlinked, 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
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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 formji^a
^
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
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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.

1:2. 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 q28
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 Xq27 (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 Xq28. 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 Xq28 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 Xq28 (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 lip 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 lip
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 O'Malley, 1989, Gill et al,
1991).

1:2.3 Manic depression and chromosome llq 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;llq22.3). 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 (Iq43;llq21) 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 llq 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 9q34 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.

25

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
(5qll.2-13.3) cosegregating with schizophrenia (Bassett
et al, 1988), linkage was claimed between chromosome 5q
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 llq 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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(Iq43;llq21) (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 llq 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 Hq22.3-q23 (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 llq21.4 (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 Curling, 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 DXYS14 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 DXYS14 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 pseudoautosomal 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 low,
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 (197 2) 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 MZzDZ concordance ratio, whereas
Schneiderian symptoms (Schneider, 1959) gave only low
scores. Farmer et al (1987) found that the maximum MZzDZ
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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 liberal
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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It can be argued that the approach of dichotomising all
subjects into being either affected or unaffected (or
unknown) is fallacious and unnecessarily discards useful
information concerning the severity of affection or the
degree of certainty with which the genotype may be
inferred. A method which uses a quantitative variable to
avoid this problem is presented and discussed in detail
in
chapter.
d.

ÇuJrS

An issue that cannot be completely distinguished from the
definition of caseness is that of non-allelic genetic
heterogeneity. This means that some cases of an illness
may be due to the actions of a particular disease gene
and that other cases may have a completely different
aetiology and may be associated with abnormalities at a
different genetic locus or may perhaps be caused entirely
by non-genetic factors. Careful designation of diagnostic
categories may minimise the numbers of such cases, but it
may not be possible to eliminate them completely. If some
of these cases are due to the action of a gene at a
different locus, then none of the cases in families in
which this second gene is segregating will show linkage
to the locus under consideration. Linkage analysis will
generally fail if such non-allelic heterogeneity goes
unrecognised. It is possible to analyse the data under
the assumption that in only a proportion of families is
the disease due to an abnormality at a particular locus
while other families may be unlinked. This involves
applying the admixture test (A-test), as implemented for
example in the computer program HOMOG, which incorporates
probabilities for each family to belong to either the
linked or unlinked group (Ott, 1986). Although this will
then be robust to the presence of nonallelic
heterogeneity and not falsely exclude linkage when it is
present in only a proportion of families, the power to
detect positive evidence in favour of linkage is
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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

36

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

39

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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illness.
POINTER calculates likelihoods of the observed patterns
of segregation of affection within the pedigrees under
different transmission models. The most general model is
called the "mixed model" and incorporates both single
major locus and multifactorial tranmission. The
likelihood associated with this model was compared with
the likelihoods of more constrained models which did not
incorporate one or both of these modes of transmission.

2:2.2 Method of linkage analysis
The basic approach taken was to carry out linkage
analysis of affection status against one or more DNA
markers using the computer programs MLINK and LINKMAP
from the LINKAGE package (Lathrop et al, 1985). These
implement the classical lod score method of linkage
analysis and provide likelihoods for the observed
cosegregation of affection and marker genotype
conditional on the transmission parameters of the disease
locus, the relevant allele frequencies and the genetic
distance between the disease locus and genetic marker[s].
In order to calculate lod scores at various positions the
likelihood obtained with the disease locus at a certain
position is compared with that when the disease is at 50%
recombination fraction with the marker[s]. The lod score
[Log of ODds ratio] is the logarithm of the ratio of
these likelihoods.
Prior to running MLINK and LINKMAP the preprocessor
UNKNOWN was used. This program, also part of the LINKAGE
package, is run on pedigree data files and detects
impossible genotypes which are incompatible with the
observed marker data. It then outputs an adapted pedigree
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file ("SPEEDFILE") containing this information so that
the subsequent full linkage analysis can be carried out
far more rapidly than would otherwise be the case.
All linkage analyses were carried out repeatedly using
different diagnostic categories to designate individuals
as affected. In certain situations additional analyses
were carried out in a more exploratory fashion using a
range of different penetrances as well as different
disease definitions. In some cases linkage analysis was
also carried out using a quantitative variable to
indicate different categories of affection in an attempt
to maximise the information obtained from each pedigree
and to produce lod scores which could be seen to most
reliably reflect the evidence for or against linkage.
In order to carry out multipoint linkage analyses the
LINKMAP program was used. The number of loci that can be
simultaneously analysed using this approach is limited,
especially with large pedigrees and highly polymorphic
markers, since the amount of computer time and memory
required can quickly become prohibitive. When carrying
out mapping over regions containing many markers, a
series of overlapping multipoints was carried out.
Usually these were four-point analyses, comprising three
marker loci and the disease locus. The problems
associated with carrying out multipoint linkage analysis
led to the development of a new algorithm for producing a
quick approximation to the multipoint lod score from the
results of two-point linkage analyses. This algorithm is
described fully in a subsequent chapter of this thesis. A
computer program which implements it, FASTMAP, was used
to produce some approximate multipoint maps from a number
of markers simultaneously. These approximations could
then be compared with the full multipoints obtained from
LINKMAP.
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2:2.3 Method of heterogeneity testing
In order to test for nonallelic heterogeneity of linkage
the admixture test, or A-test, was used. Initially this
was implemented by transcribing the Fortran listing of
the HOMOG program (Ott, 1986) into C. Subsequently the Atest procedure was incorporated into TABLE, the utility
program used to tabulate and graph lod scores. This meant
that for every analysis the maximum lod score that would
be obtained under conditions of heterogeneity could be
instantly obtained and if desired displayed graphically.
It should be noted that the A-test should be applied not
only to assess the strength of the evidence in favour of
linkage under the hypothesis of heterogeneity, but also
to produce the best estimate for the location of a
disease locus should such evidence be found. If there is
non-allelic heterogeneity then the maximum likelihood
estimate for the position of the disease locus will not
coincide with the position of the maximum total lod
score, but with the maximum lod score obtained using the
A-test procedure. It was for this reason in particular
that the A-test was incorporated into the TABLE program,
so that a graph displaying overall lod score against map
distance could provide a quick visual guide to the most
likely location of any disease locus.
This situation has been described by Risch (1989) who
refers to the lod score obtained under the assumption of
heterogeneity as Lod2, as opposed to the lod score
obtained simply by totalling the scores across individual
pedigrees (Lodi). In terms of the probability of
generating a type 1 error, a Lodi score of 3 is
equivalent to a Lod2 score of 3.7. However the presence
of heterogeneity reduces the power of linkage analysis to
produce a strongly positive lod score, so that it may be
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necessary to attend to even relatively small positive lod
scores if a true linkage result produced by a subset of
families is not to be missed. In subsequent chapters
whenever overall lod scores for a disease are presented
the lod scores derived under the assumptions of
homogeneity and heterogeneity will both be given. The
latter will be termed A-lod (for admixture), and the
fraction of linked families, alpha, presumed to produce
this maximum will also be presented.

2:2.4 Genetic markers used for linkage analysis
All markers used in the linkage analyses consist of DNA
markers, and were typed from blood samples and in a few
cases from paraffin-embedded tissue blocks (Mankoo et al,
1991) using standard and published methods. Polymorphisms
studied consisted of restriction fragment length
polymorphisms (RFLPs), variable numbers of tandem repeats
(VNTRs), and microsatellite polymorphisms. All the
markers used are given with their references in table
2:1, which also shows the male map positions used for
those markers which were incorporated into multipoint
analyses.
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Table 2:1 Genetic markers used in linkage analyses
For convenience all the markers used in the linkage
analyses reported subsequently are tabulated here. The
table shows the locus name, probe and (for markers used
in multipoint analyses) male map position of each marker
Locus

Probe

Map position (cM)

Chromosome 5:
HTRIA

CG21.T.4.2

(Melmer et al, 1991)
D5S76
D5S125
D5S125
D5S39

pl05-599Ha
phi-599Ra(CA)n
EFB(TG/AG)n
EF5.15
pl05-153Ra
phi-153Ra(GT)n

D5S127

YN(CT)n
YN5.132
(Sherrington et al 1991)

11
15
21

D5S6
M4
(Dietzsch et al, 1986)

8

D5S20

Jo71Ha

D5S21

JollOHc

D5S78

pl05-798Rb

-29
-8

(Leppert et al, 1987)
DHFR

0

DHFR

(Detera-Wadleigh et al, 1989)
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Chromosome 9:
D9S106
Mfdl89
D9S51
Mfd94
D9S103
Mfd77
(Wilkie et al, 1992)

0
4
16

DBH
(Nahmias et al, 1992)

Chromosome 11:
D11S97

pMS51

-42

(Wong et al, 1987)
D11S35
(Litt et al, 1989)

phi-2-22

-9

DRD2
(Hauge et al, 1991)

0

Chromosome X
F9
pTG397
(Mulley et al, 1988)
DXS52

0

St-14-1

35

(Oberle et al, 1985)
DXS15

DX13

40

(Drayna et al, 1984)
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2:3. Method of data management and analysis

The successful execution of the project demanded the
storage and manipulation of large amounts of data, and
complex methods of analysis which stretched computing
resources to the limit and in turn generated a wealth of
further data which needed to be organised, assimilated
and correctly interpreted. Since the field is so rapidly
advancing there is a dearth of techniques for dealing
with these problems and much time and energy was expended
on optimising the methods of data organisation and
analysis.

2:3.1 Data management system - function
The project entailed the management of large amounts of
data which had to be manipulated and presented in a
variety of different ways. A key decision which greatly
contributed to the efficiency and reliability with which
these data could be analysed was to ensure that there was
only one central database in which all relevant clinical
and genetic data were stored. Such an approach might seem
obvious, but was by no means trivial to implement in
practice and in fact entailed writing two fairly
substantial software applications: a pedigree-drawing
program and a program designed to convert data into
formats suitable for input into the linkage analysis
programs. In addition a variety of small utility
programs, report formats, batch files and scripts were
written, all with the aim of as far as possible
automating the process to increase efficiency and
minimise the possibilities for error to enter at any
stage.
The system eventually produced incorporated features to
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perform the following functions:
1. Display, add, search for and modify data concerning
family structure, clinical features, genetic marker data.
2. Produce lists of individuals with diagnostic data or
genetic marker data for approval by clinicians or
laboratory workers respectively.
3. Produce pedigree diagrams with clinical and/or genetic
marker data for publication, checking by clinicians or
laboratory workers and to study marker segregation.
4. Produce files suitable for input to the following
programs (some requiring different data formats):
LINKAGE, ESPA, POINTER, CRIMAP, SIMLINK, SIMPED, LINKSYS,
KIN. The programs of the LINKAGE package which are of
especial relevance are LCP, UNKNOWN, MLINK and LINKMAP.
There would be a possibility to incorporate further
formats in the future if the need arose.
5. Check for most inconsistent genotypes and report the
exact nature of the inconsistency. (The LINKAGE programs
only report the existence of an inconsistency within a
pedigree without providing information to help localise
it. )
6. If desired recode alleles to reduce the total number
belonging to a marker with minimum loss of genetic
information but with a substantial reduction in the
computer time and memory requirements for analysis.
7. Set up and carry out a number of analyses
noninteractively, using batch files.
8. Tabulate the output from LINKAGE programs, and produce
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from them input suitable for the HOMOG, FASTMAP and
EASIGRAF programs.
9. Tabulate and summarise output from the POINTER
program.
10. Perform simple simulations of marker and affection
data in pedigrees, conditional if desired on some
ancestral genotypes.
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Table 2:2 Software developed during the project
PC-File HDB/DBF files
- database structures to store clinical and
marker data
PC-File REP files
- report files to export data into formats
suitable for input to DOLINK, PEDRAW, POINTER,
etc
DOLINK.EXE
- application written in C++ to produce pedigree,
parameter and batch files for LINKAGE programs,
to check genotypes, and to condense marker
alleles
PEDRAW.EXE
- application written in C++ to draw pedigrees
from LINKAGE data files
EASIGRAF.EXE
- application written in C++ to draw graphs,
particularly of lod scores
EASISTAT.EXE
- application written in C++ to carry out general
statistical tests and management of numerical
data
SIMPED.EXE
- application written in C++ to produce simulated
pedigree data sets
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Table 2:1 (continued)
TABLE.EXE
- utility written in C to calculate lod scores
from likelihoods calculated by LINKAGE, to carry
out the A-test procedure, and to output lod
scores in a variety of formats including as
tables and as graph files suitable for input to
EASIGRAF
Utilities
- a variety of utilities were written in C, for
example to view and print out pedigree and graph
files, to summarise output from POINTER, etc.
Batch files
- a variety of batch files were written using
MSDOS batch programming language and Bourne shell
scripts, for example to collate and store the
results of analyses, to perform analyses
repeatedly with different parameters, to produce
and print out sets of pedigree diagrams, etc.
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2:3.1 Data management system - implementation

..

Table 2:2 lists briefly the software which was developed
by the author in the course of the project. The
implementation of\data management system was achieved as
follows :
PC-File, a commercially available, inexpensive flat-file
database with primitive relational facilities was used to
keep information concerning individuals’ affection status
and genetic markers. Each copy of the database could
store information concerning up to 80 diagnostic
categories or marker genotypes, together with additional
information such as age, name and comments. This
information was in "human readable" (and writable) format
and was the only such data that was directly input or
modified by hand.
PC-File reports were written which could generate from
this data the required listings of diagnosis or marker
data for purposes of checking, or could produce data in
appropriate formats for the PEDRAW, LINKSYS and POINTER
programs.
Information concerning the disease genes and markers to
be analysed was stored in a separate text file which
could either be modified with a text editor or using
DOLINK. For the disease genes the gene frequency and
penetrance parameters (for each liability class) are
recorded, or for quantitative traits the homozygote means
and dominance are recorded instead of the penetrance
values. For markers the allele identifiers and
frequencies are stored. If the marker is not codominant
then a method for coding genotypes as appropriate binary
factors can be described. If it is desired to condense a
large number of alleles into a smaller number with
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minimum loss of information then this is also defined,
with a specification of the maximum number of alleles to
be used for coding that locus.
PEDRAW was written in C++, the low-level object-oriented
programming language. This is a pedigree-drawing program
which can display fairly complex pedigrees, including
loops and multiple marriages, with facilities to shade
symbols and display up to ten lines of text beneath each.
Input is usually from specially formatted text files, but
LINKSYS and LINKAGE data files can also be input directly
though these will necessarily contain less information.
Symbols can be shaded to indicate diagnosis and lists of
marker genotypes can be displayed. This feature proved
invaluable for locating marker inconsistencies, and also
for deducing haplotypes. Options are available to omit
shading so that the pedigree diagrams can be used by
laboratory workers blind to diagnosis, and to conceal
gender to improve confidentiality prior to publication.
DOLINK was also written in C++. This program takes input
exported from the main database, and the format for this
was chosen to be identical with that utilised by the
LINKSYS program to maximise compatibility with it and
make it as easy as possible for people to transfer data
between the two. (LINKSYS is another system which aids
the management of data for linkage analysis (Attwood and
Bryant, 1988).) In addition DOLINK makes reference to the
master file describing all the disease genes and markers
used in the project. Although DOLINK reads input in the
same format as LINKSYS imports and exports pedigree data,
the constraints applying to the identification of
individuals which LINKSYS applies were removed. This
allowed the use of the same identification number as had
already been assigned by clinicians "in the field". In
addition DOLINK can deal with information concerning up

54

to 20 markers at once, and for the LINKAGE programs
correctly handles liability classes, quantitative traits,
loops in pedigrees and X-linkage. It automatically
produces "pedigree files with pointers", a function
usually carried out separately by the MAKEPED program,
and also takes over some of the functions of LCP, the
Linkage Control Program, in terms of producing
appropriate DOS batch files or Unix scripts to carry out
analyses together with the appropriate pedigree and locus
data files. These pedigree files would be suitable for
direct input by the LCP, UNKNOWN, MLINK, LINKMAP or ESPA
programs. Other features incorporated in DOLINK are a
simple editor for text files, a screen editor to add to
and modify data in the master file containing information
about the disease and marker loci, the ability to sort
the locus data by chromosomal location, the ability to
reduce the number of alleles coded at a locus with
minimum information loss, checking for most genotype
inconsistencies and the ability to produce files in a
format suitable for input to CRIMAP and KIN. Although
DOLINK can be used interactively, the parameters
necessary to produce the pedigree, locus and batch or
script files files for linkage analyses can be read in
from a special command file instead. This feature (which
is not available from LCP) means that instructions to
DOLINK to set up these analyses can be entered into batch
files (which may contain further instructions to run the
analyses and post-process the results if desired). This
can be seen as both contributing to the efficiency of the
process and minimising the risk of errors occurring
through the misspecification of parameters which are
entered interactively. However the kinds of analysis
which DOLINK can set up in this way are limited,
consisting only of MLINK or LINKMAP analyses in which one
locus is tested against one or more fixed loci. Still, if
it is desired to perform other analyses then LCP can be
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used for this purpose on the pedigree and locus data
files produced by DOLINK.
SIMPED was written in C++. This program takes as input
files in the same format as required by LINKSYS and
DOLINK, and performs simple simulations based on some
initial ancestral genotypes. Thus it cannot simulate
genetic data conditional on non-founder genotypes nor on
observed affection status as can more sophisticated
programs such as SIMLINK. All genotypes not specified in
the input file are simulated conditional on parental
genotypes or population allele frequencies and on userspecified recombination fractions between loci. Affection
status can then be simulated conditional on genotype and
specified penetrance parameters. Pedigree files suitable
for input to LINKAGE are output. As with DOLINK, commands
can be input interactively or in batch mode from a
command file.
TABLE was written in C. This is a simple utility which
takes as input the output from the LINKAGE programs and
calculates lod scores by subtracting the log likelihood
assuming random recombination from that at specified
recombination fractions or map positions. The lod scores
are output in the form of tables of lod scores against
recombination fraction or map distance, and as files
suitable for input to HOMOG, EASIGRAF and FASTMAP. In
addition TABLE can perform the A-test procedure to
calculate the maximum lod under the condition of
heterogeneity and this adjusted lod score can be included
in the tables and graph files. Sundry additional utility
programs were also written, for example to read the files
output by POINTER and extract suitable information from
them.
The EASIGRAF program was used to produce graphs of lod
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scores from the graph files produced by TABLE. EASIGRAF
is a general purpose graphing program written by the
author in C which is available with the Shareware
statistics program EASISTAT (Curtis, 1989). A slight
modification was made to it to enable the display of
multiple graphs of lod scores obtained from overlapping
multipoint analyses, and to enable data values to be
input as mathematical expressions as well as simply
numbers.
Both PEDRAW and EASIGRAF produce graphics files in the
format used by the Microsoft Paint program (supplied with
Microsoft Windows), which means that the diagrams and
graphs can be added to and modified using this program if
desired. In addition a number of small utilities were
written in C++ to resize, join, view and print these MSP
files.
A number of DOS batch files and Unix scripts were written
to automatically set up and carry out the analyses and
then deal appropriately with the output. In some cases
analyses were carried out repeatedly using systematically
varying parameters. In others it was desired to carry out
a number of different but related analyses. A typical
batch file dealing with the linkage analysis of all the
markers on one arm of a chromosome might go through the
following steps:
1. Write commands for DOLINK to generate appropriate twopoint and multipoint analyses to a temporary command
file.
2. Run DOLINK with this command file to produce the
necessary pedigree, locus and batch files for each
analysis.
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3. Run each analysis in turn.
4. Run TABLE on the output from each analysis to produce
tables of results, graph files and input files for
FASTMAP.
5. Append each table of results to a file containing the
results of all analyses to date.
6. Collect the two-point lod scores in a format suitable
for FASTMAP and input them to this program to produce a
summary map.
Other batch files were written which for example would
use PEDRAW to generate and print out appropriately titled
pedigree diagrams for all the pedigrees in a cohort, or
to run POINTER repeatedly using a range of different
starting values for parameters such as disease
prevalence, or to run MLINK, LINKMAP and FASTMAP
repeatedly on sets of simulated pedigrees.

2:3.2 Computing environment
IBM PC compatible 80x86 machines running MSDOS were used
for data storage and manipulation, and to carry out those
analyses which were less demanding in terms of time and
memory. Multitasking facilities were usually provided by
DESQview 386, although on occasion Windows 3 was used
instead. More complex analyses were carried out on Unix
machines, generally Sun SPARC servers.
The source code for the LINKAGE programs was translated
from Pascal to C using the public domain p2c translator
so that it could be recompiled in environments for which
a reliable Pascal compiler was unavailable. There are
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also more sophisticated profiling and debugging
facilities available for C than Pascal in many
environments. The Fortran source for POINTER and SIMLINK
was also translated to C, using the f2c translator. It
actually proved easier to compile these programs by this
method than it had using a number of Fortran compilers.
Once translated into C the programs were compiled on the
Unix machines with the standard C compiler supplied with
the operating system. On the MSDOS machines the Zortech
C/C++ compiler was used. This includes a DOS extender and
generates 32-bit code so that all available RAM can be
accessed. In addition it was discovered that if the
executables are run under Windows 3 then there is
automatic access to virtual memory (i.e. unused hard disk
space). The DOS machine eventually used was a 25 MHz
80486 DX with 4 Mb of RAM, and the capacity to access
virtual memory was a significant asset which on occasion
outweighed the disadvantages of using Windows 3 as
opposed to DESQview.
During the latter part of the project the facilities of
the Human Genome Project computer at Harrow CRC were
available. Those used consisted of an account with 5 Mb
of disk space, access to LINKAGE and other programs
(though in general my own translations of the LINKAGE
programs were used instead), access to internet bulletin
boards, access to OMIM and GDB - two online databases
containing information about heritable diseases and
genetic markers, and some technical support. Because of
the limited disk space and the fact that the system
tended to become oversubscribed and therefore relatively
slow, the local SPARC server at St Mary's Hospital
Medical School was used in preference for most of the
analyses.
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2:3.3 Programming considerations

The low level programming languages used were C and C++.
For the applications which were intended to be portable
across a variety of architectures C was used. These were
the utility to tabulate and post-process the LINKAGE
output files, TABLE, and the program which implemented
the algorithm to combine two-point lod scores, FASTMAP.
Some lengths were gone to to ensure that this code would
be as portable as possible. All nonstandard functions
were avoided, including any using screen-based inputoutput routines. There are two main dialects of C: the
original "Kernighan and Ritchie" (K&R) and the newer ANSI
C. Although ANSI style is preferable for a number of
reasons, the K&R argument-passing convention was used. A
large number of systems only have a K&R compiler,
including many Unix systems. It is possible, with certain
limitations, for ANSI C compilers to deal with the K&R
argument-passing convention but the reverse is not true.
For the DOS-based applications, principally PEDRAW,
DOLINK and SIMPED, portability was less of a concern. The
code for these was written by preference in C++, and made
use of two libraries supplied with the Zortech compiler:
the Zortech Toolkit and the Flash Graphics library. C++
was preferred to C because its object-orientated nature
allowed the development of code that was readily
maintainable, extensible and reusable. The most dramatic
demonstration of this occurred when the ability to
simulate genetic data was required: it was possible to
produce a program to do this within a few hours by making
liberal use of code that had been written for different
purposes, carrying out some minor tinkering to the code
for the main module of the DOLINK program and writing
just a few routines consisting of about 150 lines of code
which actually carried out the randomisations needed and
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provided facilities to write the results to disk. The
result of this was a fully functioning application which
could be operated interactively with prompts and menus or
could accept input from command files, and which could be
relied on to deal correctly with data files in a standard
format (those used by DOLINK) since it incorporated
unmodified routines which had already been proved in
practice. About 2000 lines of source code contributed to
this application (excluding the code for the user
interface, generic container classes and the like) yet
only 150 new lines actually had to be written and
debugged.
The clearest example of the benefits of object
orientation was a container class called "pedigree". This
class was eventually used in the three major applications
which dealt with pedigrees - PEDRAW, DOLINK and SIMPED.
The pedigree class was designed to hold objects of class
"person" which in its most general form has an
identification string, a gender, the identification
strings of the parents, pointers to parents spouses and
children, and a diagnosis code. (With hindsight one could
say that the diagnosis code should pertain only to
certain inherited classes.) A pedigree was derived from a
more generic class called "array", which consists of an
array which automatically reallocates more memory should
its bounds be exceeded, but which also has the
functionality to load or save all its members to or from
a data file, to select any member by an identification
string or by position, to allow the user to select a
member by typing an identification or by choosing from a
scrolling list of all identifications, and the ability to
interface with a suitable screen editor which will allow
the fields of a member object to be modified
interactively. The richness of function in this base
class meant that an acceptable user interface could be
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implemented very succintly. For example in PEDRAW the
following statement occurs:
return ped.select(input window,"ID of member", listwindow,
"Pedigree is empty", start);

This single statement performs all the following
functions :
1. If no data has yet been loaded then display the error
message "Pedigree is empty".
2. Display a suitable prompt to the user saying "Enter ID
of member or leave blank to choose from list".
3. Allow the user to type out the identification of any
pedigree member (with full facilities to edit the line as
it is typed), returning zero if the user presses the
escape key.
4. Present a suitable error message if the user enters an
identification which does not apply to any pedigree
member and allow the user to try again until either a
correct identification is entered or the escape key is
pressed or a blank line is entered.
5. If a blank line is entered then present a vertical
list of all pedigree members in a window, beginning if
desired at a specific position in the list (start). The
cursor keys are used to move up and down the list and if
there are too many items to fit in the window then the
list can scroll within the window. Pressing an
alphanumeric key will jump to the first identification
beginning with that character if one exists. To select a
member the user presses the enter key, or the process can
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be aborted by pressing the escape key.
If an identification is eventually selected then a
pointer to that person is returned, otherwise zero is
returned.
The fact that a single statement can do so much may
enhance code readability somewhat but might not otherwise
be particularly beneficial. However the fact that all the
code to produce this functionality pertains to a generic
container class means that the code can be reused in its
entirety in quite different situations. For example the
data concerning genetic markers for the DOLINK program is
also kept in a class derived from this general array
class. This means that again with a single statement it
is possible to give the user the ability to select one of
these genetic markers (to modify or delete), either by
typing its name or selecting it from a list as above.
To return to the consideration of the pedigree class, it
is noteworthy that the broad functionality of the array
class meant that only one special function needed tobe
written for the pedigree
class: a function to search
through the pedigree to find the parents of each member
and then to assign the appropriate pointers for the
parents, and also using this information to assign the
pointers for spouses and children. Once this function was
correctly implemented in the general pedigree class, it
could be safely inherited and reused by derived classes
which would have more specific applications. New classes
were derived from the original person class to represent
data suitable for pedigree diagrams, data from the
LINKSYS format files and

data for the LINKAGE programs.

New classes were derived

from the pedigree

class to

contain these more specialised descendants from the
person class, and utility routines were written to
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convert between the different classes derived from
person. This meant that it became straightforward to
confer on PEDRAW the additional functionality to read in
and display pedigrees from LINKSYS and LINKAGE data
files.
Long after the complete applications had been developed
an improvement of the original array class was
implemented which used a hashing algorithm to retrieve a
member rather than a sequential search, using a hashing
object available in the Zortech Toolkit. Since the
original pedigree class was derived from this array class
all that was necessary to do was to derive it instead
from the new "hasharray" class. This produced a dramatic
increase in speed throughout all the applications using
the pedigree class and its descendants with minimal
reprogramming, and consequently minimal chance of
introducing new bugs. Since the genetic marker data in
DOLINK was also stored in a class derived from the array
class, this too could be derived instead from the
hasharray class with an increase in performance.
Although the code developed using an object-oriented
approach may at any one time seem somewhat inefficient,
the dividends reaped in terms of improved adaptability
seem to far outweigh this consideration. If one were
presented with one of the applications and asked to
duplicate its functionality, then it would certainly be
possible to recode it all using a conventional approach
and eventually end up with a slightly smaller, slightly
faster program. However were one then to wish to add to
or modify the functionality then it would be far easier
to do this with the more object-oriented code. In
addition the use of an object-oriented language induces a
tendency to write code which seems from the outset has
potential for reuse, and often this potential is in fact
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taken advantage of. The result approximates a law of
increasing returns which states that the more objectoriented code one writes the more of it one will be able
to reuse and the easier it will be to develop new
applications.
The experience of this project does provide overall
support for many of the claims made on behalf of objectorientated languages in general and C++ in particular.
Although clearly not a panacea, the programming style it
encourages does tend to make for code which can be
readily extended or modified. It seems especially suited
for the kind of project where development may be rather
ad hoc, with only a limited initial idea of the complete
functionality of the finished application but where there
is an emphasis on "getting something working" fairly
early. In practice it proved relatively easy to add new
features that seemed desirable - for example dealing with
different formats of pedigree file, adding new shading
techniques, dealing with new graphics file formats and
printers, randomising or checking genotypes.
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Chapter 3 : A procedure for combining two-point lod scores
into a summary multipoint map

3:1. Introduction
Performing a full likelihood analysis with multiple
markers is a procedure which demands large amounts of
computing time and memory. These demands can place very
real constraints on the amount of data that can be
utilised when attempting to map a disease locus against a
group of markers whose positions are established.
Although a number of methods have been proposed for
utilising data from multiple markers to obtain
approximate likelihood calculations (Olson and Boehnke,
1990), these methods tend to concentrate on the problem
of determining a probable order for a number of markers
simultaneously. This situation is significantly different
to the problem of mapping a disease locus, since in the
latter case the position of all the markers except the
disease locus may be fairly well established from other
pedigrees. To map a disease locus the goal of linkage
analysis is to utilise as much information as possible to
determine the position of the disease locus with respect
to the known loci.
If the number of markers is small enough then it is
possible to perform a complete analysis using all markers
to determine the likelihood of the disease locus being at
any position on the map. This can then be conventionally
expressed as a lod score - the logarithm of the ratio
between the likelihood for the disease being at a given
position and the likelihood for it being off the map
entirely. Such a complete analysis is implemented in the
computer programs LINKMAP (Lathrop et al, 1984) and
MENDEL (Lange et al, 1988). However even with only three
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or four marker loci the analysis can become impracticable
in terms of processing time and memory demanded,
especially when complex pedigrees and highly polymorphic
markers are studied. These considerations limit the
analyses which can be performed, even with the most
modern computers.
Lander and Green (1987) have described a useful method
for performing an approximate multipoint linkage analysis
which has been implemented in the programs MAPMAKER and
CRIMAP, but unfortunately these programs are not well
suited for dealing with incompletely penetrant diseases
rather than codominant markers. If the disease is not
completely penetrant then all unaffected individuals must
be classed as unknown with a resultant loss of
information, and it is not possible to allow for any nongenetic phenocopies. Another alternative to performing
the full multipoint analysis might be to perform repeated
analyses with different subsets of the markers, but then
one never knows which analysis is yielding the best
approximation to the true likelihood - by omitting some
markers from consideration on each occasion the complete
analysis becomes incomplete.
Methods have been suggested previously for combining twopoint lod scores into multipoint location scores. Ott
(1985) proposes that Lod(A,B,C) can be approximated by
Lod(A,B)+Lod(B,C)+Lod(A,C). Morton and Andrews (1989)
have suggested that a measure for the "global support"
that a disease locus is situated at a particular position
with respect to a group of markers can be obtained by
summing the two-point lod scores between the disease and
each marker at the relevant distance between them. This
would then yield a figure which could be taken as
equivalent to a conventional lod score in the sense that
a figure of over 3 would provide good evidence for the
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disease locus being situated in the region of the
markers. However it is not difficult to show that this
approach of simply summing lod scores is excessively
liberal. If we consider the situation where we have
obtained a small positive lod score between the disease
and one marker which is very highly polymorphic and
therefore practically completely informative, then we
already know that if we study a second highly informative
marker very close to the first we would obtain almost
exactly the same lod score again. It seems that by adding
the two in the way suggested by Morton and Andrews we
could double the evidence in favour of linkage, whereas
in reality the second locus would provide almost no new
information.
Because of the problems associated with performing
multipoint analysis, an attempt was made to devise a
procedure which would utilise as much information as
possible from a set of two-point analyses, while avoiding
any tendency to introduce systematic bias into the
results obtained. It is then possible to investigate the
extent to which the results of a multipoint analysis can
be predicted from the two-point lod scores. The procedure
has been implemented in a computer program called FASTMAP
and is described below, together with an evaluation of
its performance in practice.

3:2. Method
The general approach used is to consider the lod scores
produced from a pedigree as if they had been obtained
from a number of independent, phase-known, informative
meioses, rather than being generated by a complex
likelihood function over the entire pedigree. Thus each
set of two-point lod scores is regarded as being produced
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from a certain number of recombinant and nonrecombinant
meioses. Following on from this, if we consider the lod
score between a disease and marker at a certain genetic
distance and we wish to incorporate information from
another marker, there are a number of ways in which the
second marker may alter our assessment of the likelihood
associated with the disease being at a particular
position. One possibility is that the new marker may be
informative for meioses at which the first marker was
uninformative. If this is the case then we can simply add
the lod score associated with these meioses to the lod
score already obtained. Alternatively there may be some
meioses for which both markers are informative. If both
markers lie on the same side of the putative disease
locus then all information concerning these meioses from
the further marker can be ignored. In this case any
difference between the lod scores produced by the two
markers just reflects recombination between the markers
and the fact that the further marker tends to produce lod
scores of a smaller magnitude. In any case only the
information from the nearer marker is of interest. The
third case is that the two markers flank the putative
disease locus and for any meioses for which both are
informative a joint likelihood must be computed. The
procedure described below depends upon calculating a lod
score from each marker or pair of markers in turn,
beginning with those closest to the locus under
consideration, but in each case utilising only that
fraction of meioses for which other, closer markers may
be expected to be uninformative. The lod scores thus
obtained can be regarded as being produced from
independent sources of information and may then be summed
without introducing any systematic bias.
The first step, for each marker, is to determine a number
of recombinant and non-recombinant phase-known meioses
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which would produce two-point lod scores similar to those
actually observed. If the two-point lod score is
presented as a maximum lod score Z^ax
a specified
recombination fraction 0max then the total total number
of meioses, N, is given by:
N =

'max
®max'lo9(®max)+(l ®max^*^®9(l ®max)*log(0.5)

and the numbers of recombinant and nonrecombinant meioses are
r = N.Gmax

and

n = N.(l-8max)

Alternatively the lod scores may be presented at a number
of different recombination fractions, in which case
values of r and n can be selected to produce the best fit
to the observed lod scores. It is necessary to use a
number of lod score-recombination fraction pairs in this
way for any markers which do not have positive lod scores
at recombination fractions less than 50%, and in the
situation discussed below where a complex disease is
analysed and there is incomplete correspondence between
genotype and phenotype.
We regard the pedigree as consisting of a certain number
of meioses which are informative for the disease locus,
and only a certain fraction of these meioses are also
informative for each marker. The probability of a meiosis
which is informative for the disease locus also being
informative for the marker may be taken to be the PIC
value of the marker (Botstein et al, 1980). (For a
recessive disease some types of matings will have a
slightly increased probability of providing information
and an appropriately modified value may be used instead,
although in practice the size of this effect seems to be
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too small to be of significance). The next step is to
obtain an estimate of the total number of meioses
informative for the disease locus, N-^ot* For each marker
the best estimate of this total is Ni/PICi, and an
overall estimate of N^ot can be obtained by calculating
the value which maximises the likelihood of the observed
Ni across all the markers. Once N^ot
been estimated
it is possible to define for each marker the fraction of
meioses for which it is actually informative,
=
N i / N t o t •

When considering a pair of markers, which for convenience
we can refer to as L and R for left and right, we need to
be able to produce an estimate of the numbers of meioses
which fall into the possible nine categories of being
nonrecombinant, recombinant or uninformative for each
marker, these categories being denoted nn, rr, nr, rn,
nu, ru, un, ur, uu. This estimate should depend on the
total numbers of recombinants (r) and nonrecombinants (n)
for each marker, the fraction of the total meioses for
which each marker is informative (F) and the genetic
distance between them expressed as a recombination
fraction (0). As an example, the estimate of the number
of meioses nonrecombinant for both markers may be given
by:
EnnL

= nL.(l-0).FR

or by:
Ennp = nR.(l-0).Fjj

The first estimate is conditional on the number of
nonrecombinant meioses for the first (left) marker and
the second estimate is based on the number of
nonrecombinants for the second (right) marker. Since the
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two estimates may differ, a suitable compromise estimate
IS :

Enn =
l/EnriL + 1/EnriR
Estimates for the number of meioses falling into each of
the nine categories are derived in a similar way. Certain
constraints apply to the totals falling into each
category. Considering the left marker, the following
constraints apply:
Enn+Enr+Enu=nL
Ern+Err+Eru=rL
Eun+Eur+Euu=N-t-ot“^L"^L
Symmetrical constraints also apply with respect to the
right marker. The initial estimates of the numbers of
meioses in each of the nine categories are adjusted to
conform to these constraints to produce final estimates
of the numbers for which the two markers are
nonrecombinant, recombinant or uninformative.
To estimate the overall lod score at a certain point on
the map, the markers are split into two groups on either
side of this point and the markers in each group are
numbered from the closest to the furthest. The next task
is to consider each group separately and to adjust the
numbers of nonrecombinants and recombinants for each
marker to exclude information from meioses for which a
closer marker is informative. For the first (closest)
marker no adjustment is needed. For the second marker we
apply the procedure above to estimate the number of
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meioses which are nonrecombinant or recombinant for the
second marker and for which the first marker is
uninformative. These are the estimates denoted Eun and
Eur. We then replace the original values for the second
locus, n 2 and r 2 , with adjusted values n 2 '=Eun and
r 2 '=Eur. The situation now is that information from the
first and second markers relates to different meioses and
can be regarded as independent. The total number of
meioses from which we have obtained information is
ni+ri+n2 '+r2 ', or in terms of the nine categories above
Enn+Enr+Enu+Ern+Err+Eru+Eun+Eur (i.e. all except Euu, the
estimate of the number of meioses informative for neither
marker). We then proceed to adjust the information from
the third marker in order to take account of only those
meioses for which neither the first nor second marker is
informative. Before doing this we need to estimate the
state of all the meioses considered so far at the
position of the second marker, since some cross-overs
will have occurred between the positions of the first and
second markers. If we denote the recombination fraction
between the first and second markers as 0 then the
estimate for the total number of meioses which have been
informative for one or other marker and which are (at the
position of the second marker) nonrecombinant with the
putative disease locus is: Enn+Ern+Eun+Enu.(1-0)+Eru.0.
For convenience of computation we can regard this
information as belonging to a "virtual" marker at the
position of the second marker, and can denote this total
number of nonrecombinant meioses as n^. Similarly we can
estimate the number of recombinants as
r^=Enr+Err+Eur+Eru.(1-0)+Eru.0. We can then consider this
virtual marker and the third marker to estimate the
number of meioses for which the third marker is
informative and the virtual marker is not, and to produce
values for ng’ and r g '. This process is continued until
the relevant values for all the markers in the both the
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left and right groups have been adjusted.

The final stage in the procedure of dividing the
information into independent contributions is to consider
each marker from one group with every other marker of the
other group. Again we begin by considering the markers
which are closest to the putative disease locus and then
work outwards. Using the ith marker from the left group
and jth from the right group we obtain estimates of
values of nn^j, rrij, nr^j and rn^j for the meioses the
two markers have in common. Then we again adjust the
numbers of nonrecombinants and recombinants for each
marker to reflect only those meioses for which the other
marker was uninformative, so that we obtain for the left
marker n^ ''=n^'-nn^j-nr^j and r^''=r^'-rn^j-rr^j, and for
the right marker n j ''=nj'-nnij-rn^j and r j ''=rj'-nr^jrrij•
then use these adjusted values when obtaining
the estimates for the meioses for which each marker is
jointly informative for more distant markers from the
other group, for example to obtain values for nnij+i,
rrij+i, nrij+i and rnij+%. When we have completed this
process with marker i from the left group and all the
markers from the right group, we may find that we have a
remaining number of meioses ni'' and ri'' which are not
informative for any of the markers in the right group.
These again form a contribution which may be considered
as independent.
For those meioses for which a marker from only one group
is informative a two-point lod score can be calculated.
If the recombination fraction between the putative
disease locus and the marker is (|), then the two-point lod
score is:
lodZi = ni ''.log( 1-(|)) + ri ''.log(4>) (ni''tri'')•log(0.5)
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For those meioses where a marker from either side of the
putative disease locus is informative a three-point lod
score is calculated. If the recombination fraction
between two markers is 0 and between the putative locus
and the second marker is tt then a three-point lod can be
calculated as:
lodSij = nn^ j .log( (1-0 ) . (1-n) ) + rr^j .log(0 .tt) +
nri j .log( (1-0 ) .tt) + rnij .l o g {0. (1 — n ) ) (n n i j + r r i j ).l o g (0.5.(1-0))

-

(nrij+rn-Lj ) .log( 0.5.0)

If there are 1 markers in the left group and r in the
right, we have:
lod = sllod2i + Zflod2j + S^sllodSij
This is the final estimate of the lod score at any point
on the map, which is implemented in the FASTMAP computer
program.

3:3. Dealing with incomplete penetrance and phenocopies
For some diseases there may be incomplete correspondence
between the genotype and phenotype as coded for by
affection status. This is allowed for in the linkage
analyses to produce the two-point lod scores by setting
appropriate values for a reduced penetrance (a
probability less than unity of observing affection in the
presence of abnormal genotype) and a phenocopy rate (a
non-zero probability of observing affection in the
presence of a normal genotype). These values are entered
into the likelihood calculations which provide the lod
score in a complex manner which does not really fit well
with the simple conception of the lod score being the sum

75

of likelihoods at a number of independent meioses.
In order to deal with this a parameter is introduced
termed R, the average reliability with which the
genotypes of individuals within the pedigree may be
deduced from the phenotypic data. The value of R will
depend on the penetrance and phenocopy rates, the gene
frequency of the disease gene and the size and complexity
of the pedigree. For a given number of apparent
nonrecombinant and recombinant phase-known meioses the
two-point lod score at a recombination fraction
would
then be calculated as:
lod2 = n.log( (1-<J)) .R+4>. (1-R) ) + r .log ((j).R+(l-(() ).(1-R ))
- (n+r).log(0.5)
It is straightforward to modify the other formulae above
appropriately.
The main effect of R is on the curvature of the graph of
lod score against recombination fraction. Values of R
close to 1 produce a more steeply curved graph which
falls off towards minus infinity at zero recombination,
while smaller values produce a flattened out lod score
curve (given the same number of recombinant and
nonrecombinant meioses). A value for R for each pedigree
can be chosen which gives the best fit to the lod scores
produced by the two-point analyses. In order to do this a
number of lod scores at different recombination fractions
must be entered, rather than just one value for Z^ax and
©max* Then for all the markers three parameters must be
fitted to the observed lod scores at different
recombination fractions: the total number of informative
meioses N, the proportion which are recombinants r/N, and
across all markers a value for the reliability R with
which genotype can be assigned.
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When fitting these parameters due note should be taken of
the fact that the lod score at very low recombination
fractions (say below 0.01) becomes critically dependent
on the values specified for the penetrance and phenocopy
functions and for the disease gene frequencies, and may
become very strongly negative. For this reason it is
advised that the lod scores close to zero are ignored for
purposes of fitting the above parameters. It is expected
that the overall estimate of the multipoint lod score
will be least accurate at the positions of the markers
themselves.

3:4- Evaluation of the procedure in practice
It is certainly the case that a multipoint analysis can
utilise more information than is available in the twopoint lod score tables obtained from the same pedigree
data, and so any procedure based on the latter can only
yield an approximation to the "true" multipoint linkage
map. It is difficult to quantify analytically how good an
approximation this might be even if the information were
utilised in an optimal fashion. The procedure outlined
above contains many assumptions and approximations which
make it impossible to say clearly how well it might be
expected to perform from a theoretical point of view.
Instead assessments of its performance in practice have
been carried out, to see how closely the results obtained
agree with the results of a conventional full multipoint
analysis.
To make this comparison simulated three-point disease and
marker data were repeatedly generated in a multi
generation 80-member pedigree under a variety of
assumptions concerning the relative positions of the
loci. The results of the above procedure were then
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compared with the results obtained from an analysis using
LINKMAP. Two markers 10 centimorgans apart were
simulated, together with affection data for a partially
penetrant, fully dominant disease locus either midway
between the markers, or at 10 centimorgans to one side of
the markers, or unlinked to either of them. These
simulations were repeated for the situations of both
markers being highly polymorphic (five alleles with
frequency 0.2) or both being more weakly polymorphic (two
alleles with frequency 0.5), or one marker of each type.
The frequency of the disease allele was set to 0.001,
with pAA, pAa and paa equal to 0.01, 0.7 and 0.7. All ten
appropriate combinations of disease position and marker
heterozygosity were simulated for a set of 100 pedigrees
each, and the FASTMAP and LINKMAP results compared in
each set of pedigrees. The results obtained from the two
analyses were compared at each location on the map in
each simulated pedigree, as were the maximum lod scores
obtained and the positions at which these maxima were
found. In addition, four-point data was produced for two
sets of 100 pedigrees with three weakly informative
markers 10 centimorgans apart with a disease locus midway
between the first two. For the first set a dominant
disease was used and the second a recessive disease with
similar penetrance and phenocopy values but a higher
disease gene frequency of 0.1. Finally, informal
comparisons were made between the procedures for a number
of multipoint results based on real rather than simulated
data which were available for study.
For the three-point analyses each simulated pedigree
yielded 11 pairs of scores, and there were 100 simulated
pedigrees in each of 10 sets. It is therefore difficult
to summarise these results succintly. On balance one
could say that in most cases the new procedure yielded a
good approximation to the results of the multipoint
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analysis, but that there were a few occasions on which
the estimate was dramatically inaccurate. The mean,
minimum and maximum difference between the analyses was
computed for each point on the map, as was the
correlation coefficient between the results obtained by
the different methods. The same statistics were also
calculated for the highest overall lod score obtained.
The pooled results from the 10 sets are displayed in
table 3:1, and the separate results from each set of
simulations displayed in table 3:2.
A number of points can be made from these tables. The
correlations between the scores obtained by the two
methods are generally high. Except for positions close to
the markers the mean difference between the scores in
each pair is very small, indicating that there is no
tendency to either overestimate or underestimate the true
lod score to a degree which is significant in practice.
Of particular note is that the estimate of the maximum
lod score is usually quite accurate and fairly unbiased.
The overall tendency for the estimate to be accurate is
borne out by the high correlation coefficients and low
mean errors.
The multipoints obtained from LINKMAP yield a maximum
likelihood estimate for the position of the disease locus
at the position where the maximum lod score occurs, and
the peak lod score obtained from the approximate method
tended to occur in the same place. For all those
simulations in which LINKMAP produced a maximum lod score
of 1 or greater, the mean difference of maximum
likelihood estimate of the disease position between the
two methods was 0.5 centimorgans, and including all
simulations the mean difference was 2 centimorgans. One
might regard a range of positions as being likely to be
the true position of the disease locus, for example all
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those points at which the lod score from the full
multipoint is not less than 1 less than the maximum
obtained. Using this criterion, there were only 9 out of
the 1000 analyses in which the peak lod score obtained
from the approximate procedure did not fall within the
range of these acceptable positions.
However it must be clearly stated that there were a small
number of simulations in which results of the analyses
differed dramatically, and that these differences might
be significant in terms of the practical interpretation
which would be placed on the result. The estimate tended
to be least good at the positions of the marker loci
themselves, probably because as mentioned above the lod
score at these points is critically dependent on the
penetrance values of the disease locus. The cases with
the greatest positive and negative differences for the
overall maximum lod and between scores at the positions
of each of the marker loci were examined individually.
The maximum overestimate of the peak lod score occurred
in a simulation with two highly informative markers and
with the disease locus at -10 cM. The two-point lod
scores for the first marker were positive but for the
second strongly negative. The approximate multipoint rose
to a maximum of 2.0 at the position of the first marker,
whereas the full multipoint analysis remained negative
throughout. The maximum underestimate of the peak lod
score occurred for a simulation with two highly
informative markers and the disease locus between them.
Both two-points were strongly positive and the full
multipoint produced a maximum lod of 7.1 at 4 cM while
the appoximate method produced a maximum of 4.7 at the
same position.
The maximum overestimate of the lod score at the first
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marker occurred in a simulation with two highly
informative markers and with the disease locus unlinked.
The two-points were negative, and the full multipoint
gave a lod of -6.5 at this position (although 2
centimorgans away the lod was -1.8) while the approximate
method gave a lod of -1.4. The maximum overestimate of
the lod score at the second marker occurred in a
simulation with two highly informative markers and with
the disease locus at -10 cM when the two-points for both
markers were strongly positive at most distances,
although with the lod score for the second marker
becoming strongly negative at very small recombination
fractions. The approximate multipoint estimated a lod of
2.1 at the second marker, whereas the true multipoint
dipped to -4.0 at this position (although the lod scores
at the flanking positions were 3.3 and 2.2). In both of
these cases large overestimates of the lod score, by 5.1
and 6.1, arose through the failure of the approximate
method to detect a deep and narrow trough at the position
of one of the markers.
The maximum underestimate of the lod score at the first
marker occurred in a simulation with both markers weakly
informative and with the disease locus between them. The
two-points and multipoints were all positive, but the
full multipoint gave a lod of 5.0 at this position
whereas the approximate method gave a lod of 3.1. The
maximum underestimate of the lod score at the second
marker occurred in a simulation with the first marker
highly informative and the second marker weakly
informative and with the disease locus between them. The
two-points were both moderately positive, but the full
multipoint gave a lod of 4.2 whereas the approximate
method gave a lod of 2.1.
Tables 3:3 and 3:4 show the results of applying the
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method to four-point data from weakly informative markers
(these were chosen because it was expected that the
technique would work less well with less informative
markers). It can be seen that the correlation
coefficients are somewhat lower than those obtained from
the three-point simulations, although still fairly high.
The mean errors are low and so there is no overall bias.
As expected, the results obtained for the recessive
disease are no worse than for the dominant one and are
possibly slightly better.
The procedure was also applied to real data from a number
of published sources in which both multipoint and twopoint lod scores were available. For the data originally
claiming linkage of a gene predisposing to schizophrenia
to two markers on chromosome 5 (Sherrington et al, 1988),
the results obtained by the approximate method were
almost identical to the published LINKMAP multipoint in
terms of maximum lod score, position of maximum and
general shape of the curve. A study excluding linkage to
three markers in the same region was published by
McGuffin et al (1990) and when the approximate method was
applied a fairly similar exclusion was obtained to that
from the published four-point analysis. However the full
multipoint yielded somewhat less negative lod scores and
rose to just above -2 between two of the markers, whereas
the estimated lod scores did not. The initial positive
report of linkage of manic depression to HRASl and INS
(Egeland et al, 1987) yielded a maximum three-point lod
of 4.9 close to HRASl, and the approximate method
produced a maximum of 4.4 at a similar position. A
reanalysis with additional data proved negative (Kelsoe
et al, 1989), and again the approximate method produced
an almost identical exclusion to that obtained in the
published three-point analysis. When applied to
previously unpublished data (to be presented in the next
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chapter) the method generally performed satisfactorily,
and in this context it was possible to produce a summary
exclusion map comprising data from nine markers
simultaneously. At most distances this compared closely
with lod scores obtained from overlapping four-point
analyses, although at one end of the region the
approximate method produced a less complete exclusion
than the full multipoint, and even went slightly, though
not significantly, positive. Figure 3:1 shows a
comparison of the results obtained from LINKMAP and
FASTMAP when applied to the exclusion data for manic
depression with three markers on chromosome llq as
originally reported by Holmes et al, 1991. Also shown are
the two-point lod scores from MLINK upon which the
approximation was based. The full multipoint took several
hours to run, whereas the approximate estimate was
obtained in a few seconds. On this occasion the results
are practically identical, although this may in part be
due to the fact that the markers are somewhat widely
spaced.
However another analysis was performed in which the
results of the approximate method must be regarded as
less satisfactory. Maher et al (1991) have recently
published mapping data for von Hippel-Lindau disease
which localise it to a small region of chromosome 3p.
Serial overlapping four-point analyses were carried out
with LINKMAP against five markers: THRB, RAFl, D3S18 and
(D3S225, D3S191), and these produced a peak lod score of
10.5 and also produced good evidence for the VHL gene to
lie in the RAFl-(D3S225, D3S191) interval. The
approximate method produced a maximum lod score of 7.5 at
the same position. However the shape of the lod score
curve was much flatter and so there was no good evidence
to say on which side of RAFl the VHL gene lay. It is
possible that the approximate method might have given
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better results had the two-point lod scores been
available for each individual pedigree rather than as
totals across all pedigrees. Nevertheless on this
occasion the lod score estimated from two-points could
not provide as good a localisation as did the full
multipoint analysis.
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Table 3:1 Pooled results of comparisons of FASTMAP and
LINKMAP

Pooled results of all three-point simulations, showing
the mean and standard deviation of the lod at each map
position obtained by the full linkage analysis (with
LINKMAP), and the difference from the lod scores obtained
by the approximate method (FASTMAP) together with the
correlations between the scores obtained by the two
methods. One marker is at 0 centimorgans and the second
is at 10.1.
Map
Lod score
SD
)osition Mean
-34.7
-21.1
-10.1
0.0
2.0
4.0
6.0
8.1
10.1
20.3
31.3
Maximum

Difference
SD
Mean

0.78
1.28
1.85
3.07
2.79
2.70
2.66

0.09
0.03
-0.02
0.22
-0.02
-0.04
-0.04

-0.79
0.46
0.55

2.67
2.97
1.71
1.17

-0.01
0.30
-0.01
0.02

0.63
0.64
1.04
0.46
0.35

1.28

1.64

-0.10

0.40

0.49
0.67
0.64
-0.45
0.05
0.13
0.10
-0.04

0.27
0.31
0.40
0.92
0.61
0.62

lod
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Correlation
coeff:

Min

Max

-0.97
-1.07
-1.48
-1.98
-2.32

1.36
1.82
2.53
5.09
4.42

-2.58
-2.65

4.26
3.96

0.977
0.954
0.976
0.973
0.972

-2.47
-2.19
-1.64
-1.35

3.59
6.11
2.81
2.30

0.971
0.936
0.963
0.958

-2.43

2.19

0.971

0.966
0.974

Table 3:2 Separate results of comparisons of FASTMAP and
LINKMAP

As table 3:1, showing the separate results for each set
of 100 simulations with the disease locus in different
positions relative to the marker loci. D = disease locus.
H = marker locus with high PIC. L = marker locus with low
PIC. The recombination fractions between each locus are
shown, with a value of 0.5 indicating that the disease
locus is unlinked.
D - 0.1 - H - 0.1 - H
Map
Lod score
SD
position Mean
-34.7
-21.1
-10.1
0.0
2.0
4.0
6.0
8.1
10.1
20.3
31.3
Maximum

0.85
1.26
1.45
0.30
0.76
0.74
0.59
0.26
-1.18
0.73

0.75
1.14
1.49
2.40
2.06
2.01
2.00
2.06

0.81

2.71
1.38
1.00

1.72

1.57

Difference :
Mean
SD
0.23
0.14
0.07
0.52
0.19
0.18
0.20
0.25
0.78
0.19
0.18
0.03

0.29
0.33
0.42
1.22
0.74
0.72
0.72
0.73
1.33
0.45

Min

Max

-0.44

1.30
1.82
2.53
4.40
4.42
4.26
3.96
3.59
6.11

0.958
0.964
0.960
0.864

0.947
0.949
0.962

-0.71
-0.92
-1.42
-1.45
-1.47
-1.45
-1.31
-1.32
-1.12

0.35

-0.81

1.95
1.33

0.43

-1.42

2.19

lod
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Correlation
coeff :

0.933
0.933
0.933
0.934
0.872

Table 3:2 (continued)

H - 0.05 - D - 0.05 - H
Map

Lod score
position Mean
SD
-34.7
-21.1

Difference :

Correlation

Mean

SD

Min

Max

coeff ;

-0.52
-1.02

1.36
1.32

0.955
0.960
0.959

1.14

0.86

0.29

0.32

1.77
2.26
1.89

0.18

0.40

0.07
0.31
-0.22

-1.48
-1.94
-2.32

1.18
4.38
1.11

-0.28
-0.29
-0.26
0.28
0.03
0.16

0.50
1.05
0.65
0.66
0.66
0.65
1.04
0.44
0.35

-2.43
-2.39
-2.16
-1.88
-1.28
-0.87

0.90
0.80
0.93
5.25
1.12
1.00

0.899
0.951
0.950
0.951
0.953
0.901
0.970
0.971

0.58

-2.43

1.21

0.962

-10.1
0.0
2.0
4.0
6.0
8.1
10.1
20.3
31.3

2.83
2.75
1.93
2.28
1.78

1.33
1.74
2.39
2.10
2.13
2.14
2.14
2.39
1.75
1.33

Maximum

3.07

2.14 -0.25

2.70
2.82

lod
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Table 3:2 (continued)

H — 0.1— H — 0.5— D
Map
Lod score
position Mean
SD
-34.7
-21.1
-10.1
0.0
2.0
4.0
6.0
8.1
10.1
20.3
31.3
Maximum
lod

Difference :

SD

Min

Max

coeff:

0.45 -0.06
0.83 -0.08
1.44 -0.09
3.30 0.12

0.24
0.32
0.44
0.94

-0.84

0.908
0.944

-0.50

2.87 -0.07
2.73 -0.10
2.69 -0.11
2.73 -0.08
3.13 0.30
1.41 -0.04
0.82 -0.05

0.60
0.63
0.66
0.69
0.97
0.48
0.35

-2.07
-2.06
-1.43
-1.16
-1.10

0.61
0.83
1.31
5.09
1.73
1.83
1.98
2.15
3.59
1.79
1.31

0.13

0.39 -0.04

0.18

-0.54

0.55

0.900

-0.19
-0.56
-1.31
-3.87
-3.13
-2.91
-2.86
-2.97
-3.76
-1.22

Mean

Correlation
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-1.07
-1.46
-1.95
-1.93
-2.01

0.963
0.959
0.979
0.974
0.970
0.969
0.951
0.949
0.925

Table 3:2 (continued)

D — 0.1 — L — 0.1 — L
Map

Lod score
SD
position Mean
-34.7
-21.1
-10.1

0.40

0.0
2.0
4.0
6.0
8.1

0.57
0.61
0.02
0.19
0.16
0.06
-0.14

10.1
20.3
31.3

-0.86
0.29
0.39

Maximum
lod

0.84

Difference

Correlation

Mean

SD

Min

Max

coeff :

0.04

0.22
0.29
0.41
0.76

-0.68
-0.93
-1.08
-1.03

0.85
0.84
1.72

0.18
-0.13
-0.10

0.57
0.57
0.58
0.59
0.82
0.45
0.33

-1.07
-1.12
-1.16
-1.18
-1.52
-1.39
-1.05

0.927
0.933
0.924
0.890
0.919
0.912

2.61
1.26
0.97

0.907
0.910
0.891
0.879
0.872

0.99 -0.05

0.37

-0.95

1.78

0.931

0.51
0.79
1.07
1.66
1.44
1.39
1.38
1.43
1.81
0.94
0.67

-0.01
-0.03
0.18
0.04
0.02
0.02
0.04
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2.95
2.55
2.43
2.41
2.24

Table 3:2 (continued)

L — 0.05 — D — 0.05 — L
Map

Lod score
position Mean
SD

Difference :

Mean

0.58 0.08
0.90 -0.03
1.19 -0.13
1.57 -0.05
1.47 -0.22

SD

Min

Max

coeff :

0.20
0.29

-0.34
-0.85

0.53
0.78

0.938
0.948

-1.45
-1.98
-2.19

1.25
2.30
1.24

-2.18
-2.12
-2.02
-1.81
-1.34
-0.81

1.25
1.19
1.11
2.96
1.57
1.19

0.946
0.923
0.936
0.942
0.945
0.948
0.914
0.936
0.937

-2.03

1.02

0.952

-34.7
-21.1

0.59
0.94

-10.1

1.22

0.0
2.0
4.0
6.0
8.1
10.1
20.3
31.3

1.09
1.40
1.46
1.46
1.42
1.16
1.25
0.96

1.46
1.45
1.46
1.63
1.15
0.86

-0.17
-0.05

0.40
0.63
0.55
0.53
0.51
0.50
0.70
0.42
0.30

Maximum
lod

1.67

1.44 -0.27

0.48

-0.25
-0.26
-0.25
-0.14

Correlation
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Table 3:2 (continued)

L - 0.1 - L - 0 .5 - D
Map
Lod score
position Mean
SD
-0.07 0.32
-34.7
-21.1
-0.26 0.56
-10.1
-0.67 0.92
0.0
2.0
4.0
6.0
8.1
10.1
20.3
31.3
Maximum
lod

-2.00
-1.62
-1.52
-1.51
-1.59
-2.02
-0.67
-0.26
0.12

Difference :
Mean
SD

0.09
0.25
0.18

0.20
0.31
0.45
0.86
0.64

0.58

0.17
0.16
0.16
0.27
0.09
0.03

0.63
0.62
0.60
0.86
0.43
0.34

0.36

0.01

0.26

1.93
1.66
1.60
1.60
1.67
2.05
0.94

0.00
0.02
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Correlation
Min
-0.56
-0.79
-0.86
-1.83
-1.12
-1.11
-1.10
-1.11
-1.22

Max
0.92
1.57
2.30

coefficient
0.782
0.830
0.872

3.13
2.08
2.69
2.94

0.895
0.922

2.89
3.54

-0.67

2.81
2.30

0.933
0.908
0.890
0.819

-1.11

1.94

0.725

-0.95

0.918
0.921

Table 3:2 (continued)

D - 0.1 - H - 0.1 - L
Map
Lod score
position Mean
SD
-34.7
-21.1

0.86
1.28

0.75
1.14

-10.1

1.50
0.46
1.04

1.47
2.32

0.0
2.0
4.0
6.0
8.1
10.1
20.3
31.3
Maximum
lod

1.09
1.03

1.86
1.79
1.74

0.85
-0.05
1.02
0.93

1.71
2.10
1.29
0.98

1.73

Difference :

Correlation

Mean

SD

Min

Max

coefficient

0.20
0.10
0.02
0.42

0.22
0.21

-0.32

0.94
0.82

0.974
0.986
0.909
0.978
0.976
0.972

1.07
0.39
0.28

-1.38
-1.24
-1.32
-1.19
-0.80

0.77
4.14
1.21
1.24
1.41
1.49
4.26
1.27
0.84

0.29

-1.33

0.63

0.984

0.07
0.06
0.08
0.13
0.52
0.08
0.09

1.57 -0.01

0.25
1.01
0.41
0.40
0.42
0.46

-0.71
-1.03
-0.93
-1.43
-1.49

0.985

0.965
0.863
0.954
0.960

H - 0.05 — D — 0.05 - L
Map

Lod score
SD
position Mean
1.04

-34.7
-21.1

1.62

-10.1

2.06

0.0

1.65

2.0

2.25

4.0

2.33
2.32

6.0
8.1
10.1

0.79
1.21

Difference :
Mean
SD
0.19
0.06

1.57 -0.07
2.20 0.13
1.88 -0.24

0.22
0.25
0.29
0.77
0.49

Correlation
Min

Max

coefficient

-0.39
-0.72

0.82

0.976

0.74

-1.03
-1.21

0.69
3.68

0.981
0.983
0.940

-2.19

1.08

0.965

1.86 -0.26

0.54

-2.20

1.18

2.23

1.83 -0.25
1.80 -0.21

0.57
0.60

-2.05
-2.12

1.45
1.68

0.957
0.951
0.944

1.81

1.97

0.02

0.87

-2.19

3.36

0.898
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20.3

1.83

1.45 -0.04

0.48

-1.64

1.36

0.944

31.3

1.41

1.09

0.06

0.34

-1.09

1.07

0.950

Maximum
lod

2.53

1.84 -0.26

0.50

-2.19

0.92

0.963
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Table 3:2 (continued)

H-0.1-L-0.5-D
Map
Lod score
SD
position Mean
-34.7
-21.1

-0.19
-0.54

-10.1
0.0
2.0

-1.28
-3.74

4.0
6.0
8.1
10.1
20.3
31.3

-2.57
-2.39
-2.32
-2.65
-0.97
-0.41

Maximum
lod

-2.89

0.13

Difference :

Mean

Correlation

SD

Min

Max

coeff ;

0.24

-0.97
-0.92

0.52

0.903
0.961

0.77
3.98
1.93

0.978

0.61

-1.04
-1.24
-2.24

0.05
0.08
0.12
0.37
0.08
0.01

0.67
0.73
0.78
1.14
0.54
0.42

-2.58
-2.65
-2.47
-1.79
-1.27
-1.35

2.15
2.26
2.36
4.68
2.71
2.30

0.963
0.952
0.941
0.884
0.898
0.835

0.39 -0.05

0.21

-0.98

0.90

0.843

0.44 -0.09
0.82 -0.10
1.42 -0.08
3.23
2.71
2.50
2.38
2.33
2.44
1.22
0.74

0.11
0.02

0.27
0.32
0.83
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0.76

0.967
0.974

Table 3:2 (continued)

D - 0.1 - L — 0.1 - H
Map
Lod score
position Mean
SD
-34.7
-21.1
-10.1

0.45
0.59
0.54

0.0

-0.32

2.0
4.0
6.0
8.1
10.1
20.3
31.3

-0.17
-0.27
-0.49
-0.88
-2.26
0.02
0.34

Maximum

0.85

Difference :

Mean

Correlation

SD

Min

Max

coef f

0.54 0.03
0.84 -0.03
1.14 -0.05
1.84 0.25

0.21

-0.46
-0.74

0.75
0.76

0.939

0.06
0.03
0.01
0.01
0.37
-0.16
-0.12

0.58
0.56
0.55
0.51
1.20
0.36
0.28

-0.95
-0.83
-0.94
-1.09
-1.11
-1.08
-2.11
-1.59
-1.23

1.33
3.68
2.52
2.41
2.23
1.89
5.41
0.52
0.48

0.873
0.938
0.943
0.949
0.963
0.878
0.950
0.939

0.97 -0.07

0.30

-0.96

1.25

0.952

1.67
1.68
1.74
1.89
2.51
1.14
0.78

0.28
0.39
0.90

lod

95

0.947
0.941

Table 3:3 Comparison of four-point FASTMAP and LINKMAP
results with dominant disease

Results of four-point simulations with dominant disease
One marker is at 0 centimorgans, the second at 10.1 and
the third at 20.3. The disease locus is at 5
centimorgans, between the first two markers.
Map
Lod score
)osition Mean
SD
-34.7
-21.1
-10.1
0.0
2.0
4.0
6.0
8.1
10.1
12.1
14.1
16.2
18.2
20.3
30.4

1.37
1.41
1.74

0.04
0.02
0.01
0.13
-0.06
-0.09
-0.11
-0.11
0.09
-0.01
-0.01
0.01
0.04
0.21

1.13

0.11
0.06

0.63
0.90
1.09

0.73
1.04
1.31

0.95
1.14
1.16
1.14

1.67
1.55
1.53
1.52
1.50
1.51
1.40
1.38

1.07
0.74
0.83
0.76
0.63
0.42
-0.13
0.51
0.54

Difference
SD
Mean

54.9
75.2

0.42

0.88
0.62

0.22

0.32

0.05
0.04

Maximum

1.42

1.51

-0.11

41.5

0.27
0.39
0.54
0.92
0.74
0.73
0.73
0.74
1.03
0.78
0.77
0.77
0.77
0.98
0.54
0.38
0.24

Correlation
Min

Max

coeff :

-0.67
-0.98
-1.32

0.96
1.20
1.81
5.21
3.08
2.79
2.67
2.63
4.60
3.06
2.99
3.16
3.30
5.33
3.06
2.04

0.933
0.929

-2.04
-2.13
-2.08
-1.97
-2.06
-2.25
-2.09
-2.02
-1.96
-1.94
-2.82
-0.96
-0.74
-0.55

0.12

-0.29

1.17
0.55

0.64

-2.00

1.90

lod

96

0.915
0.842
0.886
0.887
0.886
0.881
0.781
0.861
0.860
0.858
0.861
0.832
0.887
0.907
0.924
0.930
0.909

Table 3:4 Comparison of four-point FASTMAP and LINKMAP
results with recessive disease

Map
Lod score
)osition Mean
SD
-34.7
-21.1
-10.1

Difference :
Mean
SD

0.22

0.28

0.13

0.39
0.54

0.50
0.74

0.07
0.01

0.55
0.61
0.63
0.62

1.08
1.00
0.97
0.96
0.95
0.95
0.90
0.88
0.87
0.89
1.03
0.64

-0.06
-0.09
-0.10
-0.09
-0.09
-0.04
-0.05
-0.04

0.0
2.0
4.0
6.0
8.1
10.1
12.1
14.1
16.2
18.2
20.3
30.4

0.60
0.50
0.50
0.44
0.36
0.23
-0.05
0.24

41.5
54.9
75.2

0.23
0.14
0.04

0.40
0.21

laximum

0.87

-0.03
-0.01
0.04

Min

Max

0.16
0.20

-0.20
-0.50

0.61

0.29
0.46
0.46

-0.93

0.47
0.47
0.47
0.49
0.46
0.45
0.45
0.46
0.52

0.07

0.09
0.11
0.13
0.11

0.30
0.22
0.17
0.12

0.93

-0.11

0.39

lod

97

0.71
0.81

Correlation
coeff :
0.937
0.938

-2.17
-2.11
-2.10
-2.11

1.29
1.22
1.15
1.13
1.10
1.39
1.24
1.19
1.21
1.31
1.55

-1.09
-0.65
-0.32

0.85
0.63
0.68

-0.07

0.47

0.927
0.906
0.890
0.884
0.882
0.882
0.879
0.885
0.888
0.891
0.894
0.891
0.903
0.908
0.900
0.863

-1.66

0.93

0.910

-1.70
-1.83
-1.99
-2.11
-2.24
-2.43
-2.26

Figure 3:1 Comparison of FASTMAP and LINKMAP in manic
depression pedigrees

Five large pedigrees multiply affected with manic
depression were analysed using data from three markers.
D11S97 is at 0 centimorgans and the marker has a PIC of
0.77, D11S85 is at 21.2 with PIC of 0.37, and DRD2 is at
42.4 with PIC of 0.30. The results of the LINKMAP (dashed
and dotted line) and FASTMAP (dashed line) analyses are
shown, together with the two-point lod scores (dotted
lines) on which the FASTMAP estimate was based.
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3:5. Discussion

Although the technique described here seems to usually
furnish a good approximation to the true multipoint lod
score, its usefulness is limited by the fact that
occasionally the estimate obtained can be quite
inaccurate. It is very difficult to say how much this
should in practice limit the technique's applicability,
and how much or how little reliance should be put on the
results obtained from it. It is necessary to consider the
implications of each kind of error - for example failure
to exclude a locus which should be excluded or failure to
find definite evidence of linkage for a linked locus
would both have the effect of necessitating extra work in
terms of collecting more genotype data and/or more
subjects. Producing falsely positive evidence for linkage
would generate large amounts of extra work as numerous
attempts at replication were made, while falsely
excluding a disease locus might delay for years its
eventual localisation. Fortunately it seems that the
first two problems are more likely to occur than the last
two, and the procedure can generally be regarded as
providing a conservative estimate. At present the
procedure does not deal with interference, nor a sex
difference in recombination fraction, and these factors
might also limit its applicability.
Further practical experience with this procedure will
hopefully clarify its overall usefulness. For now, there
seem to be at least two circumstances in which it could
be appropriately applied. The first situation is when a
number of markers have been tested in one region, mostly
yielding negative lod scores. If a summary map produces
uniformly negative lod scores below -2 across the region
then it could be regarded as unlikely that a disease
locus is present. This application should be quite useful
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because it can mean that information from a large number
of markers can be incorporated simultaneously and a large
region, for example a whole arm of a chromosome, can be
excluded without needing to perform several timeconsuming multipoint analyses. The second useful
application might be when a large number of exploratory
analyses are being carried out using different disease
definitions and transmission models. Rather than perform
a full multipoint analysis on each occasion, the
investigator could gain a good idea of the effects on the
overall lod score of these parameters by obtaining an
approximate analysis for each. It would then be possible
to follow up by performing perhaps just a few full
multipoint analyses for those situations in which it is
important to obtain an accurate and reliable lod score.
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Chapter 4: Linkage studies in schizophrenia

Three cohorts of pedigrees were available for the linkage
studies of schizophrenia. The first was the group of 5
Icelandic and 2 British pedigrees which had originally
demonstrated linkage to the chromosome 5 markers
(Sherrington et al, 1988). The second cohort consisted of
6 new Icelandic pedigrees and the third of 10 British
pedigrees. Each of these groups of pedigrees was studied
separately in case there were any geographical or other
reasons for there to be a heterogeneity between them.
The main emphasis of the study was to seek to confirm or
refute the hypothesis that a locus for schizophrenia was
located on chromosome 5 in the region implicated by the
positive linkage results with D5S76 and D5S39. In a
second investigation markers on chromosome llq near the
site of the translocation reported by St Clair et al
(1990) were studied to investigate the hypothesis that a
locus in this region might affect the liability to
develop schizophrenia.

4:1. Diagnostic categories used for schizophrenia
Diagnoses were assigned using Research Diagnostic
Criteria (Spitzer et al, 1978). Subjects were interviewed
by a psychiatrist using the Lifetime Version of the
Schizophrenia and Affective Disorders Schedule (SADS-L,
Spitzer and Endicott, 1977). This information was
supplemented by material from case-notes. Extensive
tracing of pedigrees was carried out and attempts were
made to characterise as far as possible the diagnoses of
other members of the kindreds. Pedigrees were included on
the basis of containing multiple cases of schizophrenia
but no cases of bipolar affective illness, and of
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appearing to demonstrate unilineal inheritance.
In general the same diagnostic categories and genetic
parameters were used as in the original study, although
the latter were adjusted slightly for the study with llq
markers. Dominant transmission was assumed with a gene
frequency for the allele conferring increased liabiliity
of 0.0085. Three hierarchical affection classes were
recognised, and a fourth genetic model was also used for
a so-called "penetrance-free" analysis:
1. DOMS: "Core schizophrenia", consisting of individuals
with a diagnosis of schizophrenia or unspecified
functional psychosis (penetrance = 0.73).
2. DOMSS: "Schizophrenia spectrum", consisting of cases
as above and additionally subjects with a diagnosis of
schizoid or schizotypal personality disorder
(penetrance = 0.76).
3. DOMSSF: "Schizophrenia fringe", consisting of cases of
any mental illness or personality disorder
(penetrance = 0.86).
4. DOMSSPF: For the "penetrance-free" analysis all
schizophrenia spectrum cases were considered affected (as
for DOMSS) and all other subjects were considered of
unknown affection status.
For the first three models a "phenocopy rate" of 0.001
was used. This was the likelihood of a normal homozygote
appearing to be affected.
The penetrance values and gene frequencies specified
would yield population prevalences for the diseases
falling into each category of 1.2% for core cases, 1.3%
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for spectrum cases and 1.5% for fringe cases. The last
value in particular would seem be too low and so there
would be room for debate concerning the plausibility of
these transmission parameters. Nevertheless, since a
major aim was to investigate the impact of new marker
data on the original lod scores it was decided to use the
original transmission parameters for the analyses with
chromosome 5 markers.

4:2. Linkage analysis with chromosome 5 markers
The first cohort of pedigrees is shown in figure 4:1,
together with the genotypes at D5S76 detected with
pl05~599Ha and TaqI and at D5S39 with pl05-153Ra and
Mspl. The pedigrees differ slightly from those originally
published (Sherrington et al, 1988) in that blood samples
were obtained from some additional subjects, one subject
(F27-26) previously diagnosed as having schizoid
personality disorder had her status revised to normal,
one subject (F27-43) had been wrongly coded as zz instead
of wz at D5S76, one subject (F35-5) had been wrongly
coded as st instead of ss at D5S39, two subjects (F35-7
and F35-17) had accidentally had their samples swapped
with each other leading to incorrect typing at D5S76, and
one previously unaffected subject (F74-5) developed major
depressive disorder. In addition it was discovered
subsequently that the pl05-153Ra genotype for one subject
(F35-9) was incompatible with the microsatellite typing,
so the RFLP typing was assumed to be erroneous and was
omitted.
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Figure 4:1 Original schizophrenia pedigrees
Pedigree diagrams showing original cohort of seven
families with genotypes from D5S76 and D5S39 RFLPs
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Figure 4:1 (continued)
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Figure 4:1 (continued)
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4:2.1 Linkage analysis with original RFLPs

The two-point lod scores between these markers and each
disease model are shown in tables 4:1 and 4:2, and the
results^multipoint analysis using both markers are shown
in figure 4:2. Table 4:3 compares the results of this
analysis with those originally published.
It can be seen that the modifications to the original
data have resulted in only a small reduction in the lod
scores obtained from all models except the fringe model,
DOMSSF. For this model there is a large reduction from
6.49 to 3.25. The changes in lod scores obtained are due
largely to the following reasons: F27-43 had supported
linkage but becomes uninformative; resolving the swapped
samples at D5S76 in F35 has meant that one sibship
(individuals 9 to 12) that did support linkage has now
become uninformative, and that individual 17 must
represent either a recombinant or a non-penetrant carrier
- this change reduced the maximum lod for DOMSSF by 1.22;
the corrected genotype for F35-5 at D5S39 slightly
increases the evidence in favour of linkage; the onset of
depression in F74-5 under the DOMSSF model implies either
a double recombinant with both D5S76 and D5S39 or else a
phenocopy - this change reduces the maximum lod for
DOMSSF by 1.21.
Although the lod scores are less positive than
previously, there is still a maximum lod of 4.3 with the
DOMSS three-point analysis. These results do therefore
still provide some evidence in favour of linkage.
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Table 4:1 Two-point lod scores for schizophrenia against
D5S76 RFLP

thêta
DOyiS
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod
D01SS
F20
F27
F35
F36
F40
F41
F74
total

0.000

0.001

0.010

0.050

0.518
0.518 0.512 0.485
-1.574 -1.571 -1.500 -0.965
-2.102 -1.367 -0.463 0.143
-0.304 -0.302 -0.288 -0.230
-0.003 -0.003 -0.003 -0.003
0.092 0.675 1.197
-0.082
-0.233 -0.231 -0.209 -0.132
-3.779 -2.864 -1.276 0.495
0.000
0.000

0.000
0.000

0.300
0.184

0.600
0.902

0.100

0.200

0.300

0.440 0.325 0.186
-0.544 -0.158 -0.018
0.328 0.368
0.253
-0.167 -0.078 -0.029
-0.002 -0.002 -0.001
1.299 1.114 0.720
-0.067 -0.001 0.016
1.287 1.570 1.129
0.850
1.319

1.000
1.570

1.000
1.129

0.311 0.179
0.479
0.479
0.475 0.454 0.417
0.338
-0.598 -0.572 -0.308 0.356 0.598 0.573
-2.245 -1.384 -0.458 0.154 0.341 0.381 0.263
-0.304 -0.303 -0.290 -0.236 -0.175 -0.084 -0.032
-0.003 -0.003 -0.003 -0.003 -0.003 -0.002 -0.001
1.506 2.067 2.427 2.354 1.865 1.181
1.323
-0.238 -0.235 -0.213 -0.135 -0.068
-1.586 -0.511 1.270 3.018 3.463

alpha

0.350

0.350

0.550

A-lod

0.663

0.847

1.555

1.000
3.018
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1.000
3.463

0.001

0.018

3.045

1.947

1.000
3.045

1.000
1.947

Table 4:1 (continued)

DOMSSF
F20
F27
F35
F36
F40
F41
F74
total

1.144 1.124
1.146
-2.587 -2.361 -1.551
-2.086 -1.783 -1.025
-0.307 -0.307 -0.306
-0.003 -0.003 -0.003
0.852 1.089 1.727
-0.249 -0.246 -0.225
-3.234 -2.466 -0.259

1.036
-0.492
-0.308
-0.302
-0.003
2.154
-0.146
1.939

0.920 0.671 0.398
0.018 0.369
0.343
0.228 0.214
0.007
-0.286 -0.210 -0.107
-0.003 -0.002 -0.001
2.139 1.738 1.116
-0.074
0.004
0.024
2.721 2.798 1.987

alpha

0.350

0.400

0.400

0.600

1.000

1.000

1.000

A-lod

0.711

0.912

1.528

2.151

2.721

2.798

1.987

DOMSSP
F20
F27
F35
F36
F40
F41
F74
total

0.818 0.749 0.658 0.465
0.261
0.835
0.833
0.049
0.039
-0.110 -0.109 -0.100 -0.051 0.002
-0.885 -0.841 -0.578 -0.155 0.021 0.115 0.090
-0.205 -0.203 -0.185 -0.122 -0.071 -0.020 -0.003
0.002
0.010
0.009 0.009 0.008 0.006 0.003
0.264
0.286 0.433 0.679 0.722 0.568
0.306
-0.153 -0.152 -0.142 -0.104 —0.068 -0.026 -0.007
0.688
-0.246 -0.177
0.256 1.003 1.270 1.153

alpha

0.400

0.400

0.550

1.000

1.000

1.000

A-lod

0.300

0.316

0.461

1.003

1.270

1.153
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1.000
0.688

Table 4:2 Two-point lod scores for schizophrenia against
D5S39 RFLP

theta
DQMS
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod
DOMSS
F20
F27
F35
F36
F40
F41
F74
total

0.000

0.001

0.010

0.050

0.100

0.200

0.300

0.025 0.024 0.012
-0.009 -0.009 -0.009
0.948 0.946 0.929
-0.301 -0.299 -0.290
0.497 0.496 0.485
-0.012 -0.012 -0.012
0.728
1.876

0.726
1.871

-0.042 -0.110 -0.212 -0.210
-0.007 -0.005 -0.002 -0.001
0.853 0.754 0.544
0.315
-0.246 -0.190 -0.098 -0.039
0.375 0.248 0.128
0.437
-0.010 -0.008 -0.005 -0.002
0.710 0.640
0.549 0.365 0.189
1.826 1.624 1.364 0.840 0.380

1.000
1.876

1.000
1.871

1.000
1.826

1.000
1.624

1.000
1.364

1.000
0.840

1.000
0.380

-0.004 -0.005 -0.016 -0.064 -0.127 -0.224 -0.219
0.009 0.009 0.009 0.009 0.008 0.006 0.003
0.325
0.967 0.965 0.948 0.871 0.771 0.557
-0.288 -0.284 -0.248 -0.122 -0.019 0.070 0.066
0.507 0.506 0.495 0.447 0.384 0.255 0.132
0.012 0.011 0.007
0.013 0.013 0.013
0.004
0.746 0.744 0.728 0.656 0.564 0.377
0.197
1.950 1.948 1.930 1.809 1.592 1.048 0.506

alpha

1.000

1.000

1.000

1.000

A-lod

1.950

1.948

1.930

1.809

110

1.000
1.592

1.000

1.000

1.048

0.506

Table 4:2 (continued)

DCMSSF
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod
DŒSSP
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod

0.699 0.696 0.669 0.551 0.403
0.137 -0.033
0.015 0.006
0.061 0.060 0.057 0.045 0.033
1.049 1.047 1.029 0.950 0.846 0.618 0.364
0.354 0.243
-0.253 -0.238 -0.118 0.169 0.314
0.544 0.543 0.532 0.481 0.415 0.279 0.146
-0.009 -0.009 -0.009 -0.006 -0.004 -0.001 -0.000
-1.022 -0.992 -0.791 -0.414 -0.232 -0.086 -0.029
0.698
1.068 1.108 1.370 1.775 1.775 1.317
0.700
1.369

0.750
1.379

0.800
1.469

1.000
1.775

0.186 0.184 0.167 0.097
0.021 0.021 0.020 0.016
0.610 0.608 0.595 0.536
-0.173 -0.169 -0.137 -0.039
0.289 0.288 0.280 0.246
0.051 0.051 0.049 0.041
0.390 0.389 0.377 0.328
1.373 1.371 1.352 1.226
1.000
1.373

1.000
1.371

1.000
1.352

1.000
1.226
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1.000
1.775

1.000
1.317

1.000
0.698

0.026 -0.059 -0.078
0.012 0.007
0.003
0.461 0.305 0.155
0.025 0.061 0.043
0.205 0.127
0.061
0.032
0.018 0.008
0.154 0.065
0.267
1.028 0.612 0.257
1.000
1.028

1.000
0.612

1.000
0.257

Table 4:3 Comparison of original results from D5S76 and
D5S39 RFLPs with results using modified pedigree data
Maximum lod scores obtained from the three-point analyses
using the original data are compared with the results
from the modified data, incorporating new subjects,
corrected genotypes and updated diagnoses. Note: in the
original analysis the distance between D5S76 and D5S39
had been set to 13.7 cM, but for the new analysis it is
set to 15.5 cM.
Model used
DOMS
DOMSS
DOMSSF
DOMSSPF

Original data
3.22
4.33
6.49
2.45

112

Modified
2.64
4.30
3.25
2.03

Figure 4:2 Schizophrenia with D5S76 and D5S39 RFLPs
Multipoint analysis of schizophrenia against RFLPs at
D5S76 and D5S39 using original cohort showing total lod
scores for each disease model.
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4:2.2 Description of new genetic markers

In order to investigate this finding further, data was
obtained for a number of other genetic markers in the
region. M4 detects a BamHI RFLP at D5S6; JollOHc detects
an Mspl RFLP at D5S21; pJo71Ha detects an Xbal RFLP at
D5S20; a subclone of the DHFR gene detects an Rsal RFLP
at DFHR.

^

Clones from human phage and cosmid libraries were
screened with chromosome 5 markers. Positive clones as
well as the original clones were screened for the
. presence of dinucleotide CA repeats. Positive clones were
sul3Qloned^sequenced in order to identify the CA repeat
and flanking sequences. The sequence data was used to
produce primers for the polymerase chain reaction.
Amplification of human DNA was performed and the
following microsatellites were found to be polymorphic
and were used in subsequent linkage analyses: p599(CA)n
at D5S76; 6741(GT)n at D5S39; YN(CT)n at D5S127;
EF(TG/AG) at D5S125.
A new TaqI RFLP was detected for the 5HTla receptor gene
(HTRIA) using the probe cG21.T.4.2. This and the two
microsatellite polymorphisms were mapped against the
established markers. Table 4:4 shows the results of twopoint analyses of the 5HTla RFLP against markers at
D5S21, D5S76, D5S6 and DS39 and figure 4:3 shows the
results of overlapping multipoint analyses. These suggest
that this gene lies within 10 centimorgans of D5S76, but
unfortunately it was not possible to localise it more
closely than this and which side of D5S76 it maps to is
not clearly indicated. This marker was therefore not
incorporated in multipoint analyses against the disease
locus.
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Results of linkage analysis was performed with EF(TG/AG)
(at D5S125) and YN(CT)n (at D5S127) against markers at
D5S76, D5S6, D5S39 and D5S78. The results of overlapping
multipoints are shown in figures 4:4 and 4:5. Again,
there is strong evidence to localise the markers to a
region of a few centimorgans, but an order is not
established. In this case however it was possible to
perform further analyses using published genotypes of
CEPH pedigrees for the original RFLPs from which the
microsatellites were derived. Figures 4:6 and 4:7 show
the results of five-point analyses carried out in these
pedigrees which place D5S125 between D5S6 and D5S39 with
an odds ratio greater than 10^ and D5S127 between D5S39
and D5S78 with odds of 1000:1. On the basis of these
analyses these two markers were incorporated into
subsequent multipoint analyses against the disease locus
along with the other markers which had previously been
localised by Weiffenbach et al, 1991. The map used for
multipoint linkage analysis incorporated the following
markers at the given distances from D5S7 6: D5S20 at
-29.3; D5S21 at -8.1; D5S76 at 0; D5S6 at 8.1; D5S125 at
11.1; D5S39 at 15.1; D5S127 at 21.1. Three additional
markers were only used for two-point analyses because of
uncertainty about their positions: HTRIA (probably very
close to D5S76) and D5S78 and DHFR (both probably about
20 centimorgans telomeric of D5S127).
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Table 4:4 Two-point lod scores for 5HT RFLP (HTRIA)

against D5S21, D5S76, D5S6 and D5S39
theta
D5S21:
D5S76:
D5S6:
D5S39:

0.050

0.100

0.200

0.300

3.204 3.135
3.150 3.158
12.270 12.246 12.023 11.032
4.052 4.043
3.965 3.642
--99.000 2.151
5.068 6.643

2.807
9.779
3.291
6.692

1.907

0.955

7.187
2.568
5.496

4.445

0.000

0.001

0.010

116

1.663
3.536

Figure 4:3 Mapping HTRIA against other markers

Overlapping four-point analyses of HTRIA against D5S21 at
-8.1, D5S76 at 0, D5S6 at 8.1 and D5S39 at 15.1.
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Figure 4:4 Mapping D5S125 against other markers using
EF(TG/AG)
Overlapping four-point analyses of EF(TG/AG) against
D5S76 at 0, D5S6 at 8.1, D5S39 at 15.1 and D5S78 at 30.6
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Figure 4:5 Mapping D5S127 against other markers using
YN(CT)n
Overlapping four-point analyses of YN(CT)n against D5S76
at 0, D5S6 at 8.1, D5S39 at 15.1 and D5S78 at 30.6.
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Figure 4:6 Mapping D5S125 in CEPH pedigrees

Five-point analysis of D5S125 against D5S76 at 0, D5S6 at
8.1, D5S39 at 15.1 and D5S78 at 30.6.
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Figure 4:7 Mapping D5S127 in CEPH pedigrees

Five-point analysis of D5S127 against D5S76 at 0, D5S6 at
8.1, D5S39 at 15.1 and D5S78 at 30.6.
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4:2-3 Linkage analysis incorporating new markers

Figure 4:8 shows the pedigree diagrams with these new
genetic markers. Two-point linkage analysis was carried
out with each of the markers. The results of this using
the microsatellites at D5S76 and D5S39 are shown by
family in tables 4:5 and 4:6, while the overall lod
scores obtained under assumptions of homogeneity and
heterogeneity using the other markers are shown in tables
4:7, 4:8, 4:9, 4:10, 4:11, 4:12, 4:13 and 4:14.
Overlapping four-point analyses were carried out for each
disease model, and the results of these are presented in
figures 4:9, 4:10, 4:11 and 4:12. In addition FASTMAP
was used to provide estimates of the multipoint lod score
based on the results of all the two-point analyses. These
estimates for each disease model are shown in figure
4:13. It can be seen that they correspond reasonably
closely to the linkage maps produced from overlapping
four-point analyses. The FASTMAP approximations were
produced within minutes, whereas the four-point analyses
took many days to complete.
The total lod scores obtained are much less positive than
those obtained with the original markers. For much of the
region they are strongly negative, providing good
evidence that not all the families show linkage to this
region. It can be seen that the only model with even a
moderately positive overall lod score with a maximum of
2.4 at -13 CM is DOMSS, the model incorporating spectrum
cases. The individual lod scores by family are graphed in
figure 4:14 which shows that this overall positive lod
score is produced almost entirely by the contribution
from family 41, which itself yields a lod of 2.4 at -3
cM. Given the generally negative nature of the results
obtained and the fact that the mode of transmission of
schizophrenia is unknown, a number of exploratory
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analyses were carried out to determine whether specifying
different transmission parameters for the disease might
produce more strongly positive lod scores. However no
other transmission model could be found which offered
notably stronger support for the hypothesis of linkage to
these markers.

123

Figure 4:8 Original schizophrenia pedigrees with new markers

Pedigree diagrams showing original cohort of seven
families with new marker genotypes at D5S20, D5S21,
H T R I A , D5S76, D5S6, D5S125, D5S39, D5S127, D5S78 and
DHFR.
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Figure 4:8 (continued)
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Table 4:5 Two-point lod scores for schizophrenia against
D5S76 microsatellite

thêta
DOMS
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod
DOMSS
F20
F27
F35
F36
F40
F41
F74
total

0.000

0.001

0.010

0.050

0.100

-0.293 -0.290 -0.268 -0.184 -0.105
-2.082 -2.080 -1.964 -1.250 -0.798
-2.150 -1.378 -0.467 0.141 0.326
-2.001 -1.807 -1.180 -0.542 -0.270
-2.067 -1.980 -1.553 -0.944 -0.625
-0.073
0.101 0.684 1.208 1.311
-1.600 -1.467 -0.948 -0.380 -0.157
-10.265 -8.902 -5.697 -1.951 -0.318
0.000
0.000

0.000
0.000

0.000
0.000

0.200
0.310

0.350
0.590

0.200

0.300

-0.021 -0.007
-0.313 -0.059
0.366
0.249
-0.054
0.005
-0.291 -0.117
1.124
0.727
-0.008 0.016
0.804
0.815
0.750
0.839

1.000
0.815

-0.454 -0.451 -0.422
-3.315 -2.964 -1.710
-2.301 -1.395 -0.463
-1.477 -1.269 —0.636
-2.122 -2.024 -1.571

-0.310 -0.205 -0.081 -0.040
-0.282 0.419 0.856 0.743
0.379
0.259
0.151 0.339
-0.061 0.130 0.196 0.128
-0.952 -0.632 -0.296 -0.119
1.387
1.571 2.131 2.488 2.410 1.910 1.214
-1.658 -1.513 -0.969 -0.389 -0.161 -0.008 0.017
2.202
-9.941 -8.045 -3.639 0.644
2.300 2.957

alpha

0.100

A-lod

0.269

0.150
0.422

0.150
0.984

0.350

0.800

1.000

1.000

1.646

2.380

2.957

2.202
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Table 4:5 (continued)

DOMSSF
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod
DŒSSP
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod

0.606 0.626 0.554
0.377
-3.760 -2.159 -0.720 -0.126
-0.408 -0.050 0.205 0.205
-1.202 -0.694 -0.240 -0.067
-0.982 -0.662 -0.316 -0.128
0.628
0.385
1.307 1.864 1.943 1.642 1.071
-1.914 -1.719 -1.089 -0.454 -0.194 -0.012
0.020
-13.234 -12.407 -9.621 -4.336 -1.190 1.114 1.352
0.528

0.531 0.550
-5.701 -5.694 -5.621
-2.139 -1.903 -1.186
-2.092 -2.087 —1.962
-2.301 -2.162 -1.620

0.050
0.004

0.200
0.400

0.250
1.025

0.350
1.282

1.124
-1.045
-0.868
-0.647
-1.275
0.307
-0.920
-3.477 -3.324

1.105
-0.848
-0.594
-0.552
-1.135
0.455
-0.745
-2.315

1.017
-0.473
-0.164
-0.311
-0.770
0.701
-0.387
-0.387

0.902
-0.283
0.014
—0.166
-0.521
0.743
-0.203
0.486

0.200
0.275

0.350
0.513

0.550

1.000

0.710

0.899

0.000
0.000

1.126
-1.075
-0.915
-0.659
-1.294
0.285
-0.945

0.150
0.204

0.150
0.211
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0.600
1.383

1.000
1.352

0.395
0.657
-0.106 -0.031
0.082
0.107
-0.046 -0.009
-0.247 -0.100
0.588
0.323
-0.055 -0.008
0.899 0.652
1.000
0.652

Table 4:6 Two-point lod scores for schizophrenia against
D5S39 microsatellite

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DOyiS

F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod
D01SS
F20
F27
F35
F36
F40
F41
F74

1.014 1.013 1.001 0.942
-1.576 -1.572 -1.537 -1.337
-2.414 -2.229 -1.598 -0.880
-2.177 -2.043 -1.506 -0.851
0.746 0.746 0.738 0.697
-2.200 -2.079 -1.229 -0.022
-1.290 -1.205 -0.797 -0.262

0.858 0.656 0.420
-1.025 -0.478 -0.143
-0.519 -0.174 -0.038
-0.532 -0.224 -0.082
0.628 0.444
0.229
0.541
0.450 0.677
-0.038 0.105 0.099
-7.895 -7.371 -4.928 -1.713 -0.178 1.007
1.028
0.200
0.265

0.200
0.266

0.300
0.386

0.500
0.657

0.850
1.027

1.000
1.028

0.974 0.922 0.844 0.649 0.419
-2.881 -1.215 -0.319 0.374 0.451
-1.636 -0.902 -0.536 -0.181 -0.040
-1.205 -0.587 -0.318 -0.099 -0.024
0.692 0.663 0.605 0.435 0.227
0.436
-2.028 -0.382 0.231 0.547
0.110 0.105
-1.351 -1.257 -0.821 -0.270 -0.039
-12.487 -11.287 -6.904 -1.772 0.467 1.835 1.574
0.986
-4.597
-2.590
-1.898
0.697
-3.734

0.985
-4.194
-2.343
-1.754
0.696
-3.421

alpha

0.150

0.150

A-lod

0.217

0.217

total

0.200
0.273

0.200
0.222

0.250

0.600

1.000

0.297

0.675

1.835
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1.000
1.574

Table 4:6 (continued)

DOMSSF
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod
DOVISSP
F20
F27
F35
F36
F40
F41
F74
total
alpha
A-lod

1.690 1.687 1.660 1.538 1.379 1.036 0.657
-6.272 -6.226 -5.675 -3.276 -1.859 -0.540 -0.008
-2.559 -2.525 -2.265 -1.560 -1.037 -0.432 -0.136
-1.489 -1.273 -0.623 -0.017 0.197 0.275 0.189
0.413 0.415 0.431 0.477 0.484 0.389 0.215
-3.511 -2.975 -1.205 0.442 0.967 1.099
0.799
-3.025 -2.965 -2.482 -1.449 -0.891 -0.358 -0.119
-14.754 -13.862 -10.158 -3.844 -0.761 1.469 1.598
0.200
0.664

1.126
-0.978
-0.913
-0.659
0.867
-1.648
-0.914
-3.118
0.250
0.484

0.200
0.665

0.200
0.673

0.350

0.500

0.993

1.416

0.750
1.603

1.598

1.124 1.105 1.017 0.903
-0.929 -0.646 -0.226 -0.060
-0.909 -0.873 -0.668 -0.441
-0.647 -0.552 -0.311 -0.166
0.864 0.845 0.757 0.644
-1.600 -1.319 -0.824 -0.529
-0.890 -0.722 -0.374 -0.195
-2.986 -2.163 -0.627 0.155

0.658
0.037
-0.173
-0.046
0.409
-0.218
-0.053
0.614

0.396
0.040
-0.052
-0.009
0.191
-0.081
-0.010
0.474

1.000
0.614

1.000
0.474

0.250

0.250

0.350

0.450

0.485

0.491

0.513

0.539
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1.000

Table 4:7 Two-point lod scores for schizophrenia against
D5S20

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DOMS
total
alpha
A-lod

-7.436 -7.195 -5.624 -3.108 -1.807 -0.620 -0.175
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

-6.943 -6.662 -5.002 -2.466 -1.237 -0.247

0.018

DŒ4SS

total
alpha
A-lod

0.100
0.051

0.100
0.051

0.100
0.055

0.150
0.069

0.200
0.080

0.300
0.083

0.500
0.055

-5.728 -5.330 -3.806 -1.782 -0.665

0.202

0.280

0.300
0.238

0.600
0.307

1.000
0.280

-1.810 -1.758 -1.400 -0.625 -0.186

0.112

0.111

DOMSSF
total
alpha
A-lod

0.150
0.126

0.150
0.128

0.150
0.139

0.200
0.185

DOVISSP
total
alpha

0.150

0.150

0.150

0.250

0.400

0.700

1.000

A-lod

0.058

0.059

0.066

0.099

0.129

0.139

0.111
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Table 4:8 Two-point lod scores for schizophrenia against
D5S21

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

oms
total
alpha
A-lod

-0.276 -0.269 -0.205

0.021

0.203

0.338

0.272

0.300
0.200

0.300
0.201

0.300
0.208

0.400
0.241

0.550
0.280

1.000
0.338

1.000
0.272

total

0.797

0.804

0.859

1.016

1.073

0.915

0.562

alpha
A-lod

0.800
0.832

0.800
0.836

0.850
0.872

1.000
1.016

1.000
1.073

1.000
0.915

1.000
0.562

DCM5S

DOyiSSF
total
alpha
A-lod

-4.041 -3.983 -3.536 -2.194 -1.246 -0.340 -0.017
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.300
0.004

total

0.828

0.827

0.822

0.787

0.724

0.548

0.331

alpha
A-lod

0.950
0.829

0.950
0.829

0.950
0.822

1.000
0.787

1.000
0.724

1.000
0.548

1.000
0.331

DOMSSP
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Table 4:9 Two-point lod scores for schizophrenia against
HTRIA
thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-1.570 -1.388 -0.768 -0.099

0.196

0.378

0.291

IXMS
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.150
0.029

0.350
0.396

0.450
0.513

0.600
0.462

0.900
0.292

-0.395 -0.205

0.395

0.913

1.033

0.934

0.619

0.350
0.537

0.400
1.078

0.400
1.455

0.450
1.421

0.600
1.066

0.900
0.623

-0.548 -0.311

0.362

0.950

1.110

1.046

0.732

DQMSS
total
alpha
A-lod

0.350
0.371

DOMSSF
total
alpha

0.150

0.350

0.450

0.550

0.600

0.850

1.000

A-lod

0.024

0.150

0.702

1.172

1.235

1.053

0.732

total

0.512

0.528

0.638

0.791

0.766

0.556

0.305

alpha

1.000

1.000

1.000

1.000

1.000

1.000

1.000

A-lod

0.512

0.528

0.638

0.791

0.766

0.556

0.305

DmSSP
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Table 4:10 Two-point lod scores for schizophrenia
against D5S6

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-8.535 -7.474 -4.772 -2.004 -0.757

0.198

0.327

0.000
0.000

0.800
0.223

1.000
0.327

-9.588 -8.429 -5.369 -1.998 -0.584

0.381

0.433

0.350
0.100

0.800
0.421

1.000
0.433

-9.971 -8.400 -5.128 -1.585 -0.098

0.854

0.751

DQMS
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

omss
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DCKSSF
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.100
0.009

0.500
0.282

1.000
0.854

1.000
0.751

-1.846 -1.748 -1.116

0.013

0.486

0.651

0.454

DOMSSP
total
alpha

0.200

0.200

0.200

0.400

0.750

1.000

1.000

A-lod

0.252

0.254

0.269

0.360

0.506

0.651

0.454
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Table 4:11 Two-point lod scores for schizophrenia
against D5S125

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-2.420 -2.245 -1.509 -0.417

0.145

0.541

0.498

Doyis
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.100
0.005

0.600
0.212

1.000
0.541

1.000
0.498

-1.538 -1.407 -0.796

0.184

0.693

0.930

0.713

DOMSS
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.150
0.026

0.500
0.499

0.650
0.783

1.000
0.930

1.000
0.713

total

0.202

0.381

1.049

1.754

1.913

1.723

1.211

alpha
A-lod

0.650
0.291

0.750
0.434

0.850
1.063

1.000
1.754

1.000
1.913

1.000
1.723

1.000
1.211

-0.231 -0.222 -0.147

0.077

0.214

0.269

0.183

DOMSSF

DOVISSP
total
alpha

0.000

0.000

0.100

0.800

1.000

1.000

1.000

A-lod

0.000

0.000

0.001

0.083

0.214

0.269

0.183
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Table 4:12 Two-point lod scores for schizophrenia
against D5S127

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-12.656 -12.308 -10.006 -5.756 -3.290 -0.813

0.117

DOMS
total
alpha

0.000

0.000

0.000

0.000

0.000

0.000

1.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.117

-15.296 -14.555 -11.276 -5.784 -2.650

0.039

0.721

0.450
0.196

1.000
0.721

-20.550 -19.909 -16.678 -8.890 -4.529 -0.716

0.463

DCMSS
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DCMSSF
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.050
0.000

0.100
0.038

0.300
0.169

1.000
0.463

-3.539 -3.460 -2.949 -1.812 -0.986 -0.147

0.097

DOVISSP
total
alpha

0.100

0.100

0.100

0.150

0.150

0.300

0.800

A-lod

0.130

0.130

0.126

0.114

0.101

0.090

0.100
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Table 4:13 Two-point lod scores for schizophrenia
against D5S78

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-2.119 -1.990 -1.402 -0.506 -0.022

0.325

0.292

0.450
0.168

1.000
0.325

1.000
0.292

-1.048 -1.037 -0.940 -0.514 -0.138

0.210

0.243

0.750
0.228

1.000
0.243

WMS
total
alpha
A-lod

0.150
0.092

0.150
0.092

0.200
0.093

0.250
0.115

DOMSS
total
alpha
A-lod

0.200
0.140

0.200
0.139

0.250
0.134

0.300
0.135

0.400
0.164

DOMSSF
total
alpha
A-lod

-3.869 -3.798 -3.299 -2.126 -1.315 -0.434 -0.080
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

total

0.329

0.333

0.364

0.443

0.462

0.378

0.235

alpha

0.800

0.850

0.900

1.000

1.000

1.000

1.000

A-lod

0.342

0.345

0.368

0.443

0.462

0.378

0.235

DŒSSP
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Table 4:14 Two-point lod scores for schizophrenia
against DHFR
thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DŒIS
total
alpha
A-lod

-2.770 -2.440
0.000
0.000

0.000
0.000

-1.660 -0.919 -0.561 -0.208 -0.048
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSS
total
alpha
A-lod

-3.946 -3.562 -2.718 -1.832 -1.296 -0.620 -0.231
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-7.055 -6.468 -4.918 -3.102 -2.030 -0.863 -0.315
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

-0.319 -0.296 -0.146

0.124

0.222

0.247

0.203

DCMSSP
total
alpha

0.450

0.450

0.500

0.600

0.800

1.000

1.000

A-lod

0.218

0.218

0.220

0.229

0.238

0.247

0.203
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Table 4:14 Two-point lod scores for schizophrenia
against DHFR
thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DOMS
total
alpha
A-lod

-2.770 -2.440 -1.660 -0.919 -0.561 -0.208 -0.048
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSS
total
alpha
A-lod

-3.946 -3.562 -2.718 -1.832 -1.296 -0.620 -0.231
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-7.055 -6.468 -4.918 -3.102 -2.030 -0.863 -0.315
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

-0.319 -0.296 -0.146

0.124

0.222

0.247

0.203

DOMSSP
total
alpha

0.450

0.450

0.500

0.600

0.800

1.000

1.000

A-lod

0.218

0.218

0.220

0.229

0.238

0.247

0.203

138

Figure 4:9 Multipoint analyses of DOMS with new markers

Results of overlapping four-point linkage analyses using
DOMS model. D5S20 is at -29.3; D5S21 is at -8.1; D5S76 is
at 0; D5S6 is at 8.1; D5S125 is at 11.1; D5S39 is at
15.1; D5S127 is at 21.1.
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Figure 4:10 Multipoint analyses of DOMSS with new
markers

Results of overlapping four-point linkage analyses using
DOMSS against D5S20, D5S21, D5S76, D5S6, D5S125, D5S39
and D5S127-
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Figure 4:11 Multipoint analyses of DOMSSF with new
markers

Results of overlapping four-point linkage analyses using
DOMSS against D5S20, D5S21, D5S76, D5S6, D5S125, D5S39
and D5S127.
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Figure 4:12 Multipoint analyses of DOMSSP with new
markers

Results of overlapping four-point linkage analyses using
DOMSS against D5S20, D5S21, D5S76, D5S6, D5S125, D5S39
and D5S127.
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Figure 4:13 Combining two-point lod scores with FASTMAP
All the two-point lod scores for the markers used in the
overlapping multipoint analyses are combined
simultaneously by the FASTMAP program to provide a quick
estimate of the multipoint lod score for each disease
model.
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Figure 4:14 Multipoint analyses of DOMSS by family

Results for individual families of overlapping four-point
linkage analyses using DOMSS against D5S20, D5S21, D5S76,
D5S6, D5S125, D5S39 and D5S127. Although these results
overlap considerably and cannot be distinguished, it is
clear that only one family produces any notably positive
lod score. This is F41, which yields a maximum lod of 2.4
at -3 cM relative to D5S76.
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4:2.4 Linkage analysis in new sets of pedigrees

Linkage analyses were also carried out in the two newer
cohorts: a group of 6 Icelandic pedigrees and a group of
10 British pedigrees. The Icelandic pedigrees are shown
in figure 4:15 and the English pedigrees in figure
4:16.
In the second cohort of Icelandic pedigrees multipoint
linkage analyses were carried out with markers at D5S21,
D5S76, D5S6, D5S125, D5S39 and D5S127, and additional
two-point analyses were carried out with HTRIA. The
results of two-point linkage analyses produced with these
markers are shown in tables 4:15, 4:16, 4:17, 4:18,
4:19, 4:20, and 4:21. The multipoint analyses for each
model are shown in figures 4:17, 4:18, 4:19, and
4:20.
In the cohort of British pedigrees multipoint linkage
analyses were carried out with markers at D5S21, D5S76,
D5S6 and D5S39, and additional two-point analyses were
carried out with HTRIA and D5S78. The results of twopoint linkage analyses produced with these markers are
are shown in tables 4:22, 4:23, 4:24, 4:25, 4:26,
and 4:27. The multipoint analyses for each model are
shown in figures 4:21, 4:22, 4:23, and 4:24.
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Figure 4:15 Second cohort of Icelandic pedigrees

The pedigrees are shown with the genotypes detected at
D5S21, HTRIA, D5S76, D5S6, D5S125, D5S39 and D5S127.
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Figure 4:16 Cohort of British pedigrees

The pedigrees are shown with the genotypes detected at
D5S21, HTRIA, D5S76, D5S6, D5S39 and D5S78.
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Figure 4:16 (continued)
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Figure 4:16 (continued)
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Table 4:15 Two-point lod scores in second cohort against
D5S21

thêta

0.000

total

-0.490 -0.484 -0.433 -0.278 -0.169 -0.063 -0.020

alpha
A-lod

0.000
0.000

0.001

0.000
0.000

0.010

0.000
0.000

0.050

0.000
0.000

0.100

0.000
0.000

0.200

0.000
0.000

0.300

0.000
0.000

DCMSS
total
alpha
A-lod

-0.745 -0.731 -0.624 -0.359 -0.205 -0.071 -0.022
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-2.550 -2.518 -2.280
0.000
0.000

0.000
0.000

-1.663 -1.223 -0.705 -0.389

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

-0.011 -0.010 -0.006

0.009

0.019

0.020

0.012

DŒGSP
total
alpha

0.350

0.350

0.400

0.750

1.000

1.000

1.000

A-lod

0.004

0.004

0.005

0.010

0.019

0.020

0.012
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Table 4:16 Two-point lod scores in second cohort against
HTRIA

thêta

0.000

0.001

0.010

0.050

total

0.296

0.295

0.286

0.249

alpha
A-lod

1.000
0.296

1.000
0.295

1.000
0.286

total

0.360

0.359

alpha
A-lod

1.000
0.360

total
alpha
A-lod

0.100

0.200

0.300

0.205

0.124

0.059

1.000
0.249

1.000
0.205

1.000
0.124

1.000
0.059

0.349

0.304

0.249

0.150

0.070

1.000
0.359

1.000
0.349

1.000
0.304

1.000
0.249

1.000
0.150

1.000
0.070

0.282

0.282

0.279

0.261

0.229

0.150

0.074

1.000
0.282

1.000
0.282

1.000
0.279

1.000
0.261

1.000
0.229

1.000
0.150

1.000
0.074

total

0.492

0.490

0.476

0.412

0.337

0.201

0.094

alpha

1.000

1.000

1.000

1.000

1.000

1.000

1.000

A-lod

0.492

0.490

0.476

0.412

0.337

0.201

0.094

DOMS

DŒSS

DOyiSSF

DOMSSP
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Table 4:17 Two-point lod scores in second cohort against
D5S76

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

IXMS
total
alpha
A-lod

-5.450 -5.421 -5.084
0.000
0.000

0.000
0.000

0.000
0.000

-3.548 -2.324 -0.997 -0.356
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSS
total
alpha
A-lod

-9.213 -9.031
0.000
0.000

0.000
0.000

-7.913 -5.320 -3.601 -1.662 -0.634
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-15.260 -14.780 -12.321 -7.399 -4.631 -1.893 -0.632
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DQMSSP
total

-2.868 -2.820 -2.486 -1.735 -1.237 -0.650 -0.318

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Table 4:18 T\Krpoint lod scores in second cohort against D5S6
theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-1.103 -0.390

0.174

0.284

1.000
0.174

1.000
0.284

-5.517 -2.667 -1.416 -0.359

0.037

DCMS
total
alpha
A-lod

-3.665 -3.478 -2.535
0.000
0.000

0.000
0.000

total

-8.771

-8.056

alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DCMSS

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.750
0.042

-8.604 -6.097 -2.718 -1.272 -0.166

0.157

DOMSSF
total

-8.930

alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

1.000
0.157

DOMSSP
total

-3.858

-3.797 -3.349 -2.251 -1.507 -0.687 -0.270

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Table 4:19 l\#o^point lod scores in second cohort against D5S125
theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DOMS
total
alpha
A-lod

-1.491 -1.472
0.000
0.000

0.000
0.000

-1.323 -0.898 -0.589 -0.249 -0.088
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSS
total
alpha
A-lod

-3.487 -3.450 -3.156 -2.279 -1.598 -0.777 -0.317
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-4.015 -3.999
0.000
0.000

0.000
0.000

-3.817 -2.778 -1.834 -0.773 -0.265
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSP
total

-2.070 -2.032 -1.762

-1.117 -0.719 -0.318 -0.123

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Table 4:20 Two-point lod scores in second cohort against
D5S39

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DOMS
total
alpha
A-lod

-5.283 -5.087 -4.331 -2.979 -1.932 -0.746 -0.200
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

Doyiss
total
alpha
A-lod

-11.868 -11.453
0.000
0.000

0.000
0.000

-9.612 -6.488 -4.395 -1.978 -0.722
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-18.346 -17.780 -15.173 -10.517 -7.232 -3.371 -1.329
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DCMSSP
total

-5.376 -5.261

-4.443 -2.627 -1.541 -0.480 -0.057

alpha

0.000

0.000

0.000

0.000

0.000

0.100

0.350

A-lod

0.000

0.000

0.000

0.000

0.000

0.005

0.037
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Table 4:21 Two-point lod scores in second cohort against
D5S127

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DŒS
total
alpha
A-lod

-3.336 -3.324 -3.205
0.000
0.000

0.000
0.000

0.000
0.000

-2.583 -1.833 -0.785 -0.262
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSS
total
alpha
A-lod

-10.389 -9.846 -7.670 -4.583 -2.836 -1.128 -0.387
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-15.090 -14.332 -12.036 -8.468 -5.871 -2.692 -1.036
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSP
total

-3.611 -3.534 -2.992 -1.794 -1.063 -0.374 -0.145

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Table 4:22 Two-point lod scores in English cohort
against D5S21

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

total

0.450

0.471

0.613

0.877

0.942

0.790

0.478

alpha
A-lod

0.600
0.632

0.600
0.637

0.700
0.685

1.000
0.877

1.000
0.942

1.000
0.790

1.000
0.478

total

1.000

1.019

1.149

1.357

1.354

1.066

0.624

alpha
A-lod

0.750
1.074

0.750
1.082

0.900
1.158

1.000
1.357

1.000
1.354

1.000
1.066

1.000
0.624

-1.755 -1.642 -1.158 -0.568 -0.297 -0.065

0.006

Doyis

DOyiSS

DOyiSSF
total
alpha

0.200

0.200

0.200

0.200

0.200

0.300

0.550

A-lod

0.049

0.049

0.047

0.038

0.030

0.019

0.013

total

0.093

0.104

0.184

0.363

0.421

0.348

0.194

alpha
A-lod

0.600
0.304

0.600
0.306

0.650
0.317

0.850
0.371

1.000
0.421

1.000
0.348

1.000
0.194

DmSSP
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Table 4:23 Two-point lod scores in English cohort
against HTRIA

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

EOyiS
total
alpha
A-lod

-1.653 -1.630 -1.445 -0.910 -0.544 -0.198 -0.063
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DŒSS
total
alpha
A-lod

-1.698 -1.676 -1.500 -0.983 -0.615 -0.242 -0.082
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DCX1SSF
total
alpha
A-lod

-0.372 -0.372 -0.370 -0.339 -0.271 -0.132 -0.044
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DŒISSP
total

-1.110 -1.092 -0.949 -0.581 -0.348 -0.128 -0.040

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Table 4:24 Two-point lod scores in English cohort
against D5S76

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DOVIS
total
alpha
A-lod

-4.209 -3.964 -3.036 -1.774 -1.103 -0.461 -0.189
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

omss
total
alpha
A-lod

-6.144 -5.775 -4.346 -2.465 -1.511 -0.624 -0.250
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total

-10.772 -10.382

-8.537 -4.995 -3.066 -1.237 -0.388

alpha

0.050

0.050

0.100

0.100

0.100

0.100

0.150

A-lod

0.065

0.065

0.068

0.076

0.073

0.050

0.028

-0.817 -0.300

0.049

0.106

DOMSSP
total

-2.583 -2.496 -1.918

alpha

0.100

0.100

0.100

0.150

0.250

0.650

1.000

A-lod

0.014

0.014

0.016

0.023

0.035

0.070

0.106
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Table 4:25 Two-point lod scores in English cohort
against D5S6

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DOMS
total
alpha
A-lod

-3.128 -2.974 -2.224 -1.121 -0.577 -0.112
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.037

0.000
0.000

0.000
0.000

1.000
0.037

-2.698 -2.536 -1.769 -0.694 -0.206

0.135

0.164

DOMSS
total
alpha
A-lod

0.100
0.013

0.100
0.013

0.100
0.015

0.150
0.025

0.300
0.048

1.000
0.135

1.000
0.164

-2.526 -2.220 -1.134

-0.083

0.249

0.357

0.252

0.400
0.095

0.900
0.251

1.000
0.357

1.000
0.252

-1.427 -0.659 -0.245

0.058

0.109

DOMSSF
total
alpha
A-lod

0.050
0.004

0.050
0.005

0.100
0.013

DCHSSP
total

-1.810 -1.764

alpha

0.000

0.000

0.000

0.000

0.100

0.900

1.000

A-lod

0.000

0.000

0.000

0.000

0.002

0.059

0.109
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Table 4:26 Two-point lod scores in English cohort
against D5S39

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-1.708 -1.634 -1.186 -0.346

0.077

0.314

0.240

0.650
0.183

1.000
0.314

1.000
0.240

DOMS
total
alpha
A-lod

0.300
0.071

0.300
0.072

0.300
0.080

-5.815 -5.547

-4.193

0.450
0.119

DOMSS
total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

-2.165 -1.166 -0.322 -0.043
0.000
0.000

0.000
0.000

0.000
0.000

0.100
0.000

DOMSSF
total
alpha
A-lod

-13.137 -12.683 -10.358
0.000
0.000

0.000
0.000

-5.888 -3.544 -1.472 -0.522

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

-2.233 -2.134 -1.464

-0.173

0.394

0.653

0.530

Dmssp
total
alpha

0.300

0.300

0.300

0.450

0.600

1.000

1.000

A-lod

0.467

0.468

0.472

0.499

0.545

0.653

0.530
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Table 4:27 Two-point lod scores in English cohort
against D5S78

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

DQMS
total

-2.790 -2.695 -2.221 -1.405 -0.872 -0.327 -0.099

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000

Doyiss
total
alpha
A-lod

-2.949 -2.846 -2.345 -1.488 -0.921 -0.345 -0.105
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-4.687 -4.507
0.000
0.000

0.000
0.000

-3.627 -2.154 -1.346 -0.599 -0.263
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSSP
total

-1.363 -1.329 -1.100 -0.627 -0.362 -0.124 -0.034

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Figure 4:17 Multipoint analyses of DOMS in second cohort

Results of overlapping four-point linkage analyses using
DOMS model in the second cohort of Icelandic families.
D5S21 is at -8.1; D5S76 is at 0; D5S6 is at 8.1; D5S125
is at 11.1; D5S39 is at 15.1; D5S127 is at 21.1.
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Figure 4:18 Multipoint analyses of DOMSS in second
cohort

Results of overlapping four-point linkage analyses using
DOMSS model in the second cohort of Icelandic families
with D5S21, D5S76, D5S6, D5S125, D5S39 and D5S127.
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Figure 4:19 Multipoint analyses of DOMSSF in second
cohort

Results of overlapping four-point linkage analyses using
DOMSSF model in the second cohort of Icelandic families
with D5S21, D5S76, D5S6, D5S125, D5S39 and D5S127.
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Figure 4:20 Multipoint analyses of DOMSSP in second
cohort

Results of overlapping four-point linkage analyses using
DOMSSP model in the second cohort of Icelandic families
with D5S21, D5S76, D5S6, D5S125, D5S39 and D5S127.
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Figure 4:21 Multipoint analyses of DOMS in British
cohort

Results of three-point linkage analyses using DOMS model
in the cohort of British families. The central section of
each analysis is used except for the analyses at either
end. D5S21 is at -8.1; D5S76 is at 0; D5S6 is at 8.1 and
D5S39 is at 15.1.
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Figure 4:22 Multipoint analyses of DOMSS in British
cohort

Results of three-point linkage analyses using DOMSS model
in the cohort of British families with D5S21, D5S76, D5S6
and D5S39.
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Figure 4:23 Multipoint analyses of DOMSSF in British
cohort

Results of three-point linkage analyses using DOMSSF
model in the cohort of British families with D5S21,
D5S76, D5S6 and D5S39.
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Figure 4:24 Multipoint analyses of DOMSSP in British
cohort

Results of three-point linkage analyses using DOMSSP
model in the cohort of British families with D5S21,
D5S76, D5S6 and D5S39.
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4:2-5 Implications of results with chromosome 5 markers

Overall the results obtained from linkage analysis of
schizophrenia against the markers used are negative and
provide strong evidence^the hypothesis that all families \ 3
segregate a liability locus in this region. The question
remains as to whether a subset of families might be
linked, and of course it is not possible to demonstrate
that no families are linked. However we can say that the
evidence in favour of linkage is now negligible, really
comprising only of a lod score of 2.4 in one of the
families (F41) using one of the models (DOMSS). A
positive lod score of this magnitude can easily occur by
chance. Since this region has now been extensively
studied in numerous other pedigrees world wide without
any evidence for linkage being found (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) the most plausible conclusion
is that there is no real support for the hypothesis that
mutations in this region account for even a proportion of
cases of schizophrenia.
It seems then that the original finding of linkage
between the pl05-599Ha and pl05-153Ra RFLPs and
schizophrenia should now be regarded as a false positive.
It is interesting to note that the original lod scores
were of a magnitude which would seem to be highly
unlikely to occur by chance, even bearing in mind that a
number of different disease models were tested. This view
is supported both by theoretical considerations and by
simulation studies performed on the original data which
suggested that the observed maximum lod score of 6.5
should be probably regarded as being equivalent to a
"real" lod score of at least 5.0 (Weeks et al, 1990). In
the subsequent investigation reported here, this maximum
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lod across models was reduced to 4.3 (occurring in the
DOMSS model) by obtaining information from additional
subjects, updating diagnoses and correcting three
genotyping errors, and was then further reduced to 2.4
(again for DOMSS) by typing additional, more informative
markers. However no influences which could have
systematically inflated the original lod score were
detected, and it does seem that this must have arisen as
a chance exaggeration of the "true" lod score of 2.4,
itself arising from a partial cosegregation between
disease and this part of the genome in these seven
families, again occurring by chance. That the original
lod score of 6.5 does seem to have occurred by chance
suggests that it might be advisable to carry out further
investigations into the "significance" of lod scores
obtained in the analysis of complex diseases.

4:3. Linkage analysis with chromosome 11 markers
In order to investigate the hypothesis that a
susceptibility locus predisposing to schizophrenia might
be present on the long arm of chromosome 11 in the region
of the breakpoint reported by St Clair et al (1990),
linkage analysis was carried out with three markers.
These consisted of pMSSl, a VNTR at D11S97, and
microsatellite polymorphisms at D11S35 and at DRD2. DRD2
is the gene for the type 2 dopamine receptor, a strong
candidate gene for schizophrenia.
For these linkage analyses the transmission model
parameters for the different models were altered to
provide a more plausible (though still somewhat
arbitrary) estimate of the probability for a subject
without the disease gene to be classified as affected.
This probability was set to 0.005 for DOMS, 0.01 for
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DOMSS and 0.05 for DOMSSF. The gene frequency and
penetrance values were the same as for the chromosome 5
study. The "penetrance free" DOMSSP model was not used.
The results of two-point analyses for each
each marker are shown in tables 4:28, 4:29
The approximate multipoint map obtained by
these two-points using the FASTMAP program

model with
and 4:30.
combining
are shown in

figures 4:25, 4:26 and 4:27. The exclusion maps
obtained are very similar for the three affection models.
The total lod scores are strongly negative and adjusting
the lod score to allow for the possibility of
heterogeneity does not produce any significantly positive
lod scores. Inspection of the lod scores by family as
shown in the figures does not suggest that there is a
group of families which show linkage to these markers.
These results were so uniformly negative that there
seemed to be no justification for performing a full fourpoint analysis with LINKMAP. Preliminary attempts proved
that this would be extremely costly in terms of the
computer time required and it does not seem plausible
that the results obtained could lead to any substantially
different conclusion. These results then provide no
support for the hypothesis that a locus for schizophrenia
exists in this region, and provide evidence against the
hypothesis that such a locus is responsible for the
observed cases in a significant proportion of these
families. The region excluded extends over a distance of
about 70 CM, and includes the site of the translocation
and the genes for the type 2 dopamine receptor and
tyrosinase.
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Table 4:28 Two-point lod scores in all families against
D11S97

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

Dcm
total
alpha
A-lod

-19.195 -18.415 -14.827 -9.201 -5.924 -2.417 -0.750
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DOMSS
total
alpha
A-lod

-17.631 -17.076 -14.252 -8.479 -5.028 -1.704 -0.401
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

DCMSSF
total
alpha
A-lod

-15.620 -15.457 -14.128 -9.914 -6.540 -2.696 -0.884
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000
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0.000
0.000

0.000
0.000

0.000
0.000

Table 4:29 Two-point lod scores in all families against
D11S35

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-20.194 -19.153 -15.899

-9.754

-5.883 -2.022 -0.471

Doyis

total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.050
0.014

0.150
0.019

-18.175 -17.611 -14.760 -8.776 -4.950 -1.255

0.032

DŒISS

total
alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.050
0.002

0.150
0.070

0.500
0.163

DOMSSF

total

-17.305 -17.133 -15.699 -10.883 -6.868 -2.337 -0.373

alpha

0.000

0.000

0.000

0.000

0.000

0.100

0.250

A-lod

0.000

0.000

0.000

0.000

0.000

0.076

0.113
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Table 4:30 Two-point lod scores in all families against
DRD2

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

D(MS
total
alpha
A-lod

-9.432 -8.775 -6.829 -3.872 -2.223 -0.662 -0.074
0.050
0.003

0.050
0.003

0.050
0.003

0.050
0.001

0.050
0.002

0.050
0.006

0.300
0.017

DOyiSS
total
alpha
A-lod

-11.193 -10.864 -9.098 -5.509
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

-3.277 -1.091 -0.238
0.000
0.000

0.000
0.000

0.000
0.000

DOMSSF
total
alpha
A-lod

-6.154 -6.113 -5.747 -4.285 -2.832 -1.033 -0.230
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000
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0.000
0.000

0.000
0.000

0.000
0.000

Figure 4:25 FASTMAP analysis of DOMS with Cllq markers

Results of combining two-point analyses using the FASTMAP
program to produce an estimate of the multipoint lod
score. Results are shown by family together with the
total lod obtained by summing over families. D11S97 is at
-42 CM, D11S35 is at -9 cM and DRD2 is at 0 cM.
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Figure 4:26 FASTMAP analysis of DOMSS with Cllq markers

Estimates of the multipoint lod scores obtained with
FASTMAP for DOMSS, by family and totalled across
families, with D11S97, D11S35 and DRD2.
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Figure 4:27 FASTMAP analysis of DOMSSF with Cllq markers

Estimates of the multipoint lod scores obtained with
FASTMAP for DOMSSF, by family and totalled across
families, with D11S97, D11S35 and DRD2.
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Chapter 5: Use of quantitative variable for multiple
affection categories
This chapter discusses the theoretical advantages of
being able to code a number of affection categories
differentially. A method of doing this is described which
allows an indefinite number of categories to be used with
the LINKAGE programs. The results of applying the new
technique to simulated data are then presented.
5:1. Introduction
The linkage analysis of complex traits which do not
demonstrate clear Mendelian inheritance presents several
difficulties. For many diseases which appear to be
incompletely penetrant there are no diagnostic tests
which can conclusively decide whether or not a particular
subject has the disease. The problem then arises as to
which individuals in a family should be classed as being
affected. Generally there will be some subjects who
exhibit clear features of the illness about whom there is
little doubt, but there will be others related to them
who seem to have less severe pathology which may or may
not represent a variant expression of the same abnormal
genotype. If they are omitted from the analysis and
classed as unaffected then the penetrance of the disease
locus must be set lower accordingly. The power of the
analysis to detect or exclude linkage will then be
reduced. On the other hand if all mild cases are included
as affected then there is a risk of including many nongenetic phenocopies which will inflate the recombination
rate and may produce false negative linkage results. If
the phenocopy rate is set high to allow for this
contingency then the power of the analysis will again be
reduced.
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In such cases it is common practice to repeat a linkage
analysis several times under a variety of assumptions,
using different criteria each time to define which
phenotypes are to be taken as representing affection.
This allows the investigator to see the effect on the lod
score of altering these criteria, but much of the
information contained in the pedigree is still lost and
the analysis is not as powerful as it could be. When the
diagnostic categories are broadened so that even people
with mild pathology are classed as affected then the
phenocopy rate must be set relatively high for the
analysis to be valid. However this uniformly high rate is
then taken to apply to all cases, even the most severe or
characteristic ones which the investigator may believe to
be almost certain to reflect the action of the disease
gene. All the information about which cases are more
likely to be genetic and which more likely to be
phenocopies is lost. An additional problem is that
repeating the analysis with different diagnostic
categories introduces extra degrees of freedom and
therefore it is more difficult to interpret the
significance of any lod score obtained. If the
conventional level of 3.0 is taken as providing evidence
for linkage then the number of false positive findings is
likely to be increased, but there is debate about
precisely what level would be most appropriate under
these circumstances.
It is shown below that for fully dominant or recessive
models it is straightforward to assign different
penetrance and phenocopy rates to any number of different
diagnostic categories and then to assign a dummy
quantitative value to subjects falling into each of these
categories. Linkage analysis can then be performed just
once on the quantitative variable with no loss of
information. An example application of this technique is
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presented in the analysis of simulated pedigrees in which
an autosomal dominant gene predisposing to manic
depression is segregating.

5:2. Method of deriving quantitative value
The LINKAGE package (Lathrop et al, 1985) allows
information about a locus to be entered as marker data
(usually codominant alleles), affection status or as a
quantitative trait. Usually information about a disease
is coded as an affection status, and each individual may
be coded as either affected, unaffected or of unknown
status. The disease locus is taken to be a diallelic
system and is characterised by the frequency of the
disease allele and (for each of a number of liability
classes) the probability of observing an individual to be
affected conditional on each of the three possible
genotypes. For a fully recessive disease these
probabilities will be equal for normal homozygotes and
heterozygotes, while for a fully dominant disease the
probability of affection for a heterozygote will be the
same as for individuals homozygous for the disease
allele. The probability of affection in the presence of
an abnormal genotype is frequently referred to as the
penetrance, although a more strict
usage ofthe term
would be to say that each genotype
has its own
penetrance, which is simply the probability of affection
conditional on that genotype. Similarly the probability
of observing affection in the presence of a normal
genotype is sometimes termed the phenocopy rate.
However, it is helpful to bear in mind that for the
purposes of linkage analysis the effect of the disease
locus is specified entirely in terms of the probabilities
of observing a certain phenotype conditional on a certain

183

genotype. If we wish to deal with a number of diagnostic
categories then we would like to be able to specify the
probabilities of observing each category conditional on
each genotype. However coding affection status allows us
only to use two categories, affected and unaffected, with
probabilities of affection pAA, pAa and paa respectively
for the normal homozygote, heterozygote and disease
allele homozygote. The probabilities of non-affection are
then implicitly (1-pAA), (1-pAa) and (1-paa). Instead we
would like to be able to define pAA^, pAa^ and paa^,
i = l...n for each of n categories (where the nth
category would represent non-affection, or normal
phenotype).
Because the lod score method of linkage analysis depends
on the ratio of likelihoods between alternative genetic
hypotheses rather than on the actual likelihoods
themselves, it can be shown that the result of such
analysis depends only on the ratios of the above
probabilities for each diagnostic category, that is on
pAAi : pAai : paai for each i = l...n. The task of using
quantitative values to represent different diagnostic
categories then becomes simply a matter of choosing for
each category a value that will produce the desired ratio
of probabilities conditional on each genotype.
The procedure is greatly simplified if attention is
restricted to models which are either fully dominant or
fully recessive, so that either pAa^ = paa^ or
pAai = pAAi for every diagnostic category. Then the task
is to produce correct values for paai/pAA^. In the
LINKAGE package a single quantitative trait is described
by the mean for each genotype, the variance, and a
multiplier for the heterozygote variance (which can be
set to 1 to produce equal variances for each genotype).
The LINKAGE programs use the Gaussian distribution
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function as a probability generator to produce a
likelihood for observing a given quantitative value
conditional on an underlying genotype. This means that if
we denote the homozygote means as m;^ and m^a/ the
standard deviation as s, and the value of the
quantitative variable as q then we have the following
probability functions:

[q-mAA]/s)2
e
4AA(q) =
/ ( 2 tt)

- h i [q-maaJ/s)2

e
*aa(q) =
/( 2ti)
or, taking d = (n^aa“"^AA^/s :
- h i [q-m;^]/s-d) 2

e
*aa(q) =
/( 2 tt)

The ratio of the two functions is then:
[q-m ^A ^/s )^

[q-mAA^/s-d)2

*aa(q)/*AA(q)
and it is straightforward to derive q as a function of
the desired ratio of probabilities:
q = m A A +s(ln(*aa(q)/*A A (q))/d+d/2)
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The procedure for coding a diagnostic category as a
quantitative variable is then simply to assign the
desired pAA and paa to each category (including
unaffected), and then to substitute this ratio in the
above formula:
qi = m A A + s ( l n ( p a a i / p A A i ) / d + d / 2 )

Each subject diagnosed as falling into category i will
then be coded as measuring q^ on the quantitative trait.
Of course, the values chosen for the means and variance
are arbitrary, although it is sensible to make these
distant from zero so that zero can be used to code for
subjects of unknown diagnosis, and setting the variance
to 1 simplifies the calculations. The value of d (the
displacement between the two means) should also be
arbitrary, but in practice round-off errors make it
desirable to choose a value that is relatively large, and
a value of 3 seems to work well. If it is desired to use
liability classes, then the procedure can be repeated for
each pair of pAA and paa in each liability class.

5:3. Worked example
Manic depression is a good example of an illness in which
difficulties in defining phenotype make linkage analysis
problematic. Full-blown bipolar affective illness is
relatively rare while unipolar depression is rather
common. The incidence of unipolar depression is increased
in the relatives of bipolar probands, and most
researchers consider that such cases are likely to
represent less extreme expressions of the same abnormal
genotype. However the bulk of cases of unipolar
depression in the general population are probably not
genetically related and so it is likely that in a given

186

pedigree a number of the unipolar cases observed should
be classed as non-genetic phenocopies.
To test the performance of the proposed method of
analysis a number of simulated pedigrees were first
produced. It was assumed that there was an autosomal
dominant disease allele with frequency of 0.007 which
exerted an effect such that people inheriting the allele
would have a probability of developing bipolar illness of
0.4, and of developing either unipolar or bipolar
disorder of 0.7. People without the disease allele would
have a probability of developing bipolar illness of 0.01,
and either unipolar or bipolar illness of 0.1. A
diallelic marker at zero recombination with the disease
locus was also simulated, each marker allele having a
frequency of 0.5. Five different pedigree structures were
used (similar to the actual pedigrees used in subsequent
linkage analyses) and the simulated disease phenotypes
and marker alleles were added to these ten times to
produce ten sets of data. Each simulated data set was
then analysed using conventional linkage analysis with
the heterozygote penetrance taking values from 0.1 to 0.9
in intervals of 0.1, and the normal homozygote penetrance
taking the values 0.005, 0.01, 0.05, 0.1, 0.15 and 0.2.
All these analyses were performed twice, the first time
including only bipolar cases as affected and the second
time including both bipolar and unipolar cases. Each data
set was then analysed once only using a dummy
quantitative variable to indicate diagnostic category.
The normal homozygote mean m^A was set to 10 and the
abnormal homozygote m^a to 13. The variance v was set to
1, making d, the displacement between the means, equal to
3. Table 5:1 shows how the formula shown above was used
to produce quantitative values which would be equivalent
to the desired penetrance and phenocopy rate for each
category. These parameters were set to be the same as
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those used to produce the simulated data, and produced
quantitative values of 12.730 for bipolar illness, 11.901
for unipolar illness and 11.134 for normal phenotype.
These values were then substituted in the pedigrees and
used instead of the affection data.
The lod scores produced from the conventional analyses
were compared with those produced by the new technique,
and are summarised in table 5:2. This shows that the lod
scores produced by the quantitative method were on
average higher than any of the scores produced by using
affection status. Using a paired t test, the scores for
the quantitative method were significantly higher than
any of the scores obtained when only bipolar cases were
considered (p < 0.001) and were also significantly higher
than the scores where unipolar cases were included if the
penetrance and phenocopy rate were constrained to 0.7 and
0.1 (p < 0.005). Another point of interest is that the
maximum lod scores were found at small recombination
fractions (0.01 or less) when the quantitative values or
only bipolar cases were used. However when unipolar cases
were included the maximum lod score occurred at a
recombination fraction of 0.05 in two of the ten data
sets and at 0.1 in one other.
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Table 5:1 Assigning quantitative values to affection
classes
Deriving a dummy quantitative value q from desired values
for the penetrance (paa) and phenocopy rate (pAA) for
each disease category. m^A = 10, m^a = 13, v = 1, s = 1,
d = 3
Disease
category

paa

pAA

Bipolar
Unipolar
Normal

0.4

0.01
0.09
0.9

0.3
0.3

pAA/paa

40.0
3.33
0.333
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q =
mAA+s(In(paa/pAA)/d+d/2)
12.730
11.901
11.134

Table 5:2 Lod scores produced by different coding
methods
Maximum lod score from linkage analysis of affective
illness with a marker locus at zero recombination: ten
data sets studied
Mean
Bipolar cases,
paa = 0.4, pAA = 0.03^6.24
Bipolar cases,
any paa and pAA

6.71

S .D
2.51

2.50

All cases,
paa = 0.7, pAA = 0.^7.98

2.83

All cases,
any paa and pAA

9.01

3.66

Quantitive variable
used

9.55

3.13
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5:4. Discussion

In theory a linkage analysis which can consider
independent information about a number of different
disease categories should be more powerful than one in
which only two categories, affected and unaffected, can
be used. The results of the analysis of the simulated
data seem to confirm this, since the pseudo-quantitative
analysis produces higher lod scores indicating an
increased sensitivity as demonstrated by the ability to
produce a true positive linkage result. The advantage was
non-significant when compared with the values obtained
from including unipolar illness and maximising over all
possible values of penetrance and phenocopy rate. However
the introduction of these two additional degrees of
freedom would reduce the significance of any lod score
obtained by the latter method. It was also noticeable
that in three of the ten analyses the conventional method
produced inflated estimates of the recombination fraction
when the unipolar cases were included as affected, while
the pseudo-quantitative method did not. Although such an
over-estimation of the recombination fraction may not be
critical in a two-point analysis, when multipoint
analysis is performed this can translate into a spurious
exclusion of an actual disease locus, as noted by Risch
and Giuffra (1990). This observation underlines the
principle that in linkage analysis it is important to
specify the mode of transmission as accurately as
possible for the results to be valid.
It is difficult to demonstrate in practice that the
pseudo-quantitative technique would also perform well in
terms of having power to exclude linkage when none was
present, since it is always possible to produce a
negative lod score by misspecifying model parameters.
However the theoretical argument that this approach is
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valid, indeed even preferred, seems self-evident. Ott
(1990a) has advocated using a scheme in which the
phenotype can vary gradually from "known affected" to
"known unaffected", using alcoholism as an example
disease. Potentially this could allow the effects of
different risk factors and different indicators of
affection to all be included into a linkage analysis. At
minimum it becomes possible for researchers to
legitimately incorporate data from fringe phenotypes with
a realistic phenocopy rate without incurring any penalty
in terms of loss of power.
If multiple models are tested then the statistical
significance of the maximum positive lod score obtained
is reduced. Because the pseudo-quantitative analysis
allows greater flexibility in the models which can be
tested there is a potential danger that multiple
applications might generate spurious positive lod scores
more frequently than the conventional approach. It should
be stressed that this problem only relates to the
situation when multiple models are tested. If only one
analysis is performed (as in the example above) then the
conventional lod score of 3 may be taken to be suggestive
of linkage. In fact, such an analysis is more robust than
the (regrettably now typical) situation in which multiple
analyses with different disease definitions are performed
and the one giving the highest lod score is taken as
indicative of the evidence in favour of linkage.
The interpretation of a lod score obtained following
multiple testing is still unclear and has been debated
recently. Green (1990) suggested that an appropriate
correction could be made to the conventional criterion of
3 based on the number of disease phenotype
classifications, while in the same discussion Ott (1990b)
claimed that the correct threshold is hard to define and
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suggested performing a computer simulation to produce an
empirical measure of the actual false positive rate for a
given set of pedigrees and a given group of diagnostic
schemes. Weeks et al (1990) have implemented such a
procedure and measured the inflation of the lod score by
maximisation over both disease specification and
penetrance (both of which may be freely varied using the
pseudo-quantitative method described above). To provide a
concrete example of the magnitude of such an effect on
the lod score, they found that in 6 pedigrees apparently
segregating a dominant gene for schizophrenia and related
illnesses (Sherrington et al, 1988) maximising the lod
score over three different disease models and a range of
penetrances could result in the "inflation" of a lod
score of 3 by between 0.3 and 1.0. If testing of multiple
models is performed, then the most crucial safeguard
against misinterpretation of the resultant lod score is
that the investigator must report the full range of
models which have been tested.
Thus although the use of a dummy quantitative variable
can provide the investigator with important advantages in
terms of a more precisely defined disease model, it is
important to be aware that indiscriminately testing a
large number of models for evidence of linkage may lead
to more frequent positive lod scores occurring by chance.
On the other hand, if the investigator is prepared to
settle on just one model and perform analyses on that, he
or she can forgo the degree of freedom which narrowing
and widening the affection category usually entails and
the significance of the lod score obtained would then be
increased. An additional advantage would be that analyses
which are computationally intensive need not be repeated
using different affection categories, thereby economising
on computer time.
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The usefulness of this technique may depend on whether or
not an investigator has a clear idea of the best
parameters to use in the transmission model. The example
above clearly represents an artificial ideal situation in
which these are known in advance. In practice one might
be able to estimate reasonable values from segregation
analyses and epidemiological data, and it seems likely
that even approximations to the true values could provide
a useful advantage over the use of affection data. The
technique is certainly simple to apply, and provides the
benefit of giving the investigator the freedom to
investigate the model which seems most appropriate. By
utilising clinical information to the full the power to
detect or exclude linkage is maximised, as is the power
to accurately map disease loci.

194

Chapter 6: The manic depression pedigrees

The pedigrees used for linkage analysis of manic
depression are described. An account is given of the
segregation analysis used to construct a plausible
transmission model for affective illness in these
pedigrees.
6:1. Introduction
Although there is good evidence for there being some role
for genetic factors in the aetiology of manic depression
(McGuffin and Katz, 1989), the exact nature of these
factors remains unknown. The strongest evidence for
genetic linkage to a particular region exists for markers
on the long arm of the X chromosome (Winokur et al, 1969,
Del Zompo et al, 1984, Mendlewicz and Fleiss, 1974,
Baron, 1977, Mendlewicz et al, 1980, Mendlewicz et al,
1987, Baron et al, 1987) although other workers have
failed to replicate these findings (Berrettini et al,
1990). A report of linkage to markers on the short arm of
chromosome 11 in an Amish pedigree (Egeland et al, 1987)
could not be replicated (Hodgkinson et al, 1987, Detera
Wadleigh et al, 1987), and further investigation of the
original pedigree resulted in a dramatic loss of support
for the original findings (Kelsoe et al, 1989).
One reason for the problematic nature of the application
of genetic linkage analysis to manic depression (and
other psychiatric illnesses) is that the mode of
transmission is not clearly defined. It is not even known
whether genetic effects on the liability of developing
manic depression result from polygenic mechanisms or
whether in at least some cases single genes can exert a
major effect, the latter being a prerequisite for the
successful application of classical methods of linkage
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analysis. Although some segregation analyses have been
reported which do support the existence of single gene
effects (Baron 1980, O'Rourke et al 1983, Crowe and
Smouse, 1977, Gershon et al, 1975a, Gershon et al, 1975b)
there are others which do not (Slater and Tsuang 1968,
Bucher and Elston, 1981). Even if a single gene does
substantially alter the liability to manic depression
within a pedigree, linkage may not be detected if
incorrect transmission parameters are specified (ClergetDarpoux et al, 1986). However if several different
transmission models are tested in attempt to avoid this
false negative result, the probability of obtaining a
false positive result is correspondingly increased (Weeks
et al, 1990).
One conclusion that can be drawn from these
considerations is that as far as possible the mode of
transmission operating within a sample of pedigrees
should be elucidated prior to proceeding with linkage
analysis. In addition the transmission parameters should
be chosen in a way which will maximise the information
content of the pedigrees and which will reduce as far as
possible the likelihood of producing erroneous findings.
To this end a segregation analysis was carried out on the
pedigrees to be used for linkage analysis using the
computer program POINTER (Lalouel et al, 1983). The
results from this were used to specify a plausible and
conservative transmission model for manic depression in
these pedigrees as described below.

6:2. Description of manic depression pedigrees
Five Icelandic kindreds containing multiple cases of the
unipolar and bipolar forms of manic depression were
recruited for the purpose of performing linkage analysis
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They were selected by screening probands with bipolar
disorder from amongst current in-patients at an Icelandic
hospital. Suitable pedigrees were selected to contain
several individuals suffering from bipolar affective
illness and expressing willingness to participate.
Pedigrees containing cases of schizophrenia were
excluded. All other pedigrees were found to have a
unilineal source of manic depression and were included in
the study. Psychiatric diagnoses were assigned using
Research Diagnostic Criteria (RDC, Spitzer et al, 1978).
Subjects were interviewed by a psychiatrist using the
Lifetime Version of the Schizophrenia and Affective
Disorders Schedule (SADS-L, Spitzer and Endicott, 1977).
This information was supplemented by material from casenotes. Age at interview and age of first onset of illness
were also obtained by questioning the subject and by
review of case-notes. Extensive tracing of pedigrees was
carried out using Icelandic genealogical information to
characterise as far as possible the diagnoses of other
members of the kindreds. Altogether 211 individuals were
included in the analysis. The pedigrees used are shown in
figure 6:1.
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Figure 6:1 Manic depression pedigrees

The five pedigrees used for the segregation and linkage
analyses of manic depression. Solid shading indicates
bipolar affective illness and half-shading indicates
unipolar illness without alcohol abuse.
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Figure 6:1 (continued)
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6:3- Method of segregation analysis

Two levels of diagnosis were used in subsequent analyses
to designate individuals as affected. For the first
level, denoted BP, only those individuals who had
fulfilled the criteria for either mania or hypomania were
classed as affected. The second level, denoted UP,
included as affected all those individuals suffering from
mania, hypomania, or major or minor depressive disorder,
but excluding those with unipolar depression combined
with drug or alcohol abuse.
The age and sex distribution of affection was studied in
the pedigrees. In order to obtain the best-fitting model
for the transmission of the illness prior to performing
linkage analysis, a complex segregation analysis was
performed using the computer program POINTER. This
implements the mixed model of genetic transmission
described by Morton and MacLean (1974) and allows the
comparison of likelihoods between different models. It is
assumed that a phenotypic variable such as presence or
absence of manic depressive illness represents the
dichotomous expression of an underlying continuous trait
which is normally distributed in the population. This
trait may be described as liability, or propensity to
develop the illness. Individuals above a certain
threshold on this trait will manifest the illness, and
those below it will have a normal phenotype. Different
factors can contribute additively to the variance of the
trait, and the overall value of the variance is
arbitrarily taken to be unity.
The most general model tested is the mixed model, in
which there are contributions to the variance from three
sources - random environment effects, multifactorial
transmission from parent to child (comprising genetic and
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nongenetic factors) and a single major locus effect. The
single major locus effect is due to a diallelic system
such that each of the three possible genotypes has a
different mean liability. This effect is characterised by
the gene frequency of each allele (Q), the difference
between the mean liabilities for individuals homozygous
for each allele (T), and the position of the heterozygote
mean relative to the homozygote means (D, the dominance
of the gene).
The parameters of the mixed model are iterated to produce
maximum likelihood values for the best fitting model. The
mixed model can be compared with other models (no
transmission, multifactorial transmission only, single
major locus effect only) by constraining the relevant
parameters and comparing the likelihood of the mixed
model with the likelihood of the constrained model. The
natural log of the ratio of the likelihoods multiplied by
negative two (-21n(D) may be taken to approximate a chisquared statistic with the number of degrees of freedom
equal to the difference in the number of constrained
parameters between the two models. This statistic
provides a measure of relative goodness-of-fit of two
models. The models tested were as follows:
A. Mixed model (single major locus + multifactorial
transmission)
B. Multifactorial transmission only
C. Single major locus only
D. Single major locus constrained to be recessive

(D=0)

E. No familial transmission
Once transmission parameters had been obtained for the
single major locus model using both criteria for
affection, the analysis was repeated with the gene
frequency (Q) constrained to be equal for the two
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different affection categories. These analyses were used
to generate penetrance values.
Prior to performing the analysis the prevalence of the
illness in the population must be specified. In Iceland
the prevalence of bipolar affective illness and
associated unipolar illness is in the region of 1%
(Helgasson 1964). This value was used for the prevalence
when including all cases of affective illness as
affected, and for the analyses including only bipolar
cases a population prevalence of 0.5% was used.
In order to analyse pedigrees using POINTER, the
pedigrees must be divided into units of nuclear families.
Each nuclear family is taken to be ascertained for study
either because it contains a proband or because a related
affected individual outside the nuclear family has led to
the ascertainment. In the latter case the individual is
termed a "pointer" to that family and is included with
the family in the analysis. In the present study the
pedigrees had not been sampled with the primary intention
of performing a segregation analysis and a systematic
scheme for extending the pedigrees which would have been
appropriate for segregation analysis had not been
applied. Therefore in each pedigree we simply took the
proband to be the affected individual who had first drawn
attention to the pedigree, and "pointers" were assigned
post hoc to move from each family to the next one
containing affected subjects in the most economical
manner.

6:4- Results of segregation analysis
Inspection of the pedigrees was suggestive of a disease
segregating in autosomal dominant fashion with high.
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though incomplete, penetrance. In three of the kindreds
(F2, F13 and F19) there is clear evidence of male-to-male
transmission of the bipolar form of manic depression,
thus excluding X-linkage. There was no significant
difference in the numbers of males and females affected
either with bipolar illness alone or with either bipolar
or unipolar illness (table 6:1).
The age of the subjects at interview ranged from 16 to 90
years (mean 47.9, SD 16.8). The proportion of subjects of
a given age who had become affected was studied, and
interestingly there was no consistent tendency for the
lifetime prevalence of either bipolar illness alone or
affective illness generally to rise with age (figure
6:2). Because of the lack of a clear association between
age and differences in liability to affection,
age-related liability classes were not considered
appropriate for the subsequent segregation or linkage
analyses.
The results of the segregation analysis are summarised in
table 6:2, which shows the likelihoods obtained for
different transmission models expressed in terms of 21n(L). This shows that either multifactorial or single
major locus transmission offered a considerably better
fit to the observed data than no familial transmission at
all (p < 0.0001 in all cases). In all models which did
include single major locus transmission the value for the
dominance, D, iterated to unity, i.e. a fully dominant
mode of transmission was preferred.
When only bipolar cases were included as affected then
the mixed model did not fit the data any better than a
pure single major locus model. That is to say that
allowing an additional parameter for multifactorial
transmission, H, to be fitted did not increase the
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likelihood of the model. Since the single major locus
model is a special case of the mixed model (with H = 0),
we can say that the best-fitting mixed model in this case
is a single major locus model. This single major locus
model provided a significantly better fit than any model
in which only multifactorial transmission was allowed
(-21n(L) difference: 20, 3 df, p < 0.0002). The dominant
single major locus model fitted significantly better than
the recessive (-21n(L) difference: 18, 1 df, p < 0.0001).
When unipolar cases were also included as affected then
the mixed model fitted much better than the
multifactorial transmission model (-21n(L) difference:
39, 3 df, p <0.0001) and slightly better than the single
major locus model (-21n(L) difference: 10, 1 df,
p < 0.02). Since the hypothesis of multifactorial
transmission is not nested within the hypothesis of
single major locus transmission it is not strictly
legitimate to compare them directly. Nevertheless the
single major locus model has a value for -21n(L) which is
27 less than the multifactorial one and has three fitted
parameters (DTQ) compared to the letter's one (H). If one
were to compare these models directly this would seem to
offer significant support for single major locus
tranmission alone over multifactorial transmission alone
(-21n(L) difference: 27, 2 df, p < 0.0001). Once again,
the dominant single locus model fitted better than the
recessive (-21n(L) difference: 69, 1 df, p < 0.0001).
The best-fitting single major locus transmission models
were fully dominant and had values for displacement, T,
of 4.7 and gene frequency, Q, of 0.0054 if only bipolar
cases were considered affected, and values of 5.0 and
0.0065 if unipolar cases were included as well. Clearly
if we are entertaining the hypothesis that bipolar and
unipolar cases can arise as different degrees of
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expression of the same genetic abnormality then the gene
frequency must be the same in each case. Therefore the
analysis was rerun with the gene frequency constrained to
0.006 using both sets of affection criteria. For bipolar
cases the value of -21n(L) was 143 and including unipolar
cases it was 184. In each case this represented an
increase of only 1 from the model with Q unconstrained.
This indicates that setting Q to 0.006 does not produce a
significantly worse fit to the observed data in either
case.
The transmission models used to derive penetrance
parameters for subsequent linkage analyses were for
dominant single major locus transmission with gene
frequency constrained to 0.006. Under these conditions
including only bipolar cases as affected yielded a
penetrance value of 0.4 and including unipolar cases in
addition yielded a penetrance value of 0.8.
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Table 6:1 Numbers of male and female subjects affected
with bipolar and unipolar affective illness
male

female

total

bipolar

19.0

25.0

44.0

unipolar

16.0

18.0

34.0

normal

69.0

64.0

133.0

104.0

107.0

211.0

total

Chi-squared = 1.1, 2 df, NS.
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Figure 6:2 Age-related prevalence of affective disorder

Percentages of all subjects of a given age or less who
have experienced an episode of bipolar illness (BP)
(dashed line) or affective illness without alcohol abuse
(UP) (dotted line).
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Table 6:2 Comparison of likelihoods of different models

Values of -21n(L) obtained from POINTER using different
transmission models. The table shows the parameters that
were fitted to the observed data for each model.
Parameters fitted
None

DTQ
TQ (0=0)
(Single (Recessive
locus)
single locus)

HTDQ
H
(Mixed)
(Multi
factorial )

Affection
criteria
BP

342

142

162

142

180

UP

586

173

212

183

252
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6:5. Defining a transmission model for manic depression

Some of the results of the segregation analyses were used
to provide parameters for the transmission model to be
used in subsequent linkage analyses: the disease gene
frequency was set to 0.006 and the heterozygote
penetrance was set to 0.4 for the BP model and 0.8 for
the UP model. However these results were not used to
provide values for the "phenocopy rate", or probability
of affection conditional on normal genotype, because the
calculated values were considered to be too low to be
used in linkage analysis. The segregation analyses
yielded values less than 0.001 for the phenocopy rate.
However this is unlikely to represent the true
probability of someone with a normal genotype being
diagnosed as affected, since for one thing it ignores the
fact that the diagnostic schedules used have less than
100% specificity. Setting a phenocopy rate which is too
low is particularly likely to produce false negative
results with linkage analysis. Instead it was considered
that more realistic values for the phenocopy rate would
be 0.01 for bipolar illness and 0.05 for unipolar
illness. The penetrance values used are rather low
compared to those commonly used in linkage analysis of
manic depression, and the phenocopy rates are
exceptionally high. The subsequent linkage analyses can
therefore be legitimately regarded as conservative, with
reduced chances of producing lod scores with an
artefactually increased magnitude in either direction.
In order to extract the maximum information from the
pedigrees, a dummy quantitative variable was used so that
bipolar, unipolar and unaffected subjects could be coded
differently for the LINKAGE programs, with the
appropriate probabilities specified for observing each
phenotype conditional on normal or heterozygote genotype.
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A dummy quantitative variable with unit variance and a
mean value of 10 for normal homozygotes and 13 for
heterozygotes was defined, with a disease gene frequency
of 0.006. For each phenotype an appropriate value for
this variable was calculated according to the formula q =
11.5+ln(paA/pAA)/3, where pAA is the probability of
observing the phenotype in normal homozygotes and pAa the
probability in heterozygotes. For bipolar illness this
produced a value of 11.5+ln{0.4/0.01)/3 = 12.7, for
unipolar but not bipolar illness the value is
11.5+ln(0.4/0.04)/3 = 12.3, and for non-affection the
value is 11.5+ln(0.2/0.95)/3 = 11.0. Subjects falling
into each affection category were coded as having the
appropriate value of this dummy quantitative variable,
and the LINKAGE programs would then interpret the data in
such a way as to provide the desired ratio of
probabilities for observing a given phenotype conditional
on each genotype. As stated above this meant that the
distinction between bipolar and unipolar cases could be
preserved, with the notion that the former were very
likely to represent true genetic cases whereas the latter
might in many instances represent nongenetic phenocopies.
The transmission model using this dummy quantitative
variable was denoted QMDP, and should probably be
regarded as being the most reliable and best reflecting
the real transmission parameters operating. However
supplementary analyses were also performed in a
conventional fashion in which cases were dichotomised
into affected or unaffected using the BP and UP models.
For the BP model penetrance was set to 0.4 and phenocopy
rate to 0.01, and for the UP the respective values were
0.8 and 0.05.

6:6. Discussion of manic depression pedigrees

210

The methodologies appropriate for obtaining sample
pedigrees for linkage analysis and segregation analysis
are very different. For linkage analysis the most helpful
pedigrees have large numbers of living, affected,
cooperative subjects and (in the case of a dominant
disorder) an apparently unilineal source of the illness.
For segregation analysis probands should be
systematically ascertained and then pedigrees from all
suitable probands included in the subsequent analysis,
independent of the number of secondary cases within those
pedigrees. In order to derive plausible values for the
parameters of a subsequent linkage analysis we have
performed a segregation analysis on a biased sample of
pedigrees deliberately chosen to include large numbers of
cases. In addition these pedigrees were not
systematically extended according to explicit rules which
would have been appropriate for segregation analysis but
were investigated in a more ad hoc fashion which aimed to
maximise the amount of information obtained from each
kinship for linkage analysis. This may inevitably have
introduced further bias. Although the calculations used
by POINTER are to some extent able to account for such
bias, in fact the system of passing from one nuclear
family to the next via pointers was imposed on the data
post hoc and may not accurately reflect the way in which
the sample pedigrees were actually obtained.
With the above caveats firmly in mind we would draw the
following conclusions. As far as the best-fitting model
is concerned we would say that there are good grounds for
assuming some familial transmission from parents to
children, and that there is reasonable evidence that a
single major locus has at least some part to play in such
transmission. If a single major locus exists it is likely
to be dominant rather than recessive, by which we mean
that heterozygotes have a significantly increased risk of
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affection over normal homozygotes. (If the cases we see
in our pedigrees are affected heterozygotes then it is
impossible to say anything about the penetrance in those
homozygous for the disease allele, because there were no
pedigrees with bilineal sources of illness.) The maximum
likelihood estimates for the penetrance are (to one
significant figure) 0.4 for bipolar illness and 0.8 for
unipolar. These figures are sensitive to the biases
mentioned and probably have a wide margin of error.
However we would argue that for purposes of linkage
analysis they are conservative, in that they are unlikely
to produce lod scores of an artefactually magnitude.
While we can say that the best-fitting model is of a
single major locus segregating as an autosomal dominant
with partial penetrance and perhaps with additional
multifactorial transmission, the issue of sampling bias
prevents us from asserting that this is in fact the mode
of inheritance operating within these pedigrees. To do
this we would need to be able to say how difficult it
would be to find a similar sample of pedigrees if there
were in reality no cases of manic depression caused by an
autosomal dominant gene. The question also remains open
as to the extent (if any) to which the parameters derived
from these pedigrees apply to the transmission of manic
depression in the population generally. The parameters
obtained from the segregation analysis of a large
multiply-affected Old Order Amish pedigree (Egeland et
al, 1987) were not dissimilar to ours, with a penetrance
of 0.63 for bipolar and unipolar illness combined,
although the gene frequency was estimated to be somewhat
higher, at 0.021. Some of the broader-based segregation
analyses referred to above have also produced similar
results and so it does remain possible that in fact a
substantial proportion of all cases of manic depression
are related to an autosomal dominant gene which confers a
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high liability to the disorder.

Although the results of the segregation analysis cannot
be relied upon completely, we consider that they have
been helpful in allowing us to construct a plausible
transmission model for subsequent linkage analysis, and
that the low penetrance and high phenocopy rates used
mean that the lod scores obtained can themselves be a
fairly reliable indicator of whether or not these
pedigrees demonstrate linkage to particular markers.
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Chapter 7 : Linkage studies in manic depression

The results of linkage analysis with markers in three
regions of interest on chromosomes 5q, Xq and 9q are
presented below. The regions chosen had all been
previously reported to demonstrate linkage to affective
and/or psychotic illness. Linkage to markers on
chromosome lip and llq had been previously excluded in
these pedigrees (Hodgkinson et al, 1987, Holmes et al,
1991).
For each region two-point and multipoint analyses were
used using the three affection models described above,
denoted BP, UP and QMDP. Since the dummy quantitative
variable method for defining penetrance values cannot be
used for X-linked markers, an equivalent method using
liability classes was used for the Xq analysis. For all
analyses the admixture test procedure was carried out to
enable the detection of linkage in the presence of non
allelic genetic heterogeneity (Ott, 1985).

7:1. Linkage studies with chromosome 5 markers
The region chosen for investigation by linkage analysis
was on the long arm of chromosome 5 and was originally
considered to be of interest because of the finding of
linkage to schizophrenia in seven Icelandic and British
pedigrees (Sherrington et al, 1988). Even though this
result now appears to have been a false-positive, the
region remains of interest because of the localisation of
the gene for the SHTla receptor (HTRIA), a candidate gene
for affective illness, to within 10 centimorgans of D5S6
(Melmer et al, 1991). Not only are competitive inhibitors
of 5HT reuptake recognised to be effective
antidepressants, but there is now evidence suggesting
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that 5HT metabolism is disordered during depressive
episodes (Mitchell and Smythe, 1990, Anderson et al 1992)
and normalises with treatment (Shapira et al, 1992). It
therefore seemed reasonable to surmise that inherited
abnormalities of the SHTla receptor gene might account
for at least some cases of familial manic depression.
7:1.1 Markers used for chromosome 5 study
Linkage analysis was carried out using three DNA markers.
P105-599Ha detects a TaqI polymorphism at D5S76, M4
detects a BamhI polymorphism at D5S6 and pl05-153Ra
detects a MspI polymorphism at D5S39. For multipoint
analysis, D5S76 was placed at a male map position of 0
cM, D5S6 at 8 cM and D5S39 at 15 cM, and a female:male
distance ratio of 1.5 was used (Weiffenbach et al, 1991).

7:1-2 Results of linkage analysis with chromosome 5
markers
The overall lod scores obtained under the assumptions of
homogeneity and heterogeneity from the two-point linkage
analyses with markers at D5S76, D5S6 and D5S39 are shown
in tables 7:1, 7:2 and 7:3. The total lod scores
obtained from the multipoint analyses are shown in figure
7:1. The total lod scores are significantly negative
with each marker and over the whole region studied, and
results using the admixture test procedure provided no
significant support for the hypothesis of heterogeneity.
Using the preferred transmission model, denoted QMDP, the
region of exclusion for which the lod score is less than
-2 extends for a male distance of 40 centimorgans,
including 15 centimorgans on the proximal side of D5S76
and therefore all of the region to within which the 5HTla
receptor gene has been mapped.
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Table 7:1 Two-point lod scores for manie depression
against D5S76

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

QMDP
total-10.699
alpha
A-lod

0.000
0.000

-9.802 -8.162
0.000
0.000

0.000
0.000

-5.567 -3.849 -1.877 -0.809
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

-1.022 -0.495 -0.034

0.102

BP
total
alpha
A-lod

-2.090 -2.059 -1.804
0.000
0.000

0.000
0.000

0.000
0.000

0.100
0.006

0.200
0.027

0.400
0.054

1.000
0.102

UP
total

-10.506 -9.607 -8.080

-5.620 -3.905 -1.921 -0.841

alpha

0.000

0.000

0.000

0.000

0.000

0.000

0.000

A-lod

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Table 7:2 Two-point lod scores for manie depression
against D5S6

QMDP
total

-8.145

-8.018

-6.959

-4.131

-2.267

-0.461

0.162

alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.150
0.015

0.800
0.171

total

-4.617

-4.552

-4.003

-2.461

-1.460

alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

total

-6.456

-6.305

-5.337

-3.110

-1.618

-0.145

0.321

alpha
A-lod

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.350
0.096

1.000
0.321

BP
-0.527 -0.152

UP
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Table 7:3 Two-point lod scores for manie depression
against D5S39

thêta

total
alpha
A-lod

0.000

0.050

0.100 0.200

0.300

-3.376 -3.143 -2.033 -0.233

0.603 0.976

0.685

0.650 1.000
0.836 0.976

1.000
0.685

0.350
0.571

0.001

0.350
0.570

0.010

0.350
0.564

0.450
0.645

BP
total
alpha
A-lod

-1.985 -1.960 -1.750 -1.080 -0.601 -0.172 -0.045
0.050
0.008

0.050
0.008

0.050
0.007

0.050
0.003

0.000
0.000

0.000
0.000

0.000
0.000

-2.595 -2.467 -1.715 -0.224

0.543

0.907

0.647

UP
total
alpha

0.350

0.350

0.350

0.450

0.650

1.000

1.000

A-lod

0.569

0.568

0.564

0.626

0.772

0.907

0.647
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Figure 7:1 Multipoint linkage analysis of manic
depression with chromosome 5 markers

Results of multipoint linkage analysis against probes at
D5S76 (at 0 centimorgans), D5S6 (at 8 centimorgans) and
D5S39 (at 15 centimorgans). Male distances are shown,
with a female:male ratio of 1.5. The three diagnostic
models used consisted of a dummy quantitative trait to
code bipolar and unipolar illness separately (QMDP), only
bipolar cases (BP) and affective illness without alcohol
abuse (UP).
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7:2. Linkage studies on chromosome X

The hypothesis that a susceptibility locus on the long
arm of the X chromosome might account for cases of manic
depression in these pedigrees was investigated because of
several previous reports of linkage between manic
depression and markers in this region (Winokur et al,
1969, Mendlewicz and Fleiss, 1974, Baron, 1977,
Mendlewicz et al, 1979, Mendlewicz et al, 1980, Del Zompo
et al, 1984, Baron et al, 1987, Mendlewicz et al, 1987).
In three of the pedigrees there was clear male-to-male
transmission of bipolar affective illness and this was
regarded as conclusive evidence against X-linkage. This
left two pedigrees which might possibly be X-linked, F6
and F15. In F6 a male with unipolar depression (ID ÿj) is
related through his father to an aunt and grandmother
with clear bipolar illness, but his mother who has
married into the pedigree also suffers from unipolar
depression and represents another possible source of the
illness. In F15 the founding male ancestor (ID /Oj) was
reported to suffer from unipolar illness, and if he is
regarded as carrying the susceptibility locus then he has
passed the illness on to his son (ID 1/6) who is an
obligate carrier because he has a daughter with bipolar
illness. This would be incompatible with X-linked
transmission. On the other hand it is possible that the
female founder (ID 10^) is an unaffected carrier and that
the male founder with unipolar illness is a phenocopy.
Thus although neither pedigree provides strong evidence
in favour of X-linkage on the basis of the segregation of
cases of manic depressive illness, it was not possible to
reject X-linked transmission out of hand. These two
pedigrees were therefore investigated further using DNA
markers in this region.
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7:2.1 Mcirkers used for chromosome X study

In order to study linkage in these pedigrees restriction
fragment length polymorphisms were used as markers at
three loci: F9, DXS52 and DXS15. Probe pTG397 detects a
TaqI polymorphism at F9, St-14-1 detects an MspI and a
TaqI polymorphism at DXS52 and DX13 detects a Bglll
polymorphism at DXS15. The RFLP at F9 was only studied in
F6. For multipoint analyses F9 was placed at 0 cM, DXS52
at 35cM and DXS15 at 40 cM.

7:2.2 Affection models for chromosome X study
The coding for the affection models used in the linkage
analyses with chromosome X markers differed from that
emplyed in other analyses because it was not possible to
use a dummy quantitative variable, since the LINKAGE
programs do not support the analysis of X-linked
quantitative traits in males. Therefore instead of using
the quantitative coding (QMDP) an equivalent coding
method based on liability classes was used. Normal
individuals were coded as affected but falling into the
first liability class (2 1), subjects with unipolar
illness only were coded as affected and in liability
class two (2 2), and subjects with bipolar illness were
coded as affected and in liability class three (2 3).
Penetrance values were defined for each liability class
as shown in table 7:4. Coding affection in this way
produces an equivalent result to the method using the
dummy quantitative variable, and analyses using this
combined model implemented with liability classes are
denoted LDMP. The two simple affection categories of
bipolar illness alone (BP) and all affective illness
excluding unipolar illness combined with alcohol abuse
(UP) were the same as those used for the autosomal

221

analyses. For all analyses the male penetrance values
were set to be the same as for the female homozygote
values, thus defining an X-linked dominant mode of
tranmission with incomplete penetrance.
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Table 7:4 Degrees of affection defined using liability
classes
Three liability classes are used- All subjects are coded
as affected (with a 2), but subjects falling into
different diagnostic categories are assigned to different
liability classes. Each liability class has a different
set of penetrance values defining the probability of a
subject appearing affected (i.e. being coded as 2). This
method allows the assignment of a number of different
penetrance values to different diagnostic categories.
Class

pAA

1 (normal ) 0.95
2 (unipolar)0.04
3 (bipolar)0.01

pAa

paa

0.2
0.4
0.4

0.2
0.4
0.4

223

7:2.3 Results of linkage analysis with chromosome X
markers

Table 7:5 shows that using the preferred transmission
model there were strongly negative lod scores with all
markers tested. However if only bipolar cases were
included as affected then F9 yields a slightly positive
lod score with pedigree 6, and this marker was not typed
in pedigree 15. Figure 7:2 shows the total multipoint
lod scores obtained with each transmission model. This
shows that there is no evidence in favour of linkage, and
that using the conventional criterion of -2 a distance of
some 30 centimorgans is excluded around the Xq28 markers
when only bipolar cases are considered. When unipolar
cases are also included using the UP and LMDP models the
region excluded is considerably expanded and reaches to
10 centimorgans proximal of F9.
It therefore seems unlikely that the liability locus
presumed to exist on Xq28 accounts for the cases of manic
depression observed in either of these pedigrees. However
it is not possible to be so confident that a locus on
Xq27 close to F9 is not operative, because markers at
this locus have only been studied in one of the pedigrees
and because conclusively negative lod scores were only
obtained when unipolar cases were also included as
affected. It will therefore be necessary to study further
markers in this region.

224

7:2.3 Results of linkage analysis with chromosome X
markers

Table 7:5 shows that using the preferred transmission
model there were strongly negative lod scores with all
markers tested. However if only bipolar cases were
included as affected then F9 yields a slightly positive
lod score with pedigree S, and this marker was not typed
in pedigree 15. Figure 7:2 shows the total multipoint
lod scores obtained with each transmission model. This
shows that there is no evidence in favour of linkage, and
that using the conventional criterion of -2 a distance of
some 30 centimorgans is excluded around the Xq28 markers
when only bipolar cases are considered. When unipolar
cases are also included using the UP and LMDP models the
region excluded is considerably expanded and reaches to
10 centimorgans proximal of F9.
It therefore seems unlikely that the liability locus
presumed to exist on Xq28 accounts for the cases of manic
depression observed in either of these pedigrees. However
it is not possible to be so confident that a locus on
Xq27 close to F9 is not operative, because markers at
this locus have only been studied in one of the pedigrees
and because conclusively negative lod scores were only
obtained when unipolar cases were also included as
affected. It will therefore be necessary to study further
markers in this region.
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Table 7:5 Two-point lod scores for manie depression
against F9

thêta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-3.171 -3.102 -2.661 -1.686 -1.009 -0.260
0.000 0.000 0.000 0.000 0.000 0.000
-3.171 -3.102 -2.661 -1.686 -1.009 -0.260

0.077
0.000
0.077

IM)P

F6
FIS
total

BP

F6
FIS
total

0.077
0.000
0.077

0.084
0.000
0.084

0.136
0.000
0.136

0.286
0.000
0.286

0.379
0.000
0.379

0.420
0.000
0.420

0.354
0.000
0.354

UP

F6
FIS
total

-3.470 -3.427 -3.086 -2.074 -1.306 -0.440 -0.031
0.000
0.000 0.000 0.000 0.000 0.000 0.000
-3.470 -3.427 -3.086 -2.074 -1.306 -0.440 -0.031
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Table 7:6 Two-point lod scores for manic depression
against DXS52

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

IM)P
F6 -9.714 -9.497 -8.421 -6.532 -5.282 -3.240
F15 -2.109 -2.104 -2.059 -1.893 -1.712 -1.260
total -11.822 -11.600 -10.481 -8.425 -6.994 -4.500

-1.769
-0.717
-2.486

BP
F6
F15
total

-2.682 -2.665 -2.526 -2.081 -1.665 -1.040 -0.601
-1.435 -1.432 -1.407 -1.261 -1.037 -0.620 -0.316
-4.117 -4.097 -3.933 -3.342 -2.702 -1.660 -0.918

UP
F6
F15
total

-5.255 -5.159 -4.648 -3.793 -3.380 -3.102 -2.073
-1.765 -1.757 -1.693 -1.477 -1.286 -0.966 -0.599
-7.019 -6.916 -6.342 -5.270 -4.667 -4.069 -2.672
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Table 7:7 Two-point lod scores for manie depression
against DXS15

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

IM)P
F6
F15
total

-7.021 -6.966 -6.585 -5.528 -4.408 -2.647 -1.471
-1.201 -1.184 -1.045 -0.677 -0.443 -0.234 -0.142
-8.222 -8.150 -7.630 -6.206 -4.851 -2.881 -1.613

BP
F6
F15
total

-2.142 -2.119 -1.949 -1.535 -1.233 -0.804 -0.480
-0.094 -0.092 -0.080 -0.037 0.000
0.036 0.039
-2.235 -2.211 -2.030 -1.572 -1.233 -0.768 -0.441

UP
F6
F15
total

-4.547 -4.534 -4.425 -4.019 -3.527 -2.367 -1.386
-1.031 -1.020 -0.927 -0.635 -0.426 -0.228 -0.139
-5.578 -5.554 -5.352 -4.654 -3.952 -2.595 -1.525
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Figure 7:2 Multipoint linkage analysis of manic
depression with chromosome X markers

Results of multipoint linkage analysis against probes at
F9 (at 0 centimorgans), DXS52 (at 35 centimorgans) and
DXS15 (at 40 centimorgans). The three diagnostic models
used consisted of one using liability classes to code
bipolar and unipolar illness separately (LMDP), only
bipolar cases (BP) and affective illness without alcohol
abuse (UP). The total lod scores are shown from the two
possibly X-linked pedigrees, F6 and F15.
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7:2.4 Discussion of results of chromosome X study

The loci for colour blindness and G6PD deficiency are
currently mapped to within 5 centimorgans of DXS15 and
all previous studies reporting linkage between manic
depressive illness and these markers have been at
recombination fractions of 15% or less. Because the
region excluded by the current linkage study spans beyond
this, the two pedigrees reported here cannot have the
same susceptibility locus as is presumed to be detected
by these studies. Since the other three pedigrees showed
clear evidence of male-to-male transmission of bipolar
illness we conclude that in none of the five pedigrees is
there a susceptibility locus for manic depressive illness
at Xq28. This would be rather unlikely to occur if the
true proportion of pedigrees with Xq28 linkage was as
high as one third (p = 0.135), and this result would tend
to support the conclusion of Berrettini and his
colleagues that this form of manic depressive illness may
be somewhat rarer than has previously been claimed
(Berrettini et al, 1990).
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7:5 Linkage studies on chromosome 9

Markers in this region were investigated because of
previous reports of weak linkage between bipolar (Kidd et
al, 1984) and unipolar (Tanna et al, 1989, Hill et al
1988, Wilson et al 1989) affective illness with ABO and
CRM. In addition the gene for dopamine beta hydroxlyase
is linked to these markers (Keats et al, 1987) and since
this enzyme is involved in catecholamine metabolism it
could be legitimately regarded as a candidate gene for
affective illness.

7:2.1 Markers used for chromosome 9 study
Four polymorphic microsatellites were used at D9S106,
D9S51, D9S103 and DBH. D9S51 is tightly linked to CRM
with a maximum lod score at zero recombination. For
multipoint analysis D9S106 was placed at zero cM, D9S51
at 5cM and D9S103 at 17.5 cM, and a male to female
recombination ratio of 1.0 was used. DBH is tightly
linked to ABO with a maximum lod score at zero
recombination (Perry et al, 1991) and this locus is
distal to D9S103. However since its exact position is
unknown information from this marker was not included in
multipoint analyses.

7:2.2 Results of linkage analysis with chromosome 9
markers
The overall lod scores obtained under the assumptions of
homogeneity and heterogeneity from the two-point linkage
analyses with markers at D9S106, D9S52, D9S103 and DBH
are shown in tables 7:6, 7:7, 7:8 and 7:9. The total
lod scores obtained from the multipoint analyses are
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shown in figure 7:3. The total lod scores are
significantly negative with each marker and over the
whole region studied, and results using the admixture
test procedure provided no significant support for the
hypothesis of heterogeneity. Using the preferred
transmission model, denoted QMDP, the region of exclusion
for which the lod score is less than -2 extends for a
distance of some 60 centimorgans. These results
demonstrate that if there is a locus predisposing to
affective illness linked to ABO and CRM then it is
unlikely to account for the cases observed in these
pedigrees. This conclusion applies in particular to the
dopamine beta hydroxylase gene, which is effectively
excluded as a candidate gene in these pedigrees.
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Table 7:8 Two-point lod scores for manie depression
against D9S106

theta

total
alpha
A-lod

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-13.728 -12.803 -11.354 -8.568 -6.017 -2.700 -0.963
0.150
0.212

0.150
0.213

0.150
0.213

0.150
0.190

0.150
0.134

0.100
0.027

0.000
0.000

BP
total
alpha
A-lod

-7.893 -7.665 -6.635
0.000
0.000

0.000
0.000

0.000
0.000

-4.665 -3.250 -1.542 -0.616
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

UP
total
alpha
A-lod

-12.224 -11.656 -10.325 -7.755 -5.475 -2.459 -0.857
0.150
0.182

0.150
0.183

0.150
0.194

0.150
0.201
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0.150
0.160

0.100
0.048

0.000
0.000

Table 7:9 Two-point lod scores for manie depression
against D9S51

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

gyiDP
total-17.827
alpha
A-lod

0.000
0.000

-17.459 -15.541 -11.130 -7.857 -4.104 -1.997
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

BP
total
alpha
A-lod

-8.281 -8.137 -7.098 -4.411 -2.616 -0.904 -0.244
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

UP
total
alpha
A-lod

-16.823 -16.524 -14.752 -10.646 -7.655 -4.173 -2.116
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

233

0.000
0.000

0.000
0.000

0.000
0.000

Table 7:10 Two-point lod scores for manie depression
against D9S103

theta

0.000

0.001

0.010

0.050

0.100

0.200

0.300

gmp
total
alpha
A-lod

-10.080 -9.617
0.200
0.403

0.200
0.401

-8.166 -5.510 -3.732 -1.754 -0.732
0.200
0.381

0.200
0.291

0.150
0.193

0.150
0.049

0.000
0.000

BP
total
alpha
A-lod

-3.866 -3.790 -3.305 -2.179 -1.421 -0.678 -0.350
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

UP
total

-9.466 -8.856 -7.470

-5.143 -3.539 -1.723 -0.746

alpha

0.200

0.200

0.200

0.150

0.150

0.150

0.000

A-lod

0.368

0.366

0.347

0.266

0.176

0.044

0.000
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Table 7:11 Two-point lod scores for manie depression
against DBH

theta

total
alpha
A-lod

0.000

0.001

0.010

0.050

0.100

0.200

0.300

-13.471 -13.291 -11.960 -8.386 -5.610 -2.350 -0.747
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

BP
total
alpha
A-lod

-6.786 -6.689 -6.044 -4.348 -2.873 -1.102 -0.289
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

UP
total
alpha
A-lod

-11.109 -11.005 -10.145 -7.385 -5.054 -2.130 -0.667
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000
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Figure 7:3 Multipoint linkage analysis of manic
depression with chromosome 9 markers

Results of multipoint linkage analysis against probes at
D9S106 (at 0 centimorgans), D9S52 (at 5 centimorgans) and
D9S103 (at 17-5 centimorgans). A female:male distance
ratio of 1.0 was used. The three diagnostic models used
consisted of a dummy quantitative trait to code bipolar
and unipolar illness separately (QMDP), only bipolar
cases (BP) and affective illness without alcohol abuse
(UP).
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Chapter 8 : Conclusion

The methodology chosen has allowed the systematic
investigation of hypotheses concerning the existence of
susceptibility loci for manic depression and
schizophrenia in a number of regions. These regions were
chosen on the basis of previous studies which had
produced evidence supporting their involvement in the
aetiology of these illnesses. Taking into account the
previously published results (Hodgkinson et al, 1987,
Holmes et al, 1991) and the results reported in this
thesis, evidence against linkage has now been obtained in
these pedigrees for all the regions implicated in other
studies. Thus strongly negative lod scores have been
obtained between schizophrenia and chromosome 5q and llq
markers, and between manic depression and chromosome lip,
llq, 5q, Xq28 and 9q markers. The only partial exception
is that linkage to F9 has only been studied in one of the
two possibly X-linked pedigrees, and that a definitive
exclusion was not obtained when only bipolar cases were
considered as affected.
The implications of these findings are that either these
results represent false negatives, or that non-allelic
genetic heterogeneity exists between families, or that
the original results represented false positives.
Since linkage is detected on the basis of observing a low
rate of recombination, there is a finite probability of
producing spurious negative results when high rates of
recombination occur by chance between two loci which are
in fact linked. However the magnitude of the negative lod
scores obtained makes this explanation unlikely. More
plausible is the possibility that these negative lod
scores have occurred through misspecification of the mode
of transmission or through applying inappropriate
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diagnostic criteria. However the transmission parameters
used above are more conservative than those often used in
published linkage studies. Misspecifying transmission
parameters can produce false negative lod scores, but
this effect is most pronounced in multipoint analysis,
whereas in two-point analysis the lod score tends to be
positive but with a maximum at an incorrectly large
recombination fraction (Risch and Giuffra, 1990). In the
analyses reported here no notably positive lod scores
were obtained in the two point analyses. Taking all
considerations into account, the results obtained from
these pedigrees seem unlikely to be spuriously negative.
The question remains as to the extent to which there is
genetic heterogeneity and the extent to which previously
reported positive results are spurious. If there is a
large degree of heterogeneity then even true positive
results will often be followed by failures of
replication, and the susceptibility loci may only be
detected by pooling data from very large numbers of
pedigrees. However if a locus is involved in a
substantial proportion of pedigrees then its influence
should be detectable in a more modestly sized sample. The
absence of a subgroup of pedigrees generating positive
lod scores suggests that any loci operative in the
regions studied could account for only a small proportion
of all cases.
Linkage of manic depression to Xq28 markers has been
replicated in a number of studies, though there are
certainly many pedigrees which do not show this linkage.
Linkage to F9 has only been reported in one study and as
yet has been little investigated in other pedigrees. The
results reported in this thesis do not conclusively
^
exclude F9 linkage. There is now only weak evidence in
favour of linkage of manic depression to lip markers in
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one large pedigree and one positive association study
with tyrosine hydroxylase, whereas several other linkage
and association studies have been negative. Weak linkage
of unipolar affective illness to ABO and ORM has been
reported by the same group in two different samples but
has been excluded in the five bipolar pedigrees reported
here. It may be that a susceptibility locus here
predisposes to unipolar but not to bipolar affective
illness. The only evidence suggestive of involvement in
manic depression of a locus on llq consists of one case
report of a cosegregation with a (9;11) translocation,
and even this result was of doubtful statistical
significance, whereas there have been two studies
excluding linkage to this region. On balance there
remains some evidence in favour of susceptibility loci
for bipolar affective illness on the long arm of the X
chromosome and the short arm of chromosome 11, but the
other regions studied should be regarded as being
unlikely to be commonly involved in the aetiology of this
illness.
As far as schizophrenia is concerned, it is clear that
the evidence for any involvement of a locus on chromosome
5q has practically evaporated. A lod score of 2.4 remains
in one of the pedigrees using one of the affection
models, and it is possible that this results from a
susceptibility locus operating in this pedigree alone
although such a lod score could easily arise by chance.
Even if such a locus does exist, it must only rarely be
of aetiological significance since extensive studies have
failed to detect any other pedigrees in which it is
involved. There is also good evidence against the
existence of a locus commonly predisposing to
schizophrenia on chromosome llq, in the vicinity of the
dopamine D2 receptor gene. However it seems unlikely that
the originally reported cosegregation between

239

schizophrenia and the (Iq43;llq21) translocation occurred
by chance. This would suggest that either a liability
locus does exist on chromosome llq, but that it is only
very rarely aetiologically involved in schizophrenia, or
else that there might be such a locus near the other
region involved by the translocation, on chromosome Iq.
.ÿ^^Since there is no strong evidence in favour of the
^
involvement of^genetic regions in schizophrenia, future
studies might usefully be directed towards markers near
lq43.
Although studies to date have been largely negative, the
fact that only a small proprtion of the genome has been
investigated means that there is no reason to suppose
that this approach will not ultimately be successful in
mapping susceptibility loci for the major psychoses. The
application of genetic linkage analysis does present
problems when dealing with these complex diseases, but
methods for ameliorating these problems have been
discussed in this thesis and the results presented
demonstrate the feasibility of the strategy chosen. If
major genes for the functional psychoses do exist then
the approach presented here would seem to be the one most
likely to produce useful results in the near future.
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Summary
The P G R was used to amplify genomic D N A from two microsatellite (dC-dA)„.(dG-dT)„ sequences found to
be present in the same chromosome 5 genomic clone. Analysis of the haplotype frequencies of these two
interspersed repeat sequences in individuals showed strong allelic association or linkage disequilibrium. Six
alleles were found for p599(CA)n with a PIC value of 0.71 and 8 alleles were seen for lambda 599(CA)„
with a PIC value of 0.74. The two microsatellites are separated by approximately 7 kb. Analysis of the length
variations for the two microsatellites showed that they were positively correlated, a finding that has no
obvious explanation. The strong linkage disequilibrium found demonstrates stability during evolution for
these novel markers. Therefore they should be powerful new tools for studying genetic drift and admixture
of populations. Furthermore, disequilibrium data from microsatellites can be used in the fine mapping and
cloning of disease genes.

Introduction
A new generation of D N A markers has recently been
developed. Collectively termed microsatellites, or
variable simple-sequence motifs, these consist of poly
morphic interspersed repeats such as the dinucleotide
(dC-dA).(dG-dT)n repeat (Litt and Luty 1989; Smeets
et al. 1989; Weber and M a y 1989), repeated se
quences adjacent to Alu elements (Zuliani and Hobbs
1990), and Alu variable 3' poly deoxyadenylate tracts
(Economou et al. 1990). These markers are typed us
ing the P C R (Saiki et al. 1988) to amplify across the
variable-repeat region.
In common with V N T R s (Nakamura et al. 1987),
microsatellites vary in length, because of the number
of repeat units. There has been some speculation con
cerning the mutation rate for the generation of new
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microsatellite lengths; if the rate were as high as it
is for VNTRs, it might be possible to identify new
mutations developing within families (Jeffreys et al.
1988). It has also been demonstrated that increased
informativeness or heterozygosity as expressed in the
PIC of microsatellite sequence polymorphism is posi
tively correlated with length (Weber 1990). Conse
quently the mutation rate might become higher as the
microsatellite length increases. The relationship be
tween the number of alleles, length of microsatellite,
and mutation rate is compounded by the fact that a
new mutation is as likely to produce a new allele of
length identical to that of a preexisting allele as itisto
produce a new length variation. The mutation rate
therefore may be higher than would be expected by
simply counting the number of alleles present. This
effect would tend to weaken any chance of observing
linkage disequilibrium with microsatellite polymor
phisms.
Because of these considerations the general applica
tion of these markers in testsof association and linkage
disequilibrium in mapping genetic diseases ought to
be tested. Ifthe microsatellite sequences are hypothe
sized to be stable during evolution, then we should

w
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expect to find linkage disequilibrium between two ad
jacent highly polymorphic microsatellites in the same
genomic clone. W e tested this hypothesis with two
new microsatellite sequences identified at a locus on
chromosome

Material and Methods

Cloning o f Microsatellites
A human genomic phage library (lambda EMBL3;
Clontech Laboratories) was screened, according to
standard procedures (Maniatis et al. 1982), with a
repeat-free fragment of the chromosome 5 marker
pl05-599Ha (D5S76). After tertiary screening, four
positive clones were identified and characterized.
These positivephage clones were screened forthe pres
ence ofdinucleotide repeats by using oligolabeled poly
(dC-dT).(dG-dA) and poly (dC-dA).(dG-dT) (Phar
macia). Hybridizations were performed overnight at
65°C in 0.9 M NaCI, 1% SDS, and 40 pg tRNA/ml.
Filterswere washed at a final stringency of 0.5 x SSC
and 0.1% at 65°C. All clones gave a strong signal
after 2 h exposure at room temperature with poly
(dC-dA).(dG-dT).
D N A from the lambda 599.1 clone was cut with
Haelll and was shotgun cloned into M 13 mpl 8 (Boehringer). Plaque lifts (on Hybond-N; Amersham) of
these subclones were screened as above, and positive
clones were sequenced by the dideoxy method (Ma
niatis et al. 1982) using Sequence™ (U.S. Biochem
ical).

Table I
Allele Frequenq^ and PCR Product Size
Repeat Type and
N o. of Alleles
p599-Ha(CA)„:‘
1 .......................................
.2......................................
.3......................................
4.......................................
.5......................................
.6......................................
Lambda 599-Ha(CA)„:‘'

Size

Allele
Frequency

PCR Product
Size (bp)

CA,7
CA,j
CAm
CAn
CA,2
CAn

.0 2 1

.213
.213
.127
.064
.362

109
105
103
101

99
97

1 ..........

CA24

.011

110

2.......................................
.3......................................
4.......................................
.5......................................
6.......................................
.7......................................
.8......................................

CA 2J
CA 24
CA 23
CA 22
CA 21
CA 20
CA„

.043
.098
.065
.228
.174
.358
.022

108
106
104
102
100

98
94

' Primers were 5' ATTC AGTACTGCTG AAGG 3' and 5' CCATTCCTA CTTTGCCTT 3', and annealing temperature was 47°C.
*>Primers were 5' CAGTCCTCGTGGAATCATGC 3' and 5'
T A TTTG CA CTTA TTTA Cl GCTCC 3', and annealing tempera
ture was 57°C.

6 % denaturing polyacrylamide D N A sequencing gels.
The gels were fixed, dried, and exposed to highsensitivity X-ray films (GRI Ltd). The PCR alleles for
each block were sized by comparison with a M l 3 di
deoxy sequencing ladder.

PCR Amplification o f Microsatellites

Results

Human D N A was isolated from nucleated blood
cellsaccording to standard procedures (Maniatis et al.
1982). Samples (20-50 ng) of thisgenomic D N A were
amplified in a total volume of 25 pi containing 25 p M
of each primer; 200 p M each of dGTP, dCTP, and
dTTP; 25 p M dATP (Pharmacia); 1.5 m M MgCb,
20 m M Tris-HCl pH8.3; 50 m M KCl; 0.1% (w/v)
gelatin; 1 pi ^^S-dATP ( N E N 034-S), and 0.75 units
AmpliTaq (Cetus). A total of 35 cycles of amplifica
tion were performed using a Perkin Elmer D N A ther
mocycler. Each cycle consisted of 30 s at 94°C, 30 s
at the primer annealing temperature (see table 1),and
30 s at 72°C. The final elongation step was extended
to lOmin. The amplified products were extracted once
with chloroform, and 2 pi was mixed with an equal
volume of sequencing loading buffer and boiled for 1
min. The alleles were separated by electrophoresis in

T w o polymorphic dinucleotide repeats were indi
vidually subcloned and sequenced (table 1) from the
phage clone lambda 599.1. Oligonucleotides flanking
the tandem C A repeats were designed as primers for
PCR amplification (table 1). A third microsatellite of
the polydeoxyadenylate-tract type consisting of 15 re
peated adenosine residues was found to be nonpolymorphic in 10 unrelated individuals.
Genomic D N A from 46 unrelated individuals was
amplified and typed for both of the microsatellite re
peats. Six alleles (see fig. 1) were observed for p599
(CA)n, ranging upward in size from (CA)n to (CA),?.
The frequency and actual basepair sizes of the alleles
are given in table 1. The PIC value (Botstein et al.
1980) for this microsatellite was .71. A total of eight
alleleswere observed for lambda 599(CA)„, with a PIC
value of .74 (see fig. 1). The sizes and frequencies of
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Individuals
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30

31
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33

P599CA
Alleles

Lambda599CA
Alleles

Figure I

Microsatellitc dinucleotidc length polymorphisms for p599(CA)„ and lambda 599(CA)„

these alleles are also shown in table 1. Restriction
maps for the lambda clones at pl05-599Ha were de
termined, and the relative positions of the two C A
dinucleotide repeats were identified by hybridization
with poly (dC-dA).(dG-dT) and one of the PCR prim
ers. The two microsatellites were within 7.7 kb
(±1.5 kb) of each other.
The resulting genotypes were analyzed by the com
puter program ASSOC (Ott 1985), which demon
strated strong linkage disequilibrium between the two
microsatellites. There was no evidence that any of the
observed linkage disequilibrium had been caused by
other than allelic association (%^ = 31, 665 df, not
significant). The evidence for allelic association
=
118,35 df, P < .001) was investigated further in order
to overcome the problem of small expected values in
some of the cells of the contingency table. Unrelated
individuals from a number of multigeneration families
were typed so that phase could be determined. In al
most allcases itwas possible to determine both haplotypes from the parental genotypes, although in a few
cases only one haplotype could be determined unam
biguously. A total of 86 haplotypes were assigned in
this way, and they included the same alleles as had
been detected in the original sample. Haplotype fre

quencies are presented in table 2. This table was col
lapsed to a smaller 4 x 3 contingency table by amal
gamating rows and columns having small totals, until
all expected cell frequencies were greater than 5. A
standard
test was then performed which yielded
highly significant evidence in favor of linkage disequi
librium (x^ = 67, 9 df, P < .001). It is interesting to
note that there is also a positive correlation between
the sizes ofthe two allelesin each haplotype (Kendall’s
correlation coefficient (r) = .42, P < .001).
The nucleotide sequences in the immediate vicinity
ofthe two microsatellites (approximately 380 bp each)
were analyzed using the University of Wisconsin Ge
netic Group computer package. Direct or inverted re
peats and sequences suspected of being involved in
gene-conversion events (Renter and Birshtein 1981)
were not found for either microsatellite. A proportion
of the surrounding sequence of the lambda 599(CA)„
was 80% homologous to the human Kptil repeat.

Discussion

*

Several mutation mechanisms are possible in order
to create the length variation. These include unequal
crossing-over, gene conversion, and strand slippage

Linkage Disequilibrium between Microsatellites
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Table 2
Haplotype Frequency
N o. OF p599(CA)„ HAPLOTYPES

Lambda 599(CA)„

(CA),7

(CA)u

(CA)w.........................
(CA)2S.........................
( CA) u .........................
(CA)23.........................
(CA)22.........................
(CA)2,.........................
(CA)20.........................
(C A )„.........................
(C A )„.........................

0
0
0
0
0
0
0
0
1

0
0
0
0
0
0
0
0
0

(CA),;

during D N A replication/repair (Tautz et al, 1986). In
M l 3 bacteriophage the rate of strand slippage in
creases as the length of the (CA)„ increases (Levinson
and Gutman 1987). This isconsistent with the obser
vation that marker informativeness correlates with the
number of repeats (Weber 1990). Zuliani and Hobbs
(1990) suggested an association between repeat poly
morphisms and the physical proximity to Alu se
quences. Similar results were also demonstrated by
Economou et al. (1990) with Alu 3'poly deoxyadeny
late tracts. Alu elements have also been suspected of
being involved in recombination events, possibly by
being transcriptionally active and hot spots for gene
rearrangements.
The evidence so far shows that the observed degree
of heterozygosity at (CA)„ microsatellite loci can vary
even when length istaken into account (Weber 1990).
Thus mutation rates must differ between microsatel
liteloci. One explanation for the finding of lessintense
bands associated with microsatellite allelesatPCR (see
fig. 1)isthat they may have occurred either by strand
slippage during the amplification (Luty et al. 1990) or
because of somatic mutations (Smeets et al. 1989).
Nevertheless, the ability to demonstrate disequilib
rium indicates that they are stable in the germ line and
have been stable during evolution.
Because disequilibrium has been established in our
study, itseems unlikely that these (CA)„ microsatellites
are “hot spots” for recombination (Slightom et al.
1980; Kmiec and Holloman 1986). In contrast, link
age disequilibrium between the alpha-globin V N T R
(Higgs et al. 1986) with physically linked RFLPs was
not found (Ramsay and Jenkins 1988), despite this
region being a “cold spot” forrecombination (Chakravarti et al. 1984). The explanation for this may be an

0
0
5
15

1
0
0
0
0

(CA)h

(CA),;

0
0
0
0
8

0
0
0
0
0

9

14

1
0
0

1
0
0

(CA)u
0

0
0
7

0
0
0
0
0

(CA)„

0
0
0
0
7

0
17

0
0

elevated mutation rate for this V N T R , so that linkage
disequilibrium cannot be maintained.
A linear relationship between disequilibrium and
physical distance may occur in some chromosome re
gions but not in others. This is because, for small
regions of DNA, the effects of mutation, genetic drift,
and population admixture may outweigh those of re
combination (Litt and jorde 1986). As markers are
separated by greater distance, recombination should
eventually become the major effect, and the power to
establish disequilibrium will be reduced. Thompson
etal. (1988) demonstrated that very large sample sizes
are required to establish negative disequilibrium (i.e.,
repulsion phase) for diallelicsystems; therefore, a fail
ure to demonstrate negative disequilibrium does not
imply itsabsence. The analysis of mulriallelic systems
is less straightforward: grouping of alleles can either
increase or decrease the power of the test (Weir and
Cockerham 1978). Generally, though, the power
will be greater. Potentially multiallelic microsatellites
should increase the usefulness of mapping by the supratype method (Morton and Lew 1985) when recom
bination has the greatest influence, because relatively
few individuals are required to establish disequilib
rium. Thus information from microsatellites could
prove useful in organizing procedures— e.g., chromo
some walking, chromosome jumping, and Y A C clon
ing— for the identification of disease genes (Rommens
et al. 1989) before physical maps or maps based on
linkage data are available.
Linkage disequilibrium between a marker and dis
ease gene encourages the search for candidate genes in
the near vicinity of the marker (Estivill et al. 1987;
Dean et al. 1990); for example, a highly polymorphic
microsatellite has increased the power to establish dis-

970
equilibrium between the locus D9S15 and the Fried
reich ataxia gene (Fujita et al. 1990). Ifthese findings
are generally applicable, then microsatellites will prove
to be powerful new tools in mapping human genetic
diseases by linkage analysis and will help isolate the
genes by increasing the power of disequilibrium tests.
They will also increase the power of association tests
for genetic diseases where family data may be difficult
to obtain or where a complex mode of inheritance is
hypothesized.
The finding of a positive length correlation between
the sizes of the two microsatellite sequences is not
easy to explain. Itcould be postulated that the length
relationship is important for chromatid folding— or
for gene expression possibly by a stem-loop structure
(Hamada et al. 1984; Vogt 1990). Consequently, se
lection may be preserving the apparent disequilibrium.
However, no evidence for this was seen with ASSOC,
and the correlation may be coincidental.

Sherrington et al.
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STJMMABY

Five kindreds selected through probands attending an Icelandic hospital were recruited for
linkage studies of manic depression. The rates of affection were equal for males and females and
the age of onset appeared to be predominantly in early adult life, since prevalence did not rise
appreciably with age. A complex segregation analysis was performed using the computer
program pointer to obtain maximum likelihood estimates of the contributions to liability from
multifactorial transmission and a single major locus. Likelihood ratios between models
supported a role for a single major locus which was dominant and had moderately high
penetrance with, in the case of unipolar illness, additional multifactorial transmission. The bestfitting parameters were used to devise a transmission model for linkage analysis. Three markers
on chromosome 5 were studied, at D5876, D586 and D5S39. 8trongly negative lod scores were
obtained which were less than —2 over a distance of 40 cM, which included the region to which
the gene for the SHTla receptor has been mapped.

INTRODUCTION

Although there is good evidence for there being some role for genetic factors in the aetiology
of manic depression (McGuffin & Katz, 1989), the exact nature of these factors remains
unknown. The strongest evidence for genetic linkage to a particular region exists for markers
on the long arm of the X chromosome (Winokur et al. 1969; Del Zompo et al. 1984; Mendlewicz
& Fleiss, 1974; Baron, 1977 ; Mendlewicz et al. 1980, 1987 ; Baron et al. 1987) although other
workers have failed to replicate these findings (Berrettini et al. 1990). A report of linkage to
markers on the short arm of chromosome 11 in an Amish pedigree (Egeland et al. 1987) could
not be replicated (Hodgkinson et al. 1987, Detera-Wadleigh et al. 1987), and further
investigation of the original pedigree resulted in a dramatic loss of support for the original
findings (Kelsoe et al. 1989).
One reason for the problematic nature of the application of genetic linkage analysis to manic
depression (and other psychiatric illnesses) is that the mode of transmission is not clearly
defined. It is not even known whether genetic effects on the liability of developing manic
depression result from polygenic mechanisms or whether in at least some cases single genes can
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exert a major effect, the latter being a prerequisite for the successful application of classical
methods of linkage analysis. Although some segregation analyses have been reported which do
support the existence of single gene effects (Baron, 1980; O’Rourke et al. 1983; Crowe &
Smouse, 1977; Gershon et al. 1975a, 6) there are others which do not (Slater & Tsuang, 1968;
Bucher & Elston, 1981). Even if a single gene does substantially alter the liability to manic
depression within a pedigree, linkage may not be detected if incorrect transmission parameters
are specified (Clerget-Darpoux et al. 1986). However, if several different transmission models are
tested in an attempt to avoid this false negative result, the probability of obtaining a false
positive result is correspondingly increased (Weeks et al. 1990).
One conclusion that can be drawn from these considerations is that as far as possible the
mode of transmission operating within a sample of pedigree should be elucidated prior to
proceeding with linkage analysis. In addition, the transmission parameters should be chosen in
a way which will maximize the information content of the pedigrees and which will reduce as
far as possible the likelihood of producing erroneous findings. To this end a segregation analysis
was carried out on the pedigrees to be used for linkage analysis using the computer program
POINTER (Lalouel et al. 1983). The results from this were used to specify a plausible and
conservative transmission model for manic depression in these pedigrees, as described below.
The region chosen for investigation by linkage analysis was on the long arm of chromosome
5 and was originally considered to be of interest because of the finding of linkage to
schizophrenia in seven Icelandic and British pedigrees (Sherrington et al. 1988). However, this
result was never replicated, and subsequently new data from more informative markers have
revealed that this result was probably a false positive (Sherrington et al., submitted for
publication). Nevertheless, the region remains of interest because of the recent localization of
the gene for the SHTla receptor, a candidate gene for affective illness, to within 10 cM of D5S6
(Melmer et al. 1991). Not only are competitive inhibitors of 5HT re-uptake recognized to be
effective antidepressants, but there is now evidence suggesting that 5HT metabolism is
disordered during depressive episodes (Mitchell & Smythe, 1990; Anderson et al. 1992) and
normalizes with treatment (Shapira et al. 1992). It therefore seemed reasonable to surmise that
inherited abnormalities of the 5HTla receptor gene might account for at least some cases of
familial manic depression.

METHOD OF SEGREGATION ANALYSIS

Five Icelandic kindreds containing multiple cases of the unipolar and bipolar forms of manic
depression were recruited for the purpose of performing linkage analysis. They were selected by
screening probands with bipolar disorder from amongst current in-patients at an Icelandic
hospital. Suitable pedigrees were selected to contain several individuals suffering from bipolar
affective illness and expressing willingness to participate. Pedigrees containing cases of
schizophrenia were excluded. All other pedigrees were found to have a unilineal source of manic
depression and were included in the study. Psychiatric diagnoses were assigned using Research
Diagnostic Criteria (RDC, Spitzer et al. 1978). Subjects were interviewed by a psychiatrist using
the Lifetime Version of the Schizophrenia and Affective Disorders Schedule (SADS-L, Spitzer
6 Endicott, 1977).
This information was supplemented by material from case-notes. Age at interview and age
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of first onset of illness were also obtained by questioning the subject and by review of casenotes. Extensive tracing of pedigrees was carried out using Icelandic genealogical information
to characterize as far as possible the diagnoses of other members of the kindreds. Altogether 211
individuals were included in the analysis.
Two levels of diagnosis were used in subsequent analyses to designate individuals as affected.
For the first level, denoted BP, only those individuals who had fulfilled the criteria for either
mania or hypomania were classed as affected. The second level, denoted UP, included as
affected all those individuals suffering from mania, hypomania, or major or minor depressive
disorder, but excluding those with unipolar depression combined with drug or alcohol abuse.
The age and sex distribution of affection was studied in the pedigrees. In order to obtain the
best-fitting model for the transmission of the illness prior to performing linkage analysis, a
complex segregation analysis was performed using the computer program poe nter . This
implements the mixed model of genetic transmission described by Morton & MacLean (1974)
and allows the comparison of likelihoods between different models. It is assumed that a
phenotypic variable such as presence or absence of manic depressive illness represents the
dichotomous expression of an underlying continuous trait which is normally distributed in the
population. This trait may be described as liability, or propensity to develop the illness.
Individuals above a certain threshold on this trait will manifest the illness, and those below it
will have a normal phenotype. Different factors can contribute additively to the variance of the
trait, and the overall value of the variance is arbitrarily taken to be unity.
The most general model tested is the mixed model, in which there are contributions to the
variance from three sources - random environment effects, multifactorial transmission from
parent to child (comprising genetic and nongenetic factors) and a single major locus effect. The
single major locus effect is due to a diallelic system such^that each of the three possible
genotypes has a different mean liability. This effect is characterized by the gene frequency of
each allele (Q), the difference between the mean liabilities for individuals homozygous for each
allele (T), and the position of the heterozygote mean relative to the homozygote means [D, the
dominance of the gene).
The parameters of the mixed model are iterated to produce maximum likelihood values for
the best fitting model. The mixed model can be compared with other models (no transmission,
multifactorial transmission only, single major locus effect only) by constraining the relevant
parameters and comparing the likelihood of the mixed model with the likelihood of the
constrained model. The natural log of the ratio of the likelihoods multiplied by negative two
( —21n (L)) may be taken to approximate a
statistic with the number of degrees of freedom
equal to the difference in the number of constrained parameters between the two models. This
statistic provides a measure of relative goodness-of-fit of two models. The models tested were
as follows :
(A)
(B)
(C)
(D)
(E)

Mixed model (single major locus4-multifactorial transmission).
Multifactorial transmission only.
Single major locus only.
Single major locus constrained to be recessive (D = 0).
No familial transmission.

Once transmission parameters had been obtained for the single major locus model using both
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criteria for afifection, the analysis was repeated with the gene frequency (Q) constrained to be
equal for the two different affection categories. These analyses were used to generate penetrance
values.
Prior to performing the analysis the prevalence of the illness in the population must be
specified. In Iceland the prevalence of bipolar affective illness and associated unipolar illness is
in the region of 1 % (Helgason, 1964). This value was used for the prevalence when including
all cases of affective illness as affected, and for the analyses including only bipolar cases a
population prevalence of 0*5% was used.
In order to analyse pedigrees using p o i nter , the pedigrees must be divided into units of
nuclear families. Each nuclear family is taken to be ascertained for study either because it
contains a proband or because a related affected individual outside the nuclear family has led
to the ascertainment. In the latter case the individual is termed a ‘pointer’ to that family and
is included with the family in the analysis. In the present study the pedigrees had not been
sampled with the primary intention of performing a segregation analysis and a systematic
scheme for extending the pedigrees which would have been appropriate for segregation analysis
had not been applied. Therefore, in each pedigree we simply took the proband to be the affected
individual who had first drawn attention to the pedigree, and ‘pointers’ were assigned post hoc
to move from each family to the next one containing affected subjects in the most economical
manner.
REST7LTS OF SEGREGATION ANALYSIS

The pedigrees used in the analysis are shown in Fig. 1. Inspection of the pedigrees is
suggestive of a disease segregating in autosomal dominant fashion with high, though
incomplete, penetrance. In three of the kindreds (F2, F13 and F19) there is clear evidence of
male-to-male transmission of the bipolar form of manic depression, thus excluding X-linkage.
There was no significant difference in the numbers of males and females affected either with
bipolar illness alone or with either bipolar or unipolar illness (Table 1).
The age of the subjects at interview ranged from 16 to 90 years (mean 47 9, s.D. 16*8). The
proportion of subjects of a given age who had become affected was studied, and interestingly
there was no consistent tendency for the lifetime prevalence of either bipolar illness alone or
affective illness generally to rise with age (Fig. 2). Because of the lack of a clear association
between age and differences in liability to affection, age-related liability classes were not
considered appropriate for the subsequent segregation or linkage analyses.
The results of the segregation analysis are summarized in Table 2, which shows the likelihoods
obtained for different transmission models expressed in terms of —21n(D). This shows that
either multifactorial or single major locus transmission offered a considerably better fit to the
observed data than no familial transmission at all [P < 0*0001 in all cases). In all models which
did include single major locus transmission the value for the dominance, 2), iterated to unity,
i.e. a fully dominant mode of transmission was preferred.
When only bipolar cases were included as affected then the mixed model did not fit the data
any better than a pure single major locus model. That is to say that allowing an additional
parameter for multifactorial transmission, H, to be fitted did not increase the likelihood of the
model. Since the single major locus model is a special case of the mixed model (with 22 = 0), we
can say that the best-fitting mixed model in this case is a single major locus model. This single
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Table 1. Numbers of male and female subjects affected with bipolar and unipolar affective illness
Male
Bipolar
Unipolar
Normal

Female

19*0

Total

Total
44*0

16*0

25*0
18*0

69*0

64*0

34-0
133*0

104*0

107*0

211*0

Chi-squared = x*i, 2 D.F., N.S.
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Fig. 2. Percentages of all subjects of a given age or less who have experienced an episode of
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Table 2. Values of —Bin. {L) obtained from

p o in t e r

using different transmission models

(The table shows the parameters that were fitted to the observed data for each model.)
Parameters fitted

TQ {D = 0)

Affection criteria
BP
UP

HTDQ

B

DTQ

None

(Mixed)

(multifactorial)

(single locus)

342
586

142

162

142

180

17 3

212

183

252

(recessive
single locus)

major locus model provided a significantly better fit than any model in which only multifactorial
transmission was allowed {—2\n{L) difference : 20, 3 d .f ., P < 0*0002). The dominant single
major locus model fitted significantly better than the recessive (—2 In (Zi) difference : 18,1 d .f .,
P < 0*0001).
When unipolar cases were also included as affected then the mixed model fitted much better
than the multifactorial transmission model (—21n(Z) difference: 39, 3 d.f., P < 0*0001) and
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slightly better than the single major locus model (—21n(X) difference: 10, 1 d .f .,P < 002).
Since the hypothesis of multifactorial transmission is not nested within the hypothesis of single
major locus transmission it is not strictly legitimate to compare them directly. Nevertheless,
the single major locus model has a value for —21n(L) which is 27 less than the multifactorial
one and has three fitted parameters (DTQ) compared with the latter*s one (H). If one were to
compare these models directly this would seem to offer significant support for single major locus
transmission alone over multifactorial transmission alone (—21n(Z} difference: 27, 2 d .f .,
P < O'OOOl). Once again, the dominant single locus model fitted better than the recessive
(—21n(I() difference: 69, 1 d .f .,P < 0*0001).
The best-fitting single major locus transmission models were fully dominant and had values
for displacement, T, of 4*7 and gene frequency, Q of 0*0054 if only bipolar cases were considered
affected, and values of 5*0 and 0*0065 if unipolar cases were included as well. Clearly, if we are
entertaining the hypothesis that bipolar and unipolar cases can arise as different degrees of
expression of the same genetic abnormality, then the gene frequency must be the same in each
case. Therefore the analysis was rerun with the gene frequency constrained to 0*006 using both
sets of affection criteria. For bipolar cases the value of —21n (L) was 143 and including unipolar
cases it was 184. In each case this represented an increase of only 1 from the model with Q
unconstrained. This indicates that setting Q to 0*006 does not produce a significantly worse fit
to the observed data in either case.
The transmission models used to derive penetrance parameters for subsequent linkage
analyses were for dominant single major locus transmission with gene frequency constrained to
0*006. Under these conditions including only bipolar cases as affected yielded a penetrance
value of 0*4 and including unipolar cases in addition yield a penetrance value of 0*8.

DEFnONO A TSANSMISSIGN MODEL

Some of the results of the segregation analyses were used to provide parameters for the
transmission model used in subsequent linkage analyses : the disease gene frequency was set to
0*006 and the heterozygote penetrance was set to 0*4 for the BP model and 0*8 for the UP model.
However these results were not used to provide values for the ‘phenocopy rate', or probability
of affection conditional on normal genotype, because the calculated values were considered to
be too low to be used in linkage analysis. The segregation analyses yielded values less than 0*001
for the phenocopy rate. However, this is unlikely to represent the true probability of someone
with a normal genotype being diagnosed as affected, since, for one thing, it ignores the fact that
the diagnostic schedules used have less than 100 % specificity. Setting a phenocopy rate which
is too low is particularly likely to produce false negative results with linkage analysis. Instead
we considered that more realistic values for the phenocopy rate would be 0*01 for bipolar illness
and 0*05 for unipolar illness. The penetrance values used are rather low compared with those
commonly used in linkage analysis of manic depression, and the phenocopy rates are
exceptionally high. The subsequent linkage analyses can therefore be legitimately regarded as
conservative, with reduced chances of producing lod scores with an artefactually increased
magnitude in either direction.
In order to extract the maximum information from the pedigrees, a dummy quantitative
variable was used so that bipolar, unipolar and unaffected subjects could be coded differently
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for the LINEAGE programs, with the appropriate probabilities specified for observing each
phenotype conditional on normal or heterozygote genotype. The procedure described by Curtis
& Gurhng (1991) was followed. A dummy quantitative variable with unit variance and a mean
value of 10 for normal homozygotes and 13 for heterozygotes was defined, with a disease gene
frequency of 0*006. For each phenotype an appropriate value for this variable was calculated
according to the formula q = 11*5 + In (paA/pAA)/3, where pAA is the probability of observing
the phenotype in normal homozygotes and pAa the probability in heterozygotes. For bipolar
illness this produced a value of 11*5+In (0*4/0*01 )/3 = 12*7, for unipolar but not bipolar illness
the value is 11*54-In (0*4/0*04)/S = 12*3, and for non-affection the value is 11 * 5 In (0*2/0*95)/3
= 11*0. Subjects falling into each affection category were coded as having the appropriate value
of this dummy quantitative variable, and the l i n k a g e programs would then interpret the data
in such a way as to provide the desired ratio of probabilities for observing a given phenotype
conditional on each genotype. This meant that the distinction between bipolar and unipolar
cases could be preserved, with the notion that the former were very likely to represent true
genetic cases whereas the latter might in many instances represent non-genetic phenocopies.
Although we would regard the linkage analyses using this dummy variable as being the most
reliable and best refiecting the real transmission parameters operating, we did also perform two
supplementary analyses in a conventional fashion in which cases were dichotomized into
affected or unaffected, in the first case including only bipolar cases and in the second including
also the unipolar ones. For the bipolar model penetrance was set to 0*4 and phenocopy rate to
0 01, and for the unipolar model the respective values were 0*8 and 0*05. However, we would
emphasize that we would set most store by the results of the newer method of analysis, and
these more conventional analyses were carried out more for purposes of comparison than
because we regarded them as methodologically appropriate._

METHOD OF LINKAGE ANALYSIS

DNA extraction, digestion and Southern blotting were performed using standard techniques.
P105-599Ha detects a Taql polymorphism at D5S76, M4 detects a BamTSl polymorphism at
D5S6 and pl05-153Ra detects a jfapi polymorphism at D5839. Relative to D5S76, D5S6 lies
at a male distance of 8 cM and D5S39 at 15 cM (Weiffenbach et al. 1991). Linkage analysis was
carried out using m l i n k for two-point analyses and l i n k m a p for multipoint analyses which
incorporated information from all the markers simultaneously. For the multipoint analyses a
female :male distance ratio of 1*5 was used. Two-point and multipoint analyses were carried out
using each of the three transmission models described above. The model using a quantitative
variable to code for different diagnostic categories is denoted QMDP, while the two other
models in which either only bipolar or else both unipolar and bipolar cases are included as
affected are denoted BP and UP respectively. For all analyses the admixture test procedure was
carried out to enable the detection of linkage in the presence of non-allelic genetic heterogeneity
(Ott, 1985).
BESTJLTS OF LINKAGE ANALYSIS

The genotypes detected are displayed on Figure 1. The results of the two-point linkage
analyses are shown in Table 3, and of the multipoint analyses in Fig. 3. The lod scores are
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Table 3. Results of two-point linkage analyses against each of the three markers used,
using each set of affection criteria
Two-point lod scores versus D5S76

e
O ’OO O

QMDP
BP
UP

— 10*699
— 2*090
— 10*506

O 'O O l

— 9* 8 0 2
— 2*059
— 9* 6 0 7

Q‘ 0 1 0

— 8*162
— 1 *804
— 8*0 8 0

0 * 050

— 5*567
— 1*022
— 5*620

0 *1 0 0

0 *2 0 0

— 3*849
— 0*495
— 3*905

— 1*877
— 0*034
— 1*921

0*300
— 0 *809

0*400

- 0*239

0 *102

0*096

— 0*841

— 0*256

Two-point lod scores versus D5S6

d

QMDP
BP
UP

-

0 *000

0*001

0 *0 1 0

0* 050

0* 100

0* 200

0 * 300

*8*145
-4 *617
■6*456

■8 *018
-4*5 5 2
■6*305

— 6*959
— 4*003
— 5*337

— 4*131
- 2*461
- 3*110

— 2*267
— 1*460
— 1*618

— 0*461
- 0* 527
- 0*145

0* 162

0*192

— 0* 152

— 0*011

0*321

0*250

0 *2 0 0

0 *3 0 0

0*400

0*254

0*400

Two-point lod scores versus D5S39

d
0*000

QMDP
BP
UP

. 3 .3 7 6
■1*985

'2*595

0*001

0* 0 1 0

0*050

0*100

■3*143
■1*960
■2*467

*2*033
■1*750
■1*715

- 0*233
— 1*080
— 0*224

0*603

0*976

0*685

— 0*601

■0 *1 7 2

■0*045

0*016

0*907

0*6 4 7

0*250

0*543

6

BP

N

sO
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Fig. 3. Results of multipoint linkage analysis against probes at D5S76 (at 0 cM), D5S6 (at 8 cM) and
D5S39 (at 15 cM). Male distances are shown, with a female:male ratio of 1*5. The three diagnostic
models used were a d u m m y quantitative trait to code bipolar and unipolar illness separately (QMDP),
only bipolar cases (BP) and affective illness without alcohol abuse (UP).

significantly negative with each marker and over the whole region studied. Results from the
admixture tests are not shown, but these provided no significant support for the hypothesis of
heterogeneity, i.e. that a subset of families might be segregating a liability locus linked to these
markers. Using the preferred transmission model, denoted (^MDP, the region of exclusion for
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which the lod score is less than —2 extends for a male distance of 40 cM, including 15 cM on
the proximal side of D5S76 and therefore all of the region to within which the 5H Tla receptor
gene hsis been mapped.
DISCUSSION

The methodologies appropriate for obtaining sample pedigrees for linkage analysis and
segregation analysis are very different. For linkage analysis the most helpful pedigrees have
large numbers of living, affected, cooperative subjects and (in the case of a dominant disorder)
an apparently unilineal source of the illness. For segregation analysis probands should be
systematically ascertained and then pedigrees from all suitable probands included in the
subsequent analysis, independent of the number of secondary cases within those pedigrees. In
order to derive plausible values for the parameters of a subsequent linkage analysis we have
performed a segregation analysis on a biased sample of pedigrees deliberately chosen to include
large numbers of cases. In addition, these pedigrees were not systematically extended according
to explicit ' rules, which would have been appropriate for segregation analysis, but were
investigated in a more ad Aoc fashion which aimed to maximize the amount of information
obtained from each kinship for linkage analysis. This may inevitably have introduced further
bias. Although the calculations used by poi nted are to some extent able to account for such
bias, in fact the system of passing from one nuclear family to the next via pointers was imposed
on the data post hoc and may not accurately reflect the way in which the sample pedigrees were
actually obtained.
With the above caveats firmly in mind, we would draw the following conclusions. As far as
the best-fitting model is concerned we would say that there are good grounds for assuming some
familial transmission from parents to children, and that there is reasonable evidence that a
single major locus has at least some part to play in such transmission. If a single major locus
exists, it is likely to be‘dominant rather than recessive, by which we mean that heterozygotes
have a significantly increased risk of affection over normal homozygotes. (If the cases we see in
our pedigrees are affected heterozygotes then it is impossible to say anything about the
penetrance in those homozygous for the disease allele, because there were no pedigrees with
bilineal sources of illness.) The maximum likelihood estimates for the penetrance are (to one
significant figure) 0 4 for bipolar illness and 0*8 for unipolar. These figures are sensitive to the
biases mentioned and probably have a wide margin of error. However, we would argue that for
purposes of linkage analysis they are conservative, in that they are unlikely to produce
artefactually high negative lod scores.
While we can say that the best-fitting model is of a single major locus segregating as an
autosomal dominant with partial penetrance and perhaps with additional multifactorial
transmission, the issue of sampling bias prevents us from asserting that this is in fact the mode
of inheritance operating within these pedigrees. To do this we would need to be able to say how
difficult it would be to find a similar sample of pedigrees if there were in reality no cases of manic
depression caused by an autosomal dominant gene. The question also remains open as to the
extent (if any) to which the parameters derived from these pedigrees apply to the transmission
of manic depression in the population generally. The parameters obtained from the segregation
analysis of a large multiply-affected Old Order Amish pedigree (Egeland et al. 1987) were not
dissimilar to ours, with a penetrance o f063 for bipolar and unipolar illness combined, although

•Janl5 g sg -sp s art /u/gsg/hge402 12

12

D . CUETIS AND OTHERS

the gene frequency was estimated to be somewhat higher, at 0*021. Some of the broader-based
segregation analyses referred to above have also produced similar results and so it does remain
possible that in fact a substantial proportion of all cases of manic depression are related to an
autosomal dominant gene which confers a high liability to the disorder.
Although the results of the segregation analysis cannot be relied upon completely, we
consider that they have been helpful in allowing us to construct a plausible transmission model
for subsequent linkage analysis, and that the low penetrance and high phenocopy rates used
mean that the lod scores obtained can themselves be a fairly reliable indicator of whether or not
these pedigrees demonstrate linkage to particular markers. In the case of the chromosome 5
markers we have studied around the location of the 5HTla receptor gene, a strong exclusion
is obtained which in our judgement excludes mutations in this gene or others in the region from
being the main cause of the high prevalence of manic depression in these pedigrees. We intend
to proceed by using this methodology to investigate other candidate genes in a similar fashion.
Perform i n g linkage analysis in these large pedigrees has the advantage over sib pair and
association studies that information is acquired about comparatively large genetic regions.
Here, for example, we have obtained an exclusion over some 40 cM, and we would anticipate
that by studying further candidate regions in this way we will be able to investigate a
substantial fraction of the genome in a consistent and efficient fashion.
Research currently funded by the Medical Research Council, previously funded by the Mental Health
Foundation, the Wellcome Trust, a Merck Sharpe and D o h m e Fellowship for Dr G. Melmer and Priory Hospital
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Using a dum m y quantitative variable to deal w ith m ultiple affection
categories in genetic linkage analysis
D. C U R T IS A N D H . M. D. G U R L IN G
M olecular P sychiairy Laboratory, Academ ic D epartm ent o f Psychiatry, U niversity College and
M iddlesex School o f M edicine, R id in g House Street, London W W 8A A

SUMMARY
Some diseases w hich hav e a genetic c o n trib u tio n to aetiology do n o t d e m o n stra te a clear
correspondence betw een g en o ty p e an d p h en o ty p e. A v a rie ty of different clinical syndrom es
m ay be th o u g h t to reflect th e actio n o f a gene, b u t th e p ro b a b ility o f affection conditional on
geno ty p e m ay v a ry betw een th ese different diagnostic categories. T h e n o rm al ap p ro ach of
rep eatin g linkage analyses several tim es using different diagnoses to deflne individuals as
affected loses pow er in tw o w ay s: m u ltip le te stin g m u st be allow ed for, and th e distin ctio n
betw een m ore and less ex trem e form s o f affection is lost. I t is show n th a t for fully d o m in a n t or
recessive au to so m al diseases it is stra ig h tfo rw ard to assign a q u a n tita tiv e value to each
d iagnostic categ o ry to o b ta in th e desired ra tio of th e likelihoods o f affection conditional on th e
th re e possible g enotypes. T h e increased pow er p rovided by using th is q u a n tita tiv e value in
linkage analysis is d e m o n stra te d by ap p licatio n to sim u lated pedigrees co n tain in g cases of
bipolar an d u n ip o lar affective disorder.

INTRODUCTION
T he linkage an aly sis o f com plex tr a its w hich do n o t d em o n stra te clear M endelian inh eritan ce
p resen ts several difficulties. F o r m an y diseases w hich a p p e a r to be incom pletely p e n e tra n t th e re
are no diag n o stic te s ts w hich can conclusively decide w h eth er or n o t a p a rtic u la r su b ject has
th e disease. T he p roblem th e n arises as to w hich in d iv id u als in a fam ily should be classed as
being affected. G enerally th e re will be som e sub jects w ho e x h ib it clear featu res o f th e illness
a b o u t w hom th e re is little d o u b t, b u t th e re will be oth ers related to th em who seem to have less
severe p ath o lo g y w hich m ay or m ay n o t re p re sen t a v a ria n t expression of th e sam e ab n o rm al
genotype. I f th e y are o m itte d from th e an alysis a n d classed as unaffected th en th e p en etran ce
of th e disease locus m u st be set low er accordingly. T he pow er of th e analysis to d etec t or exclude
linkage will th e n be reduced. On th e o th e r h an d , if all m ild cases are included as affected th en
th e re is a risk o f including m an y non-genetic phenocopies w hich will inflate th e recom bination
ra te an d m ay produce false n eg ativ e linkage results. I f th e phenocopy ra te is set high to allow
for th is contingency th e n th e pow er o f th e analysis will again be reduced.
In such eases it is com m on p ractice to re p e a t a linkage analysis several tim es u n d er a v a rie ty
o f assu m p tio n s, using d ifferent c rite ria each tim e to define which p h en o ty p es are to be tak en
as rep resen tin g affection. T his allow s th e in v e stig a to r to see th e effect on th e lod score of
alterin g th ese criteria, b u t m u ch o f th e in fo rm atio n co n tain ed in th e pedigree is still lost and
th e analy sis is n o t as pow erful as it could be. W hen th e diagnostic categories are broadened so
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th a t even people w ith m ild p a th o lo g y are classed as affected th en th e phenocopy ra te m u st be
se t relativ ely high for th e analy sis to be valid. H ow ever, th is uniform ly high ra te is th en tak en
to a p p ly to all cases, even th e m o st severe or c h ara cteristic ones w hich th e in v e stig ato r m ay
believe to be alm o st certain to reflect th e actio n of th e disease gene. All th e in form ation a b o u t
w hich cases are m ore likely to be gen etic and w hich m ore likely to be phenocopies is lost. An
a d d itio n a l problem is t h a t re p e a tin g th e an alysis w ith different diagnostic categories introduces
e x tra degrees o f freedom a n d th erefo re it is m ore difficult to in te rp re t th e significance of a n y lod
score o b tain ed . I f th e co n v en tio n al level o f 3 0 is ta k e n as pro v id in g evidence for linkage th e n
th e n u m b er o f false p o sitiv e findings is likely to be increased, b u t th ere is d e b a te a b o u t precisely
w h a t level w ould be m o st a p p ro p ria te u n d er these circum stances.
I t is show n below t h a t for fully d o m in a n t or recessive m odels it is stra ig h tfo rw ard to assign
differen t p en e tra n c e a n d p henocopy ra te s to an y n u m b er o f different diagnostic categories and
th e n to assign a d u m m y q u a n tita tiv e value to su bjects falling in to each of these categories.
L inkage an aly sis can th e n be perform ed ju s t once on th e q u a n tita tiv e v ariab le w ith no loss of
in fo rm atio n . An ex am p le ap p licatio n o f th is tech n iq u e is p resen ted in th e analysis of sim ulated
pedigrees in w hich an au to so m al d o m in a n t gene predisposing to m anic depression is segregating.

METHOD

T h e LINKAGE p ack ag e (L a th ro p et al. 1985) allow s info rm atio n a b o u t a locus to be e n tered as
m a rk e r d a ta (usually co d o m in a n t alleles), affection sta tu s or as a q u a n tita tiv e tr a it. U sually
in fo rm atio n a b o u t a disease is coded as an affection sta tu s, and each in d iv id u al m ay be coded
as e ith e r affected, unaffected or o f unknow n sta tu s. T he disease locus is ta k e n to be a diallelic
sy stem and is ch aracterized by th e frequency of th e disease allele an d (for each of a n u m b er of
liab ility classes) th e p ro b a b ility o f observing an in dividual to be affected conditional on each
o f th e th re e possible g enotypes. F o r a fully recessive disease these p ro b ab ilities will be equal for
n o rm al h om ozygotes an d hetero zy g o tes, while for a fully d o m in a n t disease th e p ro b ab ility of
affection for a h etero zy g o te will be th e sam e as for in d iv id u als hom ozygous for th e disease allele.
T he p ro b a b ility o f affection in th e presence of an ab n o rm al gen o ty p e is fre q u en tly referred to
as th e p en etran ce, alth o u g h a m ore s tric t usage of th e te rm w ould be to say th a t each genotype
has its own p e n e tra n c e, w hich is sim ply th e p ro b ab ility o f affection conditional on th a t
g enotype. S im ilarly th e p ro b a b ility o f observing affection in th e presence o f a n o rm al genotype
is som etim es te rm e d th e p h en ocopy ra te .
H ow ever, it is helpful to b ear in m ind th a t for th e purposes o f linkage analysis th e effect of
th e disease locus is specified e n tire ly in term s of th e p ro b ab ilities o f observing a certain
p h e n o ty p e co n d itio n al on a certain genotype. I f we w ish to deal w ith a nu m b er o f diagnostic
categories th e n we w ould like to be able to specify th e p ro b ab ilities o f observing each category
conditional on each geno ty p e. H ow ever, coding affection s ta tu s allows us only to use tw o
categories, affected an d unaffected, w ith pro b ab ilities o f affection p A A , p A a and paa
resp ectiv ely for th e n o rm al hom ozygote, h eterozygote and disease allele hom ozygote. The
pro b ab ilities o f non-affection are th e n im plicitly [ i —p A A ), [ i —p A a ) a n d (1 —p aa). In ste a d , we
w ould like to be able to define p A A ^, p A ü i and paa^, i = 1 ... % for each o f n categories (where
th e %th categ o ry w ould re p re se n t non-affection, or n o rm al phenotype).
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B ecause th e lod score m eth o d o f linkage an alysis depends on th e ra tio o f likelihoods betw een
a lte rn a tiv e genetic h y p o th eses r a th e r th a n on th e a c tu a l likelihoods them selves, it can be show n
t h a t th e re su lt o f such an aly sis d ep en d s only on th e ra tio s o f th e above prob ab ilities for each
d iag n o stic category, t h a t is on fAA^-.'pAa^-.'paai for each i = i . . . n .

T he ta s k o f using

q u a n tita tiv e values to re p re se n t differen t diagnostic categories th e n becom es sim ply a m a tte r
o f choosing for each categ o ry a v alue t h a t will produce th e desired ra tio o f prob ab ilities
conditional on each g en o ty p e.
T he procedure is g re a tly sim plified if a tte n tio n is re stric te d to m odels w hich are e ith e r fully
d o m in an t or fully recessive, so t h a t e ith e r 'pAa^ = paa^ or pAa^ = p A A ^ for every d iagnostic
category. T hen th e ta s k is to pro d u ce co rrect v alues for p a a fp A A ^ . In th e

linkage

package a

single q u a n tita tiv e tr a it is described by th e m ean for each genotype, th e v ariance, an d a
m ultiplier for th e h e tero zy g o te v arian ce (which can be set to 1 to produce equal v ariances for
each genotype). T he

linkage

p ro g ram s use th e G aussian d istrib u tio n fu n ction as a p ro b ab ility

g en erato r to p ro d u ce a likelihood for o b serving a given q u a n tita tiv e value conditional on an
underlying g enotype. T his m eans t h a t if we d en o te th e hom ozygote m eans as

and

th e

s ta n d a rd d ev iatio n as <s, a n d th e v alue o f th e q u a n tita tiv e v ariab le as g th e n we have th e
following p ro b a b ility fu n ctio n s :
,

e x p ( - |( [ g - m ^ J A ) ^ )
//n_\
V (2 ;r )

YAAW ~

. , _ e x p ( - |( [ g - m „ J / s ) 2
> YaaW ~

V (2 7 I)

or, ta k in g d =

V {2 n )
T he ra tio o f th e tw o fu n ctio n s is th e n
^ a a i9 ) /^ A A iQ )

= ^ x p (- i ( [ ç -

+

i([g-

-

d)^),

a n d it is stra ig h tfo rw a rd to d erive g as a fu n ctio n o f th e desired ra tio o f p ro b ab ilities :

g =

+ «(I n

{ (p a a iQ ) /^ A A iQ ) ) /d

+ d /2 ).

T he proced u re for coding a d iag n o stic categ o ry as a q u a n tita tiv e variab le is th e n sim ply to
assign th e desired p A A an d paa to each categ o ry (including unaffected), an d th e n to s u b s titu te
th is ra tio in th e ab o v e fo rm u la :

= ^AA + «(\n{paai/pAAi)/d+ d/2).
E ach su b je c t diagnosed as falling in to categ o ry i will th e n be coded as m easuring g^ on th e
q u a n tita tiv e tr a it. O f course, th e v alues chosen for th e m eans an d varian ce are a rb itra ry ,
alth o u g h it is sensible to m ak e th ese d is ta n t from zero so th a t zero can be used to code for
su b jects o f u n k n o w n diagnosis, a n d se ttin g th e varian ce to 1 sim plifies th e calculations. T he
value o f

d

(the d isp lacem en t b etw een th e tw o m eans) should also be a rb itra ry , b u t in practice

ro u n d off erro rs m ake it desirab le to choose a valu e th a t is relativ ely large, a n d a value o f 3
seem s to w ork well. I f it is desired to use liab ility classes, th e n th e p ro ced u re can be rep e ate d
for each p a ir o f p A A an d p a a in each liab ility class.
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W O R K E D EXA M P L E

M anic depression is a good ex am p le o f an illness in w hich difficulties in defining ph en o ty p e
m ake linkage an aly sis p ro b lem atic. F ull-blow n b ip o lar affective illness, in w hich su bjects suffer
from episodes o f over ex c ite m e n t and elatio n as well as from depression, is relativ ely rare w ith
a lifetim e p revalence o f a ro u n d 0 5 to 2 % . On th e o th e r h an d , u n ip o lar depression is ra th e r
com m on w ith a lifetim e prevalence o f 5 -2 5 % (M erikangas et al. 1989). T he incidence o f unipolar
depression is increased in th e relativ es o f b ip o lar pro b an d s, an d m ost researchers consider th a t
such cases are likely to re p re se n t less e x trem e expressions of th e sam e ab n o rm al genotype.
H ow ever, th e bulk of cases o f u n ip o lar depression in th e general p o p u latio n are p ro b a b ly not
genetically related an d so it is likely th a t in a given pedigree a n u m b er of th e u n ip o lar cases
observed should be classed as non-genetic phenocopies. W ith th e exception o f som e fam ilies
w hich show X -linkage (B aron et al. 1987 ; Mendlewicz et al. 1987), th e m ode o f transm ission of
m anic depression is u n certain . Som e segregation analyses have favoured single m ajo r locus
effects, and th e re hav e been re p o rts o f large m u ltip ly affected pedigrees w hich are suggestive
o f au to so m al d o m in a n t tran sm issio n w ith incom plete p en etran ce (though th is m ay possibly be
an a rte fa c t o f selection bias) (E geland et al. 1987 ; H odgkinson et al. 1987). A linkage stu d y
w hich su p p o rte d au to so m al d o m in a n t transm ission becam e non significant on follow -up
(E geland e( al. 1987 ; K elsoe et al. 1989). H ow ever, th ere has recently been a rep o rt of affective
illness cosegregating w ith a cyto g en etic a b n o rm a lity in a d o m in an t p a tte rn (Sm ith et al. 1989),
suggesting th a t d o m in a n t effects m ay be significant in a t least some cases.
To te s t th e perfo rm an ce o f th e proposed m ethod o f analysis a n u m b er of sim ulated pedigrees
w ere first pro d u ced . I t w as assum ed t h a t th e re was an au tosom al d o m in a n t disease allele w ith
frequency o f 0-007 w hich ex erted an effect such th a t people in h eritin g th e allele w ould have a
p ro b a b ility o f developing b ip o lar illness of 0 4 , and of developing e ith er un ip o lar or bipolar
d iso rd er o f 0 7. P eople w ith o u t th e disease allele w ould have a p ro b a b ility of developing bipolar
illness o f 0 01, a n d e ith e r u n ip o lar or b ip o lar illness o f 0 1 . A diallelic m ark e r a t zero
reco m b in atio n w ith th e disease locus w as also sim ulated, each m ark er allele h av in g a frequency
o f 0 5. F iv e different pedigree stru c tu re s were used and th e sim ulated disease p h en o ty p es and
m a rk e r alleles were ad d ed to th ese te n tim es to produce ten sets of d a ta . E ac h sim ulated d a ta
set w as th e n an alysed using co n v en tio n al linkage analysis w ith th e heterozygote pen etran ce
ta k in g values from 0 1 to 0 9 in in te rv a ls o f 0 1 , and th e norm al hom ozygote p en etran ce ta k in g
th e v alues 0 005, 0 01, 0 05, 0 1 , 0 15 and 0 2. All these analyses w ere perform ed tw ice, th e first
tim e including only b ip o lar cases as affected and th e second tim e including b o th bipolar and
u n ip o lar cases. E ach d a ta set w as th e n an alysed once only using a dum m y q u a n tita tiv e variable
to in d icate diag n o stic categ o ry . T he norm al hom ozygote m ean
a b n o rm al hom ozygote

w as set to 10 an d th e

to 13. T he varian ce v w as set to 1, m aking d, th e displacem ent

betw een th e m eans, equal to 3. T ab le 1 show s how th e form ula show n above w as used to
p roduce q u a n tita tiv e values w hich w ould be eq u iv alen t to th e desired p en etran ce and
ph en o co p y ra te for each category. T hese p a ra m e te rs were set to be th e sam e as those used to
pro d u ce th e sim u lated d a ta , and p roduced q u a n tita tiv e values of 12 730 for b ip o lar illness.
11901 for u n ip o lar illness an d 1 1 134 for n o rm al p h en o ty p e. T hese values were th e n su b stitu te d
in th e pedigrees an d used in stead o f th e affection d a ta .
T h e lod scores produced from th e co n v entional analyses w ere com pared w ith those produced
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T a b le 1. D eriving a d u m m y quantitative value q fro m desired values fo r the penetrance and
phenocopy rate fo r each disease category, m ^ ^ = 10,
pAA
‘phenocopy r a t e ’

=13, v = l , 5 = l , c ? = 3

Disease
category

paa
‘p en e tra n c e ’

B ipolar
U nipolar
Norm al

0- 4

001

0-3

009

333

11-901

03

09

0-333

I I - I 34

p A A jp a a

q - m^^4-g(ln {p a a lp A A )ld -\-d /2 )

400

12730

T able 2. M a xim u m lod score fro m linkage analysis o f affective illness with a m arker locus at
zero recombination : ten data sets studied

B ipolar cases
paa = 0 4 , p A A — 0 01
any paa and p A A
All cases
paa — 0 7, pA A = 01
any paa and p A A
Q u an titativ e variable used

Mean

s.D.

6-24
671

2- 51
2-50

798

283

901

366

955

313

by th e new technique, an d are sum m arized in T able 2. T his show s th a t th e lod scores produced
by th e q u a n tita tiv e m eth o d w ere on average higher th a n an y of th e scores produced by using
affection sta tu s. U sing a p aired t te st, th e scores for th e q u a n tita tiv e m ethod w ere significantly
h igher th a n a n y o f th e scores o b ta in e d w hen only bipolar cases were considered {P < 0 001) and
were also significantly h igher th a n th e scores w here un ip o lar cases w ere included if th e
p en etran ce an d p henocopy ra te w ere co n strain ed to 0 7 and 0 1 {P < 00 0 5 ). A n o th er p o in t of
in te re st is th a t th e m ax im u m lod scores were found a t sm all reco m b in atio n fractio n s (0 01 or
less) w hen th e q u a n tita tiv e values or only b ip o lar cases w ere used. H ow ever, w hen un ip o lar
cases were included th e m ax im u m lod score occurred a t a reco m b in atio n fraction of 0 05 in tw o
o f th e te n d a ta sets and a t 0 1 in one oth er.

DISCUSSION

In th e o ry a linkage analysis w hich can consider in d ep en d e n t inform ation a b o u t a n u m b er of
different disease categories should be m ore pow erful th a n one in w hich only tw o categories,
affected an d unaffected, can be used. T he resu lts o f th e analysis o f th e sim ulated d a ta seem to
confirm this, since th e p se u d o -q u a n tita tiv e analysis produces higher lod scores in d icatin g an
increased sen sitiv ity as d e m o n stra te d by th e a b ility to produce a tru e positive linkage result.
T he a d v a n ta g e w as n o n -significant when com pared w ith th e values o b tain ed from including
u nipolar illness and m axim izing over all possible values of p en etran ce and phenocopy rate.
H ow ever, th e in tro d u c tio n o f th ese tw o ad d itio n al degrees o f freedom w ould reduce th e
significance o f a n y lod score o b tain ed by th e la tte r m ethod. I t was also noticeable th a t in th re e
o f th e ten analyses th e co n v en tio n al m eth od produced inflated e stim ate s o f th e recom bination
fraction w hen th e u n ip o lar cases w ere included as affected, w hile th e p se u d o -q u a n tita tiv e
m ethod did n o t. A lth o u g h such an o v er-estim atio n of th e recom bination fractio n m ay not be
critical in a tw o -p o in t an aly sis, w hen m u ltip o in t analysis is perform ed th is can tra n sla te into
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a sp u rio u s exclusion o f an a c tu a l disease locus, as n o ted by R isch & G iuffra (1990). T his
o b serv atio n underlin es th e p rinciple t h a t in linkage analysis it is im p o rta n t to specify th e m ode
o f tran sm issio n as a c c u ra tely as possible for th e re su lts to be valid.
I t is difficult to d e m o n stra te in p ractice th a t th e p se u d o -q u a n tita tiv e tech n iq u e w ould also
perform well in te rm s o f h av in g pow er to exclude linkage w hen none w as p resen t, since it is
alw ays possible to p roduce a n eg ativ e lod score by m isspecifying m odel p aram ete rs. H ow ever,
th e th e o re tic a l a rg u m e n t t h a t th is a p p ro ac h is valid, indeed even preferred, seem s self-evident.
O tt (1990 a) h as a d v o c a te d using a schem e in w hich th e p h e n o ty p e can v a ry g rad u a lly from
‘know n a ffe c te d ’ to ‘know n u n a ffe c te d ’, using alcoholism as an exam ple disease. P o te n tia lly
th is could allow th e effects o f d ifferent risk facto rs and different in d icato rs of affection to all be
included in to a linkage analysis. A t m inim um it becom es possible for researchers to leg itim ately
in c o rp o ra te d a ta from fringe p h e n o ty p e s w ith a realistic phenocopy ra te w ith o u t in cu rrin g any
p e n a lty in te rm s o f loss o f pow er.
I f m u ltip le m odels are te ste d th e n th e significance of th e m axim um positive lod score
o b ta in e d is reduced. B ecause th e p se u d o -q u a n tita tiv e analysis allow s g re a te r flexibility in th e
m odels w hich can be te ste d th e re is a p o te n tia l d an g er th a t m u ltip le ap p licatio n s m ight
g en erate spurious p o sitiv e lod scores m ore freq u en tly th a n th e conventional ap p roach. I t should
be stressed th a t th is p roblem only relates to th e situ a tio n w hen m u ltip le m odels are te sted . I f
only one an aly sis is perfo rm ed (as in th e exam ple above) th en th e co n v entional lod score of 3
m ay be ta k e n to be suggestive o f linkage. In fact, such an analysis is m ore ro b u st th a n th e
(re g re tta b ly now ty p ical) situ a tio n in w hich m ultip le analyses w ith different disease definitions
are p erform ed and th e one giving th e hig hest lod score is ta k e n as ind icativ e of th e evidence in
fav o u r o f linkage.
T he in te rp re ta tio n o f a lod score o b tain ed following m u ltip le te stin g is still u nclear an d has
been d e b a te d recen tly . G reen (1990) suggested th a t an a p p ro p ria te correction could be m ade to
th e conven tio n al criterio n o f 3 based on th e n u m b er o f disease p h e n o ty p e classifications, while
in th e sam e discussion O tt (19906) claim ed th a t th e correct th resh o ld is h ard to define and
suggested p erform ing a c o m p u te r sim u lation to p roduce an em pirical m easure o f th e actu a l false
positive ra te for a given set o f pedigrees a n d a given group of diagnostic schem es. W eeks et al.
(1990) have im plem en ted such a p ro cedure an d m easured th e inflation of th e lod score by
m ax im izatio n over b o th disease specification an d p en etran ce (both o f w hich m ay be freely
varied using th e p se u d o -q u a n tita tiv e m ethod described above). T o provide a concrete exam ple
of th e m ag n itu d e o f such an effect on th e lod score, th e y found th a t in 6 pedigrees a p p a re n tly
segregating a d o m in a n t gene for schizophrenia and re lated illnesses (S herrington et aï. 1988)
m axim izing th e lod score o ver th re e d ifferent disease m odels and a range o f p en etra n ces could
re su lt in th e ‘inflation ’ o f a lod score o f 3 by betw een 0 3 and 10. I f te stin g o f m ultip le m odels
is perform ed, th e n th e m o st crucial safeguard a g a in st m isin te rp re ta tio n of th e re su lta n t lod
score is th a t th e in v e stig a to r m u st re p o rt th e full range of m odels w hich have been te sted .
T h u s alth o u g h th e use o f a d u m m y q u a n tita tiv e v ariab le can provide th e in v e stig a to r w ith
im p o rta n t a d v a n ta g e s in te rm s o f a m ore precisely defined disease m odel, it is im p o rta n t to be
aw are th a t in d iscrim in ately te stin g a large nu m b er o f m odels for evidence of linkage m ay lead
to m ore freq u en t p o sitiv e lod scores occurring b y chance. On th e o th e r h an d , if th e in v e stig ato r
is p rep ared to se ttle on ju s t one m odel and perform analyses on th a t, he or she can forgo th e .
degree o f freedom w hich n arro w in g an d w idening th e affection category usually en ta ils and th e
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significance o f th e lod score o b tain ed w ould th e n be increased. An a d d itio n a l a d v a n ta g e would
be th a t analyses w hich are co m p u ta tio n a lly intensive need n o t be re p ea ted using different
affection categories, th e re b y econom izing on co m p u ter tim e.
T h e usefulness o f th is tech n iq u e m ay d epend on w h ether or n o t an in v estig a to r has a clear
idea o f th e best p a ra m e te rs to use in th e transm ission m odel. T he exam ple above clearly
rep resen ts an artificial ideal situ a tio n in w hich these are know n in advance. In practice one
m ight be able to e stim ate reasonable values from segregation analyses and epidem iological
d a ta , and it seems likely th a t even a p p ro x im a tio n s to th e tru e values could provide a useful
a d v a n ta g e over th e use o f affection d a ta . T he tech n iq u e is certain ly sim ple to ap ply, and
provides th e benefit o f giving th e in v e stig a to r th e freedom to in v estig ate th e m odel which seems
m ost a p p ro p riate. By utilizing clinical in form ation to th e full th e pow er to d etec t or exclude
linkage is m axim ized, as is th e pow er to ac cu rately m ap disease loci.
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(Khan et al, 1990) that has a very low heterozygosity
value. To increase the informativeness of the HTRIA
locus we screened a cosmid library (pcos2EMBL)
with G21. Two cosmids containing the HTRIA gene
were identified (G21pcos6 and G21pcos2), represent
ing approximately 55 kb of DNA. An EcoRl/Pstl 1.2kb restriction endonuclease fragment, with the Pstl
site within the coding region, was subcloned and se
quenced to confirm that the cosmid G21pcos6 constained the HTRIA gene (data not shown).
Microsatellites, which consist of short tandem re
peats such as the dinucleotide (dC-dA)„ (Weber and
May, 1989; Litt and Luty, 1989) and variable repeated
sequences adjacent to Alu elements including the 3'
poly(deoxyadenylate) tracts (Economou et al, 1990),
are novel highly polymorphic markers. Southern hy
bridization of the HTRIA cosmids with poly(dCAdGT) and poly(dCT-dGA) (Pharmacia) did not iden
tify any dinucleotide repeats. One Alu element with a
22-bp 3' poly(deoxyadenylate) tract was identified;
however, it revealed no polymorphism in 10 unrelated
individuals.
To identify further RFLPs the whole cosmid
(G21pcos6) was labeled by random priming and re
peat elements were competed out by the method of
Sealy et al (1985). An RFLP panel consisting of DNA
from eight individuals cut with 20 separate restriction
enzymes {Apal, BamKl, Bell, Bgll, Bglll, EcoRl,
EcoRV, Haelll, H in di, H indlll, Hinfl, Mspl, Pstl,
Pvull, Rsal, Sad, Stul, Taql, Xbal, and Xmnl) led to
the identification of a new Taql polymorphism. The
smaller repeat-free allele was subcloned into a plas
mid vector (pUCl9). The allele sizes and frequencies
are shown in Fig. 1 for the probe called cG21.T.4.2.
Linkage analysis between this new RFLP and
highly informative microsatellite polymorphisms at

A human neuroreceptor clone (G21), which was isolated
by cross-hybridization with the human clone for the
adrenergic receptor, has recently been shown to encode the
gene for the 5HT1A receptor (HTRIA) subtype. In situhy
bridization to human metaphase chromosomes mapped the
G21 sequence to chromosome 5 at bands 5 q l l .2 - q l 3 . The
clone G21 recognizes a Sad RFLP with low heterozygosity
(0.13). To increase the informativeness of the HTRIA
locus we have isolated two new cosmid clones containing
the receptor gene. No polymorphic microsatellites were
present in the cosmids. However, one cosmid revealed a
new Taql RFLP that showed tight linkage to new highly
polymorphic microsatellites for the loci D5S76, D5S39,
and D5S6 in seven British and Icelandic reference pedi
grees (maximum LOD of 13.2 with D5S76). e iwi Ae*d*mi«
I, Inc.

The effects of 5*hydroxytryptamine (5HT) are me
diated by the activation of distinct receptor subtypes.
Based on pharmacological properties, six 5HT recep
tor subtypes have been defined (Leysen et al, 1988).
The 5HT1A receptor gene (HTRIA) was isolated by
making use of extensive sequence homology to the
human jSg-adrenergic receptor gene. The clone iso
lated, called G21, was originally thought to encode an
adrenergic receptor but was later identified as the
HTRIA gene by ligand binding assays (Kobilka et ai,
1987; Fargin et al, 1988). In situ hybridization local
ized the gene to chromosome 5 bands qll.2-13 (Ko
bilka et al, 1987) but outside the deleted region of a
chromosome 5 cell line deleted for 5qll.2-13.3 (Gil
liam et al, 1989). We wanted to confirm the original
localization and to refine its map position by linkage
studies. The original G21 probe reveals a SocI RFLP
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FIG. 1. Codom inant segregation of H T R lA /Tofll R FL P in a
reference pedigree. To^I digested genomic DNA (5 pg) was size
separated in agarose gels and blotted onto a nylon membrane. ^^Plabeled probe cG21.T.4.2 was hybridized at 65®C in 0.9 M NaCl,
1% SDS, and 10% dextran sulfate. The final wash was at a strin 
gency of 0.5X SSC at 65°C. Autoradiography overnight. The probe
reveals a diallelic system with allele sizes 6.2 and 4.2 kb with fre
quencies 0.22 and 0.78, respectively (analysis of 70 chromosomes).

th e D5S39 (M ankoo et a l, 1991) and D5S76 loci
(Sherrington et a i, subm itted for publication) as well
as the R FL P a t D5S6 (Dietzsch et a i, 1986) was p e r
formed in seven large schizophrenia pedigrees
(Sherrington et a i, 1988). T w o-point lod scores are
shown in Table 1 and th e m ultipoint analysis is given
in Fig. 2. T he results d em onstrate tig h t linkage b e
tween the H T R IA gene and chrom osom e 5 loci
D5S76, D5S39, and D5S6, w ith a m axim um m u lti
point LOD of 13.2 at zero recom bination w ith D5S76.
T his confirms th e original localization by in situ h y 
bridization to 5 q ll.2 - q l3 . B oth D5S6 and D5S39
were found to lie w ithin a chrom osom e 5 cell line de
leted for 5q l 1.2-13.3, w hereas D5S76 and th e H T R IA
gene were not w ithin th is region (G illiam et a i, 1989).

TABLE 1
T w o-point Lod Scores betw een th e H T R IA /T oql
R FLP and M ark ers a t D 5S76, D 5S39 (M icrosatel
lite Polym orphism s), and D 5S6 (RFLP)

-78-60-58-38
Centimorgans

lé 28 30 48 58 68 78 88 98

DSS7S OSSi DSS39

FIG. 2. M ultipoint analysis of the H T IA receptor. D5S76 was
arbitrarily placed at 0.00M, D5S6 at 0.07 M, and D5S39 at 0.13 M.
The H T R lA R FLP was moved across this fixed map.

T h is finding in com bination w ith th e linkage results
localizes th e H T R lA gene to th e m ore proxim al p o r
tion of th e band 5 q ll.2 lying either between D5S76
and D5S6 or on th e proxim al side of D5S76.
T he H T R IA gene itself is a candidate gene for psy
chiatric disorders w ith genetic predisposition. It is
one of the sites of blockade by a num ber of neurolep
tics used to tre a t p atien ts (Douglas, 1980). T he local
ization of th e H T R IA gene and th e identification of
th e Taql R F L P will enable fu rth er linkage studies
of schizophrenia and affective disorders to be c a r
ried out.
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N o Evidence for a Susceptibility Locus Predisposing to
Manic Depression in the Region of the Dopamine (D2) Receptor Gene
DEBORAH HOLMES, JON BRYNJOLFSSON, PETER BRETT, DAVID CURTIS, HANNES PETURSSON,
ROBIN SHERRINGTON and HUGH GURLING

Recent reports of cytogenetic abnorm alities linked to psychiatric illness and th e localisations
of the genes for the dopam ine (D2) receptor and tyrosinase on the long arm of chrom osom e
11 have suggested th at susceptibility loci for schizophrenia and manic depression m ight be
situated in this region. We could find no evidence for linkage in five Icelandic pedigrees betw een
m anic depression and m arkers in this region, and w e have excluded candidate genes coding
for th e 0 2 receptor and tyrosinase. We conclude th a t m utations a t loci in this region are not
a com m on c au se of manic depression in th e population studied.
T w o recent reports have focused interest on the long
arm of chromosome 11 in the genetic susceptibility
to manic depression because of associations between
cytogenetic abnormalities and affective disorder.
Smith et al (1989) described an American pedigree
containing five members suffering from bipolar
affective disorder, all of w h o m had a translocation
from chromosome 11 to chromosome 9 ((9;ll)t
(pter;q22.3)). In a report by St Clair et al (1990) a
Scottish family was described in which several
individuals had developed schizophrenia, schizo
affective illness and other psychiatric illnesses and
also had a translocation from chromosome 11
(1 lq25) to chromosome 1. The evidence for this not
being a chance association was quite strong because
the lod score (log of odds ratio) for linkage between
psychiatric illness and the translocation is above 4
at zero recombination, although this was dependent
on which diagnoses were used to indicate affection.
(Conventionally a lod score of 3 or above is taken
to be strongly suggestive of linkage, and is considered
unlikely to occur by chance.)
The existence of two independent pedigrees each
multiply affected with psychotic illness apparently
linked to two translocations involving one region of
chromosome 11 suggests that mutations in genes at
this site may predispose to psychiatric illness. Reports
of such cytogenic abnormalities can often provide
a fruitful pointer for subsequent linkage studies, a
classic example being the report by Bassett et al
(1988) of a partial trisomy of chromosome 5
cosegregating with schizophrenia which led to a
report of positive linkage to the same region by
Sherrington et al (1988). In the present instance there
are also a priori grounds for interest in the long arm
of chromosome 11 because of the localisation there
of the D 2 receptor and tyrosinase genes. Mutations
in these genes could be predisposing to psychiatric

illness. The gene for the type-2 dopamine receptor
has been localised to Hq22.3-q23 (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 schizo
phrenia 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 neuro
transmitters, there have been reports of families in
which schizophrenia cosegregates with tyrosinasenegative albinism (Baron, 1976; Clarke & Buckley,
1989). The gene for tyrosinase has been localised to
llq21.4 (Spritz et al, 1989). The existence of two
genes of interest in a region where cytogenetic
abnormalities were linked to psychotic illness led us
to search for evidence of linkage in our own sample
of multiply affected pedigrees.

Method
We examined five Icelandic kindreds containing multiple
cases of the unipolar and bipolar forms of manic depression
(Fig. 1), Psychiatric diagnoses were assigned using Research
Diagnostic Criteria (RDC; Spitzer et al, 1978). Subjects were
interviewed by a psychiatrist, who was blind to genotyping,
using the Schedule for Affective Disorders and Schizo
phrenia, Lifetime version (SADS-L; Spitzer & Endicott,
1977). This information was supplem ent^ by material from
case notes. Extensive tracing of pedigrees was carried out
to ascertain as far as possible the diagnoses o f other
members o f the kindreds. Care was taken to exclude
pedigrees containing schizophrenic cases and those pedigrees
which did not have a unilateral source of manic depression.
Two levels of diagnosis were used in subsequent analyses
to designate individuals as affected. For the first level only
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those individuals who had fulfilled the criteria for either
mania or hypomania (bipolar I and bipolar II) were classed
as affected. The second level included as affected all those
individuals suffering from mania, hypomania, or major or
minor depressive disorder, or intermittent depressive
disorder, but excluding those with unipolar depression
combined with drug or alcohol abuse. (There were only
seven additional individuals who would havg qualified as
affected had the last criterion not been applied.) Three of
the pedigrees (2,6 and 13) had been studied previously for
linkage between manic depression and the HRAS, tyrosine
hydroxylase and insulin loci on l ip with negative results
(Hodgkinson et al, 1987a), and had also been investigated
with hypervariable 'minisatellite’ markers (Hodgkinson et
al, 19876).
Affective illness in the pedigrees appeared to segregate as
an autosomal-dominant disease with incomplete penetrance,
although the effects of selection bias make it impossible
to be definitive on this point. A segregation analysis carried
out with the computer program p o i n t e r (Lalouel et al,
1983) was consistent with an autosomal-dominant mode
of inheritance and provided maximum-likelihood estimates
of heterozygote penetrance of 0.7 for all affective illness
and 0.4 for bipolar illness. These parameters were used in
subsequent linkage analysis, with the unaffected homozygote
penetrance being set to O.OI for bipolar and unipolar
affective disorder and 0.001 for bipolar illness. These values
were chosen so that phenocopies and errors in diagnosis
would not unduly distort the results obtained by linkage
analysis. The affection rate was essentially equal in males
and females, and there was no appreciable difference in
affection rate between different age groups (all the subjects
were aged 20 years or over). The subjects were therefore
not divided into different liability classes and the same
penetrance parameters were used for all subjects. Diagnoses
are shown in the pedigree diagrams according to the key
(Fig. 1). The sex of individuals has been concealed to
maintain confidentiality.
To identify genetic polymorphisms, probes pMSSl, phi
6-3, phi 2-14 and phi HD2GI were used to detect DNA
fragments at loci DI1S97, D11S85, D11S36 and DRD2
respectively (Wong et al, 1987; Maslen et al, 1988; Grandy

et al, 1989). Phi HD2G1 is a subclone o f the D2 receptor
gene. DNA was digested with H aelll, Mspl, Rsal and Taql
restriction enzymes and was separated by size in 0.8%
agarose gels and transferred by Southern blotting to nylon
filters according to standard techniques. Probes pMSSl,
phi 6-3, phi 2-14 and phi HD2G1 were labelled with P ”
and hybridised to the respective filters. Probe phi 2-14
hybridises to two allelic fragments that are 2.95 kB and
2.1 kB (shown as 1 and 2 in Fig. 1) with allele frequencies
of 0.62 and 0.38. Probe phi 6-3 hybridises to two allelic
fragments that are 9.5 kB and 3.85 kB (shown as M and
N in Fig. 1) with allele frequencies o f 0.43 and 0.57.
Phi HD2G1 detects two allelic fragments o f 6.6 kB and
3.7 -t- 2.9 kB with allele frequencies of 0.24 and 0.76 (shown
as P and Q in Fig. I). pMS51 hybridises to a variable
number of tandem repeats (VNTR) with many alleles in
these families. These were rationalised to five alleles for
the purpose of linkage analysis without loss of information,
and the allele frequencies were all set to 0.2
Linkage analysis was performed using the m l i n k and
LINKMAP computer programs from l i n k a g e (Lathrop et al,
1985). Two-point lod scores were calculated between affection
status and marker data for each disease model. Four-point
maps were generated for each disease model against phi
HD2G1, phi 6-3 and pMS51. For multipoint linkage
analysis the female : male recombination ratio was set to 1.5.
In order to investigate the sensitivity o f the results
obtained to changes in the parameters of the genetic model
specified, all the two-point lod scores were recalculated
using a selection of different values for these parameters.
For the bipolar disease model, lod scores were calculated for
penetrances of 0.4,0.65 and 0.9 assuming dominant trans
mission and for penetrances of 0.7 and 0.9 assuming recessive
transmission. For the model including unipolar and bipolar
affective disorder, lod scores were calculated with
penetrances set to 0.7 and 0.9 for both dominant and
recessive transmission. For both models the analyses
for recessive transmission were repeated with the disease
gene frequency set to a higher value o f 0.1. Finally, all the
analyses for the second disease model were repeated with
the normal homozygote penetrance set to 0.05 instead of
0.01. Since all these analyses were performed for each

Table 1
Two-point lod sc o res b etw een disease and marker loci, totalled over all five families

Phi 2-14
all cases
bipolar
Phi 6-3
all cases
bipolar
pMS51
all cases
bipolar
Phi HD2G1
all cases
bipolar

Recombination frequency
0.050
0.100

0.000

0.001

0.010

-6.661
-0 .9 9 8

-6 .4 7 4
-0 .9 7 8

-5.281
-0 .7 9 8

-2.901
-0 .2 3 9

-5 .6 3 9
-1.881

-5 .4 6 4
-1 .8 6 3

-4 .4 1 6
-1 .7 1 6

-14 .7 0 9
-5 .9 0 3

-1 4 .4 8 4
- 5.586

-4 .8 4 0
-2 .1 1 4

-4 .8 0 6
-2 .0 7 7

0.200

0.300

0.400

-1 .6 2 8
0.084

-0 .4 5 7
0.278

-0 .0 3 8
0.227

0.020
0.095

-2.551
-1 .2 6 2

-1.571
-0 .9 0 2

-0 .6 5 9
-0 .4 6 4

-0 .2 5 2
-0 .2 1 5

-0 .0 6 4
-0 .0 7 3

-1 2 .7 8 9
-4 .2 0 0

-8 .7 2 3
-2 .0 9 7

-5 .9 0 7
-1 .0 7 3

-2 .7 7 5
-0 .3 1 0

-1 .2 0 2
-0 .1 2 7

-0 .4 2 4
-0 .0 9 3

-4 .3 7 3
-1 .8 3 4

-2 .9 1 0
-1 .2 3 0

-1 .8 6 9
-0 .7 7 3

-0 .7 1 3
-0.301

-0 .2 0 0
-0 .0 9 9

-0 .0 2 0
-0 .0 2 3

a
oo

T able 2
F our-point m a p of lod s c o re s for a ffe c tiv e illness a g a in s t p M S 5 1 , phi 6 - 3 an d phi HD2G1
Pedigree

Distance in centimorgans (male)

-21 .1 8 2 -1 0 .1 3 7

0.000’

2
6
13
15
19

-0 .0 8 8
-0 .2 7 3
-0 .3 1 9
-0 .2 1 3
-1 .0 4 7

-0 .2 0 3
-0 .7 7 4
-0 .8 6 9
-0.571
-2 .2 2 8

Total

-1 .9 3 9

-4 .6 4 5 -14.260

-0 .4 8 4
-3 .0 5 9
-2 .0 7 3
-2 .3 1 8
-6 .3 2 5

12.239

16.582 21.182* 25.191

29.252

33.421

37.765 42.365* 52.502

-0 .3 4 2 -0 .2 5 3
-1 .6 7 7 -1 .2 5 8
-1 .4 4 2 -0 .8 7 9
-1 .3 6 3 -1 .0 5 4
-3 .5 0 9 - 2.469

-0 .1 9 6
-1 .1 2 2
-0 .5 0 8
-0 .9 4 0
-1 .8 5 0

-0 .1 4 6
-2 .6 4 0
-0 .1 4 8
-1 .3 8 5
-2 .6 7 5

-0 .1 2 0
-1 .6 1 7
-0 .1 2 4
-0 .9 7 5
-1 .4 9 3

-0 .0 9 7
-1 .4 0 7
-0.151
-0 .7 7 9
-1 .4 1 8

-0 .0 7 7
-1 .4 3 4
-0 .2 5 6
-0 .6 7 2
-1 .5 3 8

-0 .0 6 0
-1 .7 7 5
-0 .4 6 7
-0 .6 2 9
-1 .8 6 4

-8 .3 3 2

-4 .6 1 5 -4.201 -6 .9 9 4

-4 .3 2 9

-3.851

-3 .9 7 6 -4 .7 9 5 -7 .3 6 7

4.009

8.069

-5 .9 1 3

-0.161
-1 .2 5 9
-0 .2 7 5
-0 .9 8 5
-1 .5 2 0

-0 .0 4 5
-3 .1 1 9
-0 .6 0 2
-0.661
-2 .9 4 0

63.547

77.022

-0 .0 2 7 -0 .0 1 4
-0.961 -0 .4 0 6
-0 .1 8 5
0.117
-0 .2 4 4 -0 .0 7 5
-1 .4 0 6 -0 .7 2 8

-0 .0 0 5
-0 .1 6 3
0.136
-0 .0 1 6
-0.331

-2 .8 2 4

-1 .1 0 5 -0 .3 7 8

1. Location of pMSSI.
2 Location of phi 6-3.
3. Location of phi HD2G1.

I

T able 3
Four point m a p of lod s c o re s for bipolar illness a g a in s t p M S S I, phi 6 - 3 a n d phi HD2G1

>

p-

Distance in centimorgans (male)
Pedigree

-2 1 .1 8 2 -1 0 .1 3 7

0.000’

4.009

8.069

12.239

16.582 21.182* 25.191

29.252

33.421

37.765 42.365* 52.502

63.547

77.022

2
6
13
15
19

-0.131 -0.321
0.064
0.043
-0.081 -0 .2 6 3
0.001
0.003
-0 .3 7 3 -0 .6 1 0

-1 .2 3 2
-1 .4 6 8
-0 .8 8 0
-0 .0 0 4
-2 .4 9 0

-0 .6 0 5
-0.151
-0 .5 7 4
0.027
-1 .0 8 0

-0 .3 9 4
-0 .0 6 5
-0 .3 0 5
0.056
-0 .7 9 7

-0 .2 7 8
-0 .1 2 9
-0 .1 6 5
0.087
-0 .7 4 3

-0 .2 0 5
-0 .3 1 4
-0 .1 0 5
0.119
-0 .8 5 0

-0 .1 5 9
-0 .8 1 2
-0 .1 0 5
0.153
-1 .3 6 7

-0 .1 2 9
-0 .5 0 0
-0 .1 3 6
0.175
-1 .1 7 0

-0 .1 0 4
-0 .3 0 7
-0 .2 0 2
0.200
-1 .1 2 9

-0 .0 8 2
-0.171
-0.331
0.229
-1 .1 9 4

-0 .0 6 3 -0 .0 4 7
-0 .0 5 8 0.060
-0 .5 9 4 -1 .0 2 8
0.266 0.311
-1 .3 9 3 -2 .0 3 2

-0 .0 2 8
-0 .0 1 8
-0 .3 3 7
0.227
-0.861

-0 .0 1 4 -0 .0 0 6
-0.041 -0 .0 3 7
0.006
-0 .0 6 3
0.135
0.055
-0 .4 4 6 -0 .2 1 5

Total

-0 .5 1 9

-6 .0 7 3

-2 .3 8 4 -1 .5 0 5

-1 .2 2 8

-1 .3 5 5 -2.291

-1.761

-1 .5 4 2

-1 .5 4 8 -1.841 -2 .7 3 6

-1 .0 1 8

-0 .4 2 9 -0 .1 9 6

1. Location of pMSSI.
2. Location of phi 6-3.
3 Location of HD2G1.

-1 .1 4 8
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of the four markers, a total of 76 two-point lod-scorc tables
were calculated.
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R esults
The two-point analyses excluded close linkage between
affective illness and each of the marker loci (Table I).
Two-point analyses also excluded close linkage between
bipolar illness alone and DIIS97 or DRD2. Multipoint
analysis excluded linkage at lod score of - 2.00 or less
between affective illness and the entire region between
D1IS97 and DRD2 together with a region of at least 10
centimorgans (cM) on either side (Table 2, Fig. 2).
Taking bipolar cases only as affected produced a less
complete exclusion (Table 3), but there was nevertheless
no evidence in favour of linkage. The inclusion of the seven
individuals with drug or alcohol abuse as well as unipolar
depression as cases did not produce results which were
materially different from those obtained when they were
excluded.
When the parameters of the genetic model were altered,
increasing the abnormal homozygote and heterozygote
penetrance led to lod scores which were more negative in
all cases. Increasing the normal homozygote penetrance for
affective illness from O.OI to 0.05 produced slightly less
negative lod scores. Specifying recessive transmission for
the bipolar model led to lod scores which were in some cases
slightly less negative than for dominant transmission.
However, the lod scores became markedly less negative if
recessive transmission was specified and all cases of affective
illness were included, particularly if the higher normal
homozygote penetrance value of 0.05 was used. Overall,
there was no suggestion that the disease locus might be
linked to any of the markers and the lod scores remained
negative with all markers at all recombination fractions.
The magnitude of these lod scores was dependent on whether
or not unipolar cases were included as affected, whether
dominant or recessive transmission was specified, and on
the difference between the normal and abnormal homo
zygote penetrances.

D iscussion
Linkage between a disease locus and a genetic marker
will only be detected if an appropriate mode of
transmission is specified for the disease, otherwise
false-negative results may occur. Conversely, to
exclude linkage confidently it is necessary to show
that sufficiently negative lod scores are obtained for
all plausible genetic models. Although we did our
best to select an appropriate model by first
performing a segregation analysis on our pedigrees,
it is possible that the selection bias involved in
recruiting pedigrees for linkage rendered the para
meters obtained inaccurate. For this reason the twopoint analyses were repeated using a wide selection
of other parameters. The lod scores remained
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Fig. 2 Multipoint linkage map for affective illness on llq .

convincingly negative in all cases except when
recessive transmission was specified and both bipolar
and unipolar cases were classed as affected. However,
a recessive mode of transmission does not seem
plausible given the low population prevalence of
bipolar disorder together with the high rate observed
in these pedigrees, and also the apparently dominant
effect of the cytogenetic abnormality in the pedigree
described by Smith et al (1989). On balance we would
therefore claim that our results provide a fairly
convincing exclusion of the region studied which is
not critically dependent on unjustified assumptions
concerning the mode of transmission.
Since the region of exclusion encompasses the
genes for the D2 receptor and tyrosinase we conclude
that abnormalities of these genes are unlikely to be
the cause of the bipolar and unipolar affective
illnesses occurring in these families. The site of the
reported translocations is also excluded as containing
a susceptibility locus in these families. If itis accepted
that the multiple cases of psychotic mental illness
occurring in the American and Scottish pedigrees are
due to an abnormality at this site then this implies
that there isgenetic heterogeneity between these and
the Icelandic pedigrees. There is already evidence in
favour of heterogeneity for both manic depression
and schizophrenia. There have been repeated reports
of X-linked manic depression occurring in some
pedigrees (Winokur et al, 1969; Del Zompo et al,
1984; Mendlewicz & Fleiss, 1974; Baron, 1977;
Mendlewicz et al, 1980,1987; Baron et al, 1987), yet
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il has been demonstrated that not all cases are X
linked (Hodgkinson et al, 1987a; Detcra-Wadleigh
et al, 1987; Holmes et al, 1989; Berrettini et al, 1990).
There has also been a previous report of autosomal
linkage to a locus on chromosome 1Ip (Egeland et
al, 1987) but this has been questioned (Kelsoe et al,
1989). With schizophrenia there have been reports
of linkage to a locus on chromosome 5 (Bassett et
al, 1988; Sherrington et al, 1988), but other pedigrees
have been reported as excluding linkage to this locus
(Kennedy et al, 1988; St Clair et al, 1989).
It is possible that differences in gene frequencies
distributed geographically between the samples may
in part explain the failure to detect linkage in a
significant proportion of the Icelandic families, and
it may be that llq-linked psychotic illness is quite
c o m m o n in other areas. O n the other hand, the two
pedigrees previously reported m ay be quite un
representative and abnormalities at this site may be
only rarely associated with mental illness, or the
associations may have occurred by chance. Further
linkage studies will eventually resolve the question.
It seems that genetic linkage research into c o m m o n
disorders such as bipolar and unipolar affective
illness will necessarily have to allow for the strong
probability of non allelic heterogeneity of linkage.
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Abstract

■

Multipoint linkage analysis can be extremely demanding in
terms of com puter time and memory, and these requirem ents
rise exponentially with the num ber of markers used. A m ethod
is described for producing a rapid approximation to a multi
point analysis from the supplied results of two-point analyses
with each marker. The m ethod depends on regarding the lod
scores as if they were obtained from a num ber of independent
phase-known meioses, and making estimates concerning the
proportion of all meioses which are likely to be informative for
each marker. It then becomes possible to estim ate the amount
of information from each m arker or pair of markers which is
independent o f info^a^tion from other markers. The lod
scores arising from independent contributions may then be
summed to approximate the true m ultipoint lod score. The
m ethod has been im plem ented in a com puter program called
FASTMAP which is freely available. It has been tested on a va
riety of simulated and real data. In most circumstances it p er
forms well, with a high correlation between the estimated and
true m ultipoint lod score and little bias. However occasionally
the results of the estimate deviate markedly from the multi
point lod score, especially at map positions very close to the
markers. The overall usefulness of the method will therefore
need to be further evaluated, but it does seem adequate at least
for building exclusion maps and carrying out preliminary and
exploratory analyses.
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Performing a full likelihood analysis with
multiple markers is a procedure which de
mands large amounts of computing time and
memory. These demands can place very real
constraints on the amount of data that can be
utilised when attempting to map a disease lo
cus against a group of markers whose position
is established. Although a number of methods
have been proposed for utilising data from
multiple markers to obtain approximate likeli
hood calculations [1], these methods tend to
concentrate on the problem of determining a
probable order for a number of markers sim
ultaneously. This situation is significantly dif
ferent to the problem of mapping a disease lo
cus, since in the latter case the position of all
the markers except the disease locus may be
fairly well established from other pedigrees.
To map a disease locus the goal of linkage
analysis is to utilise as much information as
possible to determine the position of the dis
ease locus with respect to the known loci.
If the number of markers is small enough
then it is possible to perform a complete anal
ysis to determine the likelihood of the disease
locus being at any position on the map. This
can then be conventionally expressed as a lod
score - the logarithm of the ratio between the
likelihood for the disease being at a given po
sition and the likelihood for it being off the
map entirely. Such a complete analysis is im
plemented in the computer programs LINKMAP [2] and MENDEL [3]. However even
with only three or four marker loci the analysis
can become impracticable in terms of process
ing time and memory demanded, especially
when complex pedigrees and highly polymor
phic markers are studied. These considera
tions limit the analyses which can be per
formed, even with the latest generation of
RISC-based computers.
Lander and Green [4] have described a
useful method for performing an approximate
multipoint linkage analysis which has been im
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plemented in the programs MAPMAKER
and CRIMAP, but unfortunately these pro
grams are not well suited for dealing with in
completely penetrant diseases rather than
codominant markers. If the disease is not
completely penetrant then all unaffected in
dividuals must be classed as unknown with a
resultant loss if information, and it is not pos
sible to allow for any non-genetic phenocopies. Another alternative to performing the
full multipoint analysis might be to perform
repeated analyses with different subsets of the
markers, but then one never knows which
analysis is yielding the best approximation to
the true likelihood - by omitting some mark
ers from consideration on each occasion the
complete analysis becomes incomplete.
Methods have been suggested previously
for combining two-point lod scores into multi
point location scores. Ott [5] proposes that
Lod(A,B,C) can be approximated by Lod
(A,B) -f- Lod(B,C) + Lod(A,C). Morton and
Andrews [6] have suggested that a measure for
the ‘global support’ that a disease locus is sit
uated at a particular position with respect to a
group of markers can be obtained by summing
the two-point lod scores between the disease
and each marker at the relevant distance be
tween them. This would then yield a figure
which could be taken as equivalent to a con
ventional lod score in the sense that a figure of
over 3 would provide good evidence for the
disease locus being situated in the region of
the markers. However it is not difficult to
show that this approach of simply summing
lod scores is excessively liberal. If we consider
the situation where we have obtained a small
positive lod score between the disease and one
marker which is very highly polymorphic and
therefore practically completely informative,
then we already know that if we study a second
highly informative marker very close to the
first we would obtain almost exactly the same
lod score again. It seems that by adding the
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two in the way suggested we could double the
evidence in favour of linkage, whereas in real
ity the second locus would provide almost no
new information.
Because of the problems associated with
performing multipoint analyses, an attempt
was made to devise a procedure which would
utilise as much information as possible from a
set of two-point analyses, while avoiding any
tendency to introduce systematic bias into the
results obtained. It is then possible to investi
gate the extent to which the results of a mujltipoint analysis can be predicted from the twopoint lod scores. The procedure has been im
plemented in a computer program called
FASTMAP and is described below, together
with an evaluation of its performance in prac
tice.

tude. In any case only the information from the nearer
marker is of interest. The third case is that the two
markers flank the putative disease locus and for any
meioses for which both are informative a joint likeli
hood must be computed. The procedure described be
low depends upon calculating a lod score from each
marker or pair of markers in turn, beginning with those
closest to the locus under consideration, but in each
case utilising only that fraction of meioses for which
other, closer markers may be expected to be uninfor
mative. The lod scores thus obtained can be regarded
as being produced from independent sources of infor
mation and may then be summed without introducing
any systematic bias.
The first step, for each marker, is to determine a
number of recombinant and non-recombinant phaseknow meioses which would produce two-point lod
scores similar to those actually observed. If the twopoint lod score is presented as a maximum lod score
at a specified recombination fraction
then
the total number of meioses, N, isgiven by;

N

Method
The general approach used is to consider the lod
scores produced from a pedigree as if they had been
obtained from a number of independent, phaseknown, informative meioses, rather than being gener
ated by a complex likelihood function over the entire
pedigree. Thus each set of two-point lod scores is re
garded as being produced from a certain number of re
combinant and non-recombinant meioses. Following
on from this,ifwe consider the lod score between a dis
ease and marker at a certain genetic distance and we
wish to incorporate information from another marker,
there are a number of ways in which the second marker
may alter our assessment of the likelihood associated
with the disease being at a particular position. One
possibility is that the new marker may be informative
for meioses at which the first marker was uninforma
tive. If this is the case then we can simply add the lod
score associated with these meioses to the lod score al
ready obtained. Alternatively there may be some
meioses for which both markers are informative. If
both markers lie on the same side of the putative dis
ease locus then all information concerning these
meioses from the further marker can be ignored. In
this case any difference between the lod scores pro
duced by the two markers just reflects recombination
between the markers and the fact that the further
marker tends to produce lod scores of a smaller magni

0n»x*>Og(0ma,)
+(1-0m«)'*Og(l-0m«)-lOg(O-5)
and the numbers of recombinant and non-recombinant
meioses are:
and n * N-(l-0„„„).
Alternatively the lod scores may be presented at a
number of different recombination fractions, in which
case values of r and n can be selected to produce the
best fitto be observed lod scores. Itisnecessary to use a
number of lod score-recombination fraction pairs in
thisway for any markers which do not have positive lod
scores at recombination fractions less than 50%, and in
the situation discussed below where a complex disease
is analysed and there is incomplete correspondence
between genotype and phenotype.
W e regard the pedigree as consisting of a certain
number of meioses which are informative for the dis
ease locus, and only a certain fraction of these meioses
are also informative for each marker. The probability
of a meiosis which is informative for the disease locus
also being informative for the marker may be taken to
be the PIC value of the marker [7]. (For a recessive dis
ease some types of matings will have a slightly in
creased probability of providing information and an
appropriately modified value may be used instead, al
though in practice the size of this effect seems to be too
small to be of significance.) The next step is to obtain

an estimate of the total number of meioses informative
for the disease locus, N^. For each marker the best es
timate of this total isNj/PIQ, and an overall estimate of
N,o, can be obtained by calculating the value which
maximises the likelihood of the observed N; across all
the markers. Once
has been estimated itispossible
to define for each marker the fraction of meioses for
which itisactually informative, Fj*« N/N,g,.
When considering a pair of markers, which for con
venience we can refer to as Iand rfor left and right,we
need to be able to produce an estimate of the numbers
of meioses which fall into the possible nine categories
of being non-recombinant, recombinant or uninforma
tive for each marker, these categories being denoted
nn, rr,nr, m, nu, ru, un, ur, uu. This estimate should de
pend on the total numbers of recombinant (r) and non
recombinants (n) for each marker, the fraction of the
total meioses for which each marker isinformative (F)
and the genetic distance between them e}q>ressed as a
recombination fraction (0). As an example, the esti
mate of the number of meioses non-recombinant for
both markers may be given by:
Enn, = ni-(l-0)'F,
or by:
Enn, = n,"(l-0) F]
The firstestimate isconditional on the number of non
recombinant meioses for the first(left) marker and the
second estimate isbased on the number of non-recom
binants for the second (right) marker. Since the two es
timates may differ, a suitable compromise estimate is:

2
Enn
1/Enn, + 1/Enn,
Estimates for the number of meioses falling into each
of the nine categories are derived in a similarway. Cer
tain constraints apply to the totals falling into each cat
egory. Considering the left marker, the following con
straints apply:

1
Enn + Ennr + Enu = n,
E m + Err + Eru = r,
Eun + Eur + Euu = N„„-n,-r,
Symmetrical constraints also apply with respect to the
right marker. The initial estimates of the numbers of
meioses in each of the nine categories are adjusted to
conform to these constraints to produce final estimates
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of the number for which the two markers are non-re
combinant, recombinant or uninformative.
To estimate the overall lod score at a certain point
on the map, the markers are split into two groups on ei
ther side of this point and the markers in each group
are numbered from the closest to the furthest.The next
task is to consider each group separately and to adjust
the numbers of non-recombinants and recombinants
for each marker to exclude information from meioses
for which a closer marker is informative. For the first
(closest) marker no adjustment isneeded. For the sec
ond marker we apply the procedure above to estimate
the number of meioses which are non-recombinant or
recombinant for the second marker and for which the
first marker is uninformative. These are the estimates
denoted Eun and Eur. W e then replace the original
values for the second locus, n^ and r%,with adjusted val
ues n%' = Eun and
= Eur. The situation now is that
information from the first and second markers relates
to different meioses and can be regarded as independ
ent. The total number of meioses from which we have
obtained information isn, + r, -fn/ + r/, or in terms of
the nine categories above Enn +Enr + E n u + E m
+ Err + Eru + Eun + Eur (i.e. all except Euu, the esti
mate of the number of meioses informative for neither
marker). W e then proceed to adjust the information
from the third marker in order to take account of only
those meioses for which neither the first nor second
marker isinformative. Before doing this we need to es
timate the state of all the meioses considered so far at
the position of the second marker, since some cross
overs will have occurred between the position of the
first and second markers. Ifwe denote the recombina
tion fraction between the firstand second markers as 0
then the estimate for the total number of meioses
which have been informative for one or other marker
and which are (at the position of the second marker)
non-recombinant with the putative disease locus is:
Enn + Ern + Eun + Enu -( 1 - 0 ) Eru •0. For conve
nience of computation we can regard this information
as belonging to a ‘virtual’marker at the p>osition of the
second marker, and can denote this total number of
non-recombinant meioses as n„. Similarly we can esti
mate the number of recombinants as r„ = Enr-kErr
-kEur-kEru •(l-O)-kEru •0. W e can then consider
thisvirtual marker and the third marker to estimate the
number of meioses for which the third marker is in
formative and the virtual marker isnot, and to produce
values for n,'and
This process iscontinued until the
relevant values for all the markers in both the left and
right groups have been adjusted.
The final stage in the procedure of dividing the in
formation into independent contributions is to con
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sider each marker from one group with every other
marker of the other group. Again we begin by consid
ering the markers which are closest to the putative dis
ease locus and then work outwards. Using the ith
marker from the leftgroup and jth from the rightgroup
we obtain estimates of values of nn^, rr^,nr, and mÿ for
the meioses the two markers have in common. Then we
again adjust the numbers of non-recombinants and re
combinants for each marker to reflect only those
meioses forwhich the other marker was uninformative,
so that we obtain for the left marker n " » nZ-nny-nry
and r" - rZ-nty-rry, and for the right marker
n" » nZ-nny-rUy and r" = r— nry-rry. W e then use
these adjusted values when obtaining the estimates for
the meioses for which each marker isjointly informa
tive for more distant markers form the other group, for
example to obtain values for nUy + 1,rry-H, nry+ 1 and
my-hi. W h e n we have completed this process with
marker ifrom the left group and all the markers from
the right group, we may find that we have a remaining
number of meioses nZ' and rZ' which are not informa
tive for any of the marker in the right group. These
again form a contribution which may be considered as
independent.
For those meioses for which a marker from only
one group is informative a two-point lod score can be
calculated. If the recombination fraction between the
putative disease locus and the marker is O, then the
two-point lod score is:
lodZj = nZ'-log(l-<%)) + rZ'-log((D)
-(nZ'-t-rZ')-log(Oi)
For those meioses where a marker from either side of
the putative disease locus is informative a three-point
lod score is calculated. If the recombination fraction
between two markers is0 and between the putative lo
cus and the second marker is n then a three-point lod
can be calculated as:

Dealing with Incomplete Penetrance and
Phenocopies
For some diseases there may be incomplete
correspondence between the genotype and
phenotype as coded for by affection status.
This is allowed for in the linkage analyses to
produce the two-point lod scores by setting
appropriate values for a reduced penetrance
(a probability less than unity of observing af
fection in the presence of abnormal genotype)
and a phenocopy rate (a non-zero probability
of observing affection in the presence of a nor
mal genotype). These values are entered into
the likelihood calculations which provide the
lod score in a complex manner which does not
really fit well with the simple conception of the
lod score being the sum of likelihoods at a
number of independent meioses.
In order to deal with this a parameter is in
troduced termed R, the average reliability
with which the genotypes of individuals within
the pedigree may be deduced from the pheno
typic data. The value of R will depend on the
penetrance and phenocopy rates, the gene fre
quency of the disease gene and the size and
complexity of the pedigree. For a given num
ber of apparent non-recombinant and recom
binant phase-known meioses the two-point
lod score at a recombination fraction O would
then be calculated as:
lod2 =x n-log[(l-<b)*R-KD*(l-R)]
+r 'Iog[d>-R +(1 -<!))•(1-R)l
-(n + r)-log(0.5)

lod3y = nny"log((l-<D) (1-n)) -K rry-log(0*7i)
-fnry-log((l-0)-:^) + my •log[d)'(l - ti)]
-(nny-^rry)•log[O.5•(l-0)]-(nry + my)
•log(O.5*0)
,
If there are L markers in the left group and R in the
right, we have:
lod = ZHod 2 ;+ Z‘^lod2 j+ S«l4od3y
This is the final estimate of the lod score at any point
on the map, which is implemented in the F A S T M A P
computer programme.

It is straightforward to modify the other for
mulae above appropriately.
The main effect of R is on the curvature of
the graph of lod score against recombination
fraction. Values of R close to 1 produce a more
steeply curved graph which falls off towards
minus infinity at zero recombination, while
smaller values produce a flattened out lod
score curve (given the same number of recom
binant and non-recombinant meioses). A

value for R for each pedigree can be chosen,
which gives the best fit to the lod scores pro
duced by the two-point analyses. In order to
do this a number of lod scores at different re
combination fractions must be entered, rather
than just one value for Z^ax and G^ax- Then for
all the markers three parameters must be fit
ted to the observed lod scores at different re
combination fractions: the total number of in
formative meioses N, the proportion which
are recombinants r/N, and across all markers a
value for the reliability R with which genotype
can be assigned.
When fitting these parameters due note
should be taken of the fact that the lod score at
very low recombination fractions (say below
0.01) becomes critically dependent on the val
ues specified for the penetrance and pheno
copy functions and for the disease gene fre
quencies, and may become very strongly nega
tive. For this reason it is advised that the lod
scores close to zero are ignored for purposes
of fitting the above parameters. It is expected
that the overall estimate of the multipoint lod
score will be least accurate at the positions of
the markers themselves.

Evaluation of the Procedure In Practice
It is certainly the case that a multipoint
analysis can utilise more information than is
available in the two-point lod score tables ob
tained from the same pedigree data, and so
any procedure based on the latter can only
yield an approximation to the ‘true’ multipoint
linkage map. It is difficult to quantify analyt
ically how good an approximation this might
be even if the information were utilised in
an optimal fashion. The procedure outlined
above contains many assumptions and ap
proximations which make it impossible to say
clearly how well it might be expected to per
form from a theoretical point of view. Instead
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asssessments of its performance in practice
have been carried out, to see how closely the
results obtained agree with the results of a
conventional full multipoint analysis.
To make this comparison simulated threepoint disease and marker data were repeat
edly generated in a multigeneration 80-member pedigree under a variety of assumptions
concerning the relative positions of the loci.
The results of the above procedure were then
compared with the results obtained from an
analysis using LINKMAP. Two markers 10
centimorgans apart were simulated, together
with affection data for a partially penetrant,
fully dominant disease locus either midway
between the markers, or at 10 centimorgans to
one side of the markers, or unlinked to either
of them. These simulations were repeated for
the situations of both markers being highly po
lymorphic (five alleles with frequency 0.2) or
both being more weakly polymorphic (two al
leles with frequency 0.5), or one marker of
each type. The frequency of the disease allele
was set to 0.001, with pAA, pAa and paa equal
to 0.01,0.7 and 0.7. All ten appropriate combi
nations of disease position and marker heter
ogeneity were simulated for a set of 100 pedi
grees each, and the FASTMAP and LINK
MAP results compared in each set of
pedigrees. The results obtained from the two
analyses were compared at each location on
the map in each simulated pedigree, as were
the maximum lod scores obtained and the po
sitions at which these maxima were found. In
addition, four-point data were produced for
two sets of 100 pedigrees with three weakly in
formative markers 10 centimorgans apart with
a disease locus midway between the first two.
For the first set a dominant disease was used
and the second a recessive disease with similar
penetrance and phenocopy values but a
higher disease gene frequency of 0.1. Finally,
informal comparisons were made between the
procedures for a number of multipoint results
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Table 1. Pooled results of all three-point simulations, showing the mean and standard deviation of the lod at
each map position obtained by the full linkage analysis (with LINKMAP), and the difference from the lod
scores obtained by the approximate method (FASTMAP) together with the correlations between the scores ob
tained by the two method
M a p position

mean
-34.7
-21.1
-10.1

0.0
2.0
4.0

6.0
8.1
10.1
203
313
Maximum lod

Difference

Lod score

0.49
0.67
0.64
-0.45
0.05
0.13

SD*

mean

Max

Correlation
coefficient

-0.97
-1.07
-1.48
-1.98
-232
-238
-165
-147
-119
-1.64
-135

136
1.82
233
5.09
4.42
4.26
3.96
339
2.81
130

0.966
0.974
0.977
0.954
0.976
0.973
0.972
0.971
0.936
0.963
0.958

-143

119

0.971

SD

-0.04
-0.79
0.46
035

0.78
138
1.85
3.07
179
170
166
167
197
1.71
1.17

0.09
0.03
-0.02
032
-0.02
-0.04
-0.04
-0.01
030
-0.01

0.02

0.27
031
0.40
0.92
0.61
0.62
0.63
0.64
1.04
0.46
035

1.28

1.64

-0.10

0.40

0.10

Min

6.11

.

One marker is at 0 centimorgans and the second is at 10.1

based on real rather than simulated data
which were available for study.
For the three-point analyses each simu
lated pedigree yielded 11 pairs of scores, and
there were 100 simulated pedigrees in each of
10 sets. It is therefore difficult to summarise
these results succinctly. On balance one could
say that in most cases the new procedure
yielded a good approximation to the results of
the multipoint analysis, but that there were a
few occasions on which the estimate was dratmatically inaccurate. The mean, minimum
and maximum difference between the analy
ses was computed for each point on the map,
as was the correlation coefficient between the
results obtained by the different methods. The
same statistics were also calculated for the
highest overall lod score obtained. The pooled
results from the 10 sets are displayed in table 1.
The separate results from each set of simula
tions are not displayed because of pressure on

space, but are available on request from the
authors.
A number of points can be made from table
1. The correlations between the scores ob
tained by the two methods are generally high.
Except for positions close to the markers the
mean difference between the scores in each
pair is very small, indicating that there is no
tendency to either overestimate or underesti
mate the true lod score to a degree which is
significant in practice. Of particular note is
that the estimate of the maximum lod score is
usually quite accurate and fairly unbiased.
The overall tendency for the estimate to be ac
curate is borne out by the high correlation
coefficients and low mean errors.
The multipoints obtained from LINKMAP
yield a maximum likelihood estimate for the
position of the disease locus at the position
where the maximum lod score occurs, and the
peak lod score obtained from the approximate

method tended to occur in the same place. For
all those simulations in which LINKMAP pro
duced a maximum lod score of 1 or greater, the
mean difference of maximum likelihood esti
mate of the disease position between the two
methods was 05 centimorgans, and including
all simulations the mean difference was 2 cen
timorgans. One might regard a range of posi
tions as being likely to be the true position of
the disease locus, for example all those points
at ^ ic h the lod score from the full multipoint
is not less than Î less than the maximum ob
tained. Using this criterion, there were only 9
out of the 1,000 analyses in which the peak lod
score obtained from the approximate proce
dure did not fall within the range of these ac
ceptable positions.
However it must be clearly stated that there
were a small number of simulations in which
results of the analyses differed dramatically,
and that these differences might be significant
in terms of the practical interpretation which
would be placed on the result. The estimate
tended to be least good at the positions of the
marker loci themselves, probably because the
lod score at these points is critically dependent
on the penetrance values of the disease locus.
The cases with the greatest positive and nega
tive differences for the overall maximum lod
and between scores at the positions of each of
the marker loci were examined individually.
The maximum overestimate of the peak lod
score occurred in a simulation with two highly
informative markers and with the disease lo
cus at -10 cM. The two-point lod scores for the
first marker were positive but for the second
strongly negative. The approximate multi
point rose to a maximum of 2.0 at the position
of the first marker, whereas the full multipoint
analysis remained negative throughout. The
maximum underestimate of the peak lod score
occurred for a simulation with two highly in
formative markers and the disease locus be
tween them. Both two points were strongly
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positive and the full multipoint produced a
maximum lod of 7.1 at 4 cM while the approxi
mate method produced a maximum of 4.7 at
the same position.
The maximum overestimate of the lod
score at the first marker occurred in a simula
tion with two highly informative markers and
with the disease locus unlinked. The two
points were negative, and the full multipoint
gave a lod of -6 5 at this position (although 2
centimorgans away the lod was -1.8) while the
approximate method gave a lod of -1.4. The
maximum overestimate of the lod score at the
second marker occurred in a simulation with
two highly informative markers and with the
disease locus at -10 cM when the two points
for both markers were strongly positive at
most distances, although with the lod score for
the second marker becoming strongly nega
tive at very small recombination fractions. The
approximate multipoint estimated a lod of 2.1
at the second marker, whereas the tm^ multi
point dipped to -4.0 at this position (although
the lod scores at the flanking positions were
33 and 2.2). In both of these cases large
overestimates of the lod score, by 5.1 and 6.1,
arose through the failure of the approximate
method to detect a deep and narrow trough at
the position one of the markers.
The maximum underestimate of the lod
score at the first marker occurred in a simula
tion with both markers weakly informative
and with the disease locus between them. The
two points and multipoints were all positive,
but the full multipoint gave a lod of 5.0 at this
position whereas the approximate method
gave a lod of 3.1. The maximum underestimate
of the lod score at the second marker occurred
in a simulation with the first marker highly in
formative and the second marker weakly in
formative and with the disease locus between
them. The two points were both moderately
positive, but the full multipoint gave a lod of

A Procedure for Combining Two-Point
Lod Scores into a Summary Multipoint
Map

Table 2. Results of four-point simulations with dominant disease
Map position

Lod score
mean

-34.7
-21.1
-10.1
0.0
20
4.0
6.0
8.1
10.1
12.1
14.1
16.2
18.2
203
30.4
413
54.9
75.2
Maximum lod

, Difference
SD

mean

Min

Max

Correlation
ooeffîdent

SD

0.63
0.90
1.09
0.95
1.14
1.16
1.14
1.07
0.74
0.83
0.76
0.63
0.42
-0.13
031
034
0.42
022

0.73
1.04
131
1.67
135
133
132
130
131
1.40
138
137
1.41
1.74
1.13
0.88
0.62
032

0.04
0.02
0.01
0.13
—0.06
-0.09
-0.11
-0.11
0.09
-0.01
-0.01
0.01
0.04
0.21
0.11
0.06
0.05
0.04

027
0.39
034
0.92
0.74
0.73
0.73
0.74
1.03
0.78
0.77
0.77
0.77
0.98
034
0.38
0.24
0.12

-0.67
-0.98
-132
-204
-213
-2.08
-1.97
-2.06
-225
-209
-202
-1.96
-1.94
-2.82
-0.96
-0.74
-035
-0.29

0.96
120
1.81
5.21
3.08
2.79
267
263
4.60
3.06
299
3.16
3..30
533
3.06
204
1.17
035

0.933
0.929
0.915
0.842
0.886
0.887
0.886
0381
0.781
0.861
0360
0.858
0361
0332
0.887
0.907
0.924
0.930

1.42

131

-0.11

0.64

-2.00

1.90

0.909

■

One marker is at 0 centimorgans, the second at 10.1 and the third at 20.3. The disease locus is at 5 centi
morgans, between the first two markers.

4.2 whereas the approximate method gave a which both multipoint and two-point lod
scores were available. For the data originally
lod of 2.1.
Tables 2 and 3 show the results of applying claiming linkage of a gene predisposing to
the method to fourpoint data from weakly in schizophrenia to two markers on chromosome
formative markers (these were chosen be- ^ 5 [8], the results obtained by the approximate
cause it was expected that the technique method were almost identical to the published
would work less well with less informative LINKMAP multipoint in terms of maximum
markers). It can be seen that the correlation lod score, position of maximum and general
coefficients are somewhat lower than those shape of the curve. A study excluding linkage
obtained from the three-point simulations, al to three markers in the same region was pub
though still fairly high. The mean errors are lished by McGuffin et al. [9] and when the ap
low and so there is no overall bias. As ex proximate method was applied a fairly similar
pected, the results obtained for the recessive exclusion was obtained to that from the pub
disease are no worse than for the dominant lished four-point analysis. However the full
multipoint yielded somewhat less negative lod
one and are possibly slightly better.
The procedure was also applied to real scores and rose to just above -2 between two
data from a number of published sources in of the markers, whereas the estimated lod

Table 3. Results of four-point simulations with recessive disease
Map position

Lod score
mean

-34.7
-21.1
-10.1
0.0
2.0
4.0
6.0
8.1
10.1
12.1
14.1
162
18.2
203
30.4
413
54.9
752
Maximum lod

Difference
SD

mean _

Max

SD

Correlation
coefficient

022
039
034
035
0.61
0.63
0.62
0.60
030
030
0.44
036
023
-0.05
024
023
0.14
0.04

0.28
030
0.74
1.08
1.00
0.97
0.96
0.95
0.95
0.90
0.88
0.87
0.89
1.03
0.64
0.40
021
0.07

0.13
0.07
0.01
0.06
-0.09
-0.10
-0.09
-0.09
0.04
-0.05
-0.04
0.03
0.01
0.04
0.09
0.11
0.13
0.11

0.16
0.20
029
0.46
0.46
0.47
0.47
0.47
0.49
0.46
0.45
0.45
0.46
032
030
022
0.17
0.12

-0.20
-030
-0.93
-1.70
-1.83
-1.99
-2.11
-2.24
-2.43
-126
-117
-111
-110
-111
-1.09
-0.65
-032
-0.07

0.61
0.71
0.81
129
1.22
1.15
1.13
1.10
139
124
1.19
121
: 131
135
0.85
0.63
0.68
0.47

0.937
0.938
0.927
0.906
0.890
0.884
0.882
0.882
0.879
0.885
0.888
0.891
0.894
0.891
0.903
0.908
0.900
0.863

0.87

0.93

-0.11

039

-1.66

0.93

0.910

scores did not. The initial positive report of
linkage of manic depression to HRASl and
INS [10] yielded a maximum three-point lod of
4.9 close to HRASl, and the approximate
method produced a maximum of 4.4 at a simi
lar position. A reanalysis with additional data
proved negative [11], and again the approxi
mate method produced an almost identical ex
clusion to that obtained in the published
three-point analysis. When applied to unpub
lished data the method generally performed
statisfactorily, and in this context it was pos
sible to produce a summary exclusion map
comprising data from nine markers simultane
ously. At most distances this compared closely
with lod scores obtained from overlapping
four-point analyses, although at one end of
the region the approximate method produced
a less complete exclusion than the full multi
point, and even went slightly, though not sig
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nificantly, positive. Figure 1 shows a compari
son of the results obtained from LINKMAP
and FASTMAP when applied to the exclusion
data for manic depression with three markers
on chromosome llq as originally reported by
Holmes et al. [12]. Also shown are the twopoint lod scores from MLINK upon which the
approximation was based. The full multipoint
took %veral hours to run, whereas the approx
imate estimate was obtained in a few seconds.
On this occasion the results are practically
identical, although this may in part be due to
the fact that the markers are somewhat widely
spaced.
However, another analysis was performed
in which the results of the approximate
method must be regarded as less satisfactory.
Maher et al. [13] have recently published map
ping data for von Hippel-Lindau disease
which localise it to a small region of chromo-
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some 3p. Serial overlapping four-point analy
ses were carried out with LINKM AP against
five markers, TH R B , R A Fl, D3S18 and
(D3S225, D3S191), and these produced a peak
lod score o f 10.5 and also produced good evi
dence for the V H L gene to lie in the R A Fl(D3S225, D3S191) interval. The approximate
m ethod produced a maximum lod score of 15
at the same position. However the shape of
the lod score curve was much flatter and so
there was no good evidence to say on which
side of R A Fl the V H L gene lay. It is possible
that the approxim ate m ethod might have giv
en better results had the two-point lod scores
been available for each individual pedigree
rather than as totals across all pedigrees. Nev
ertheless on this occasion the lod score esti
mated from two points could not provide as
good a localisation as did the full multipoint
analysis.
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Discussion
Although the technique described here
seems to usually furnish a good approxim ation
to the true multipoint lod score, its usefulness
is limited by the fact that occasionally the esti
mate obtained can be quite incaccurate. It is
very difficult to say how much this should in
practice limit the technique’s applicability,
and how much or how little reliance should be
put on the results obtained from it. It is neces
sary to consider the implications o f each kind
of error - for example failure to exclude a lo
cus which should be excluded or failure to find
definite evidence of linkage for a linked locus
would both have the effect of necessitating ex
tra work in terms of collecting m ore genotype
data and/or more subjects. Producing falsely
positive evidence for linkage would generate
large am ounts of extra work as num erous a t

tempts at replication were made, while falsely
excluding a disease locus might delay for years
its eventual localisation. Fortunately it seems
that the first two problems are more likely to
occur than the last two, and the procedure can
generally be regarded as providing a conserva
tive estimate. At present the procedure does
not deal with interference, nor a sex difference
in recombination fraction, and these factors
might also limit its applicability.
Further practical experience with this pro
cedure will hopefully clarify its overall useful
ness. For now, there seem to be two circum
stances in which we would be fairly confident
that it could be applied. The first situation is
when a number of markers have been tested in
one region, mostly yielding negative lod
scores. If a summary map produces uniformly
negative lod scores below minus 2 across the
region then it could be regarded as unlikely
that a disease locus is present. This applica
tion should be quite useful because it can
mean that information from a .large number of
markers can be incorporated simultaneously
and a large region, for example a whole arm of
a chromosome, can be excluded without need
ing to perform several time-consuming multi
point analyses. The second useful application
might be when a large number of exploratory
analyses are being carried out using different
disease definitions and transmission models.
Rather than perform a full multipoint analysis
on each occasion, the investigator could gain a
very good idea of the effects on the overall lod
score of these parameters by obtaining an ap
proximate analysis for each. It would then be
possible to follow up by performing perhaps
just a few full multipoint analyses for those sit
uations in which it is important to obtain an
accurate and reliable lod score.
We think that the procedure described
shows some promise as being a way to quickly
obtain estimates which are relatively unbiased
and usually fairly accurate. We hope that

other workers may be able to offer further re
finements which may improve its perform
ance, although there are clearly some theoret
ical limitations on what can be achieved from
the limited data obtained in two-point lod
score tables.

Appendix
The F A S T M A P computer programme is freely
available as an I B M P C executable together with ge
neric C source code and documentation describing ad
ditional features of the implementation. Output is in
tabular form, but also in a format suitable for input to a
Shareware graphing programme contained in the
EASISTAT package. Both F A S T M A P and EASISTAT
are available via anonymous ftp from ftp.bchs.uh.edu
(directoiy/pub/gene-server/dos), or via email from gene-rserver@bchs.uh.edu (EARN/BITNET address:
gene-rservei%bchs.uh.edu@CUNYVM). The email
server responds to a message with the subject line set
to: S E N D D O S HELP. There are also other siteswhich
mirror this collection. Alternatively the programmes
may be obtained by sending formatted 5.25- or 3.5-inch
disks to the authors. One disk suffices for FASTMAP,
but additional disks with a total capacity of 720 K
should be sent ifEASISTAT is desired as well.
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