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Contents of Thesis

The thesis is in three parts.

Part 1 - The Genetics of Schizophrenia and Affective Psychoses (pages 4-

69)

This comprises an overview and critique of the work that led to the publications
that form the thesis. My publications that are considered in this thesis and printed
in Part 3 are given in bold in the text. Other references are in normal font.

Part 2 - The reference lists of the publications discussed, (pages 70-124)

There are two separate reference lists. The first is ordered and formatted as was

required for the outline D.Sc. submission given to the Postgraduate Studies
Committee. Thus all papers and publications are given in chronological

order, as in a curriculum vitae. To assist in relating between the references and
the text the main reference block is clearly divided into the year of publication.
Ten major publications are firstly given and a series of my other publications that
are included in this thesis. These are divided into peer reviewed original research

publications, then editorials, review articles and book chapters.
The second reference list after this is in standard alphabetical order and also
includes those references have been used in the overview that are not part of the

submission, but serve to provide historical detail and context.

Part 3 - The publications (the remainder of the thesis)

The vast bulk of this thesis constitutes the papers and publications discussed in
Part 1, and ordered as for the chronological reference list given in Part 2.
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The Genetics of Schizophrenia and Affective Psychoses

Introduction

This submission for the award of the degree of Doctor of Science charts the
outcome of research that I have undertaken over the past near 25 years, much of
it from my own initiative, but also as collaborative efforts in genetic studies that
are becoming increasingly international in scope. By assembling a large selection
of my published papers, more or less chronologically, and writing an overview I

hope to demonstrate that the work has had an overriding theme - the discovery
of genetic factors in schizophrenia, bipolar disorder and depression, and that we

were first in the world to find the susceptibility genes, DISC1, PDE4B, GRIK4 and
NPAS3.

The publications reviewed in this submission all conceptually link to each other
and show the consistent development of a successful approach to the study of
the underlying genetic basis of psychotic illness. A brief background is needed to
set the scene for the description of the research work undertaken. This

background can only skim the surface of the development of the concept of the

psychotic illnesses, but I hope to make the main points that led to the route taken
to explore the genetics of these conditions.

Background

A basic premise here is that underlying severe mental illnesses such as

schizophrenia and affective disorders are aetiological mechanisms similar to
other common medical disorders - that the phenotype is an outcome of the

interplay between factors intrinsic to the person (genetic inheritance and makeup,
biochemical and metabolic processes) and those that are external (environmental
factors, social and cultural influences).
The phenotypes that form the major psychotic illnesses are defined by patterns of
expressed cognitions (or, more realistically perhaps, what the patient tells us

about his or her thought processes), and behaviours (what we observe the
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patient doing), which are seen consistently in a large number of separate
individuals - thus the elements of a clinical syndrome are present.

The development of the concept of schizophrenia

Consistent patterns of difference in the mental states of groups of individuals
have probably been around as long as there have been humans. However the

acceptance of these as disorders would have been (and still is) determined by a

number of factors - most importantly the congruence with societal beliefs and
needs for survival. For instance people with the cognitive- behavioural conditions
that we now label as autism and its spectrum disorders, where there can be

overriding need to limit or modify social interactions, to have rigid and ordered

routines, coupled with a, what we would now consider an excessive, tendency to
focus on the minutiae and details of a situation, might have been an ideal and

highly-valued character set for a medieval monastic life. Now it is increasingly

recognised as a disorder that can cause severe mal-adaptation to our current
interactive and flexible social milieu. It is likely that the social acceptability of
other cognitive-behavioural syndromes including psychotic illnesses has changed
over time. Perhaps less discussed is another factor that determines whether a

syndrome is easily recognised - whether the person survives until the average

age at onset of the clinical signs and symptoms of the condition. Autism is usually

recognised as displaying its first symptoms early in life. However psychotic
illnesses do not usually present until late teenage to early adult years and their
intrinsic susceptibility to co-morbidities and mortality (especially if untreated) is

high which will determine the duration for which the syndrome is experienced by
the person and thus its visibility to society. At least some of the arguments voiced
about whether psychotic illness, in particular schizophrenia, was a disorder of
industrialisation, especially the apparent increase during the 19th Century can be
explained by such interpretations. Certainly there was increased recognition of
mental illness at that time in association with vastly increased rates of

hospitalisation, and, importantly, an increase in the direct study of the

phenomenology of mental life and as a consequence an attempt at rational
classification. Although a cumulative process the outstanding event is generally

accepted as the work of Kraepelin (from the 5th edition of his textbook in 1890
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((Kraepelin 1890) the relevant details are in translation (Kraepelin 1919)). His
classification of psychotic illnesses into two major types was based on both the

symptomatology and natural history. Although all the features of what he called
dementia praecox had been described by others (demence precoce was actually
introduced as a term by Morel to indicate psychosis of early teenage onset (Morel

1852)) his contribution was to separate this syndrome in which an early onset
with usually prominent cognitive symptoms such as hallucinations, delusions, and
formal thought disorder, which were unlinked to the current mood state (which in
itself could be abnormal), ran a progressive but sometimes uncertain and course

(although strictly speaking this was a validating criterion rather than a diagnostic
one for Kraepelin), from a second syndrome - manic depressive insanity (which
had emerged from a previous idea of circular insanity introduced by Falret

(1851)) - where severe exacerbations in mood followed a variable course, often

cyclical, and often with hallucinations and delusions which were coloured by the

persons mood. It is interesting to remember that dementia praecox

symptomatologically was in fact a group of conditions, embracing Heckers

concept of hebephrenia (Hecker 1871), Kahlbaums catatonia (Kahlbaum 1874,
and translated in Kahlbaum 1973) as well as Kraepelin's own contribution -

dementia paranoides. A few years on he introduced dementia simplex, later
elaborated by Bleuler. However the underlying aetiology was supposed unitary.
The diagnostic elaborations on this division between dementia praecox and
manic depressive insanity since then have been extensive, but the bipartite

system still remains as a cornerstone of psychiatric thought and practice.

Kraepelin also practiced at a time when the 'germ theory' of medical disease was

at its most prominent and organicism (from the works of Griesinger through

Westphal and culminating in Wernicke), in German neuropsychiatry at least, pre¬

eminent. Outstanding successes had been achieved in the medicine of major
infective conditions including neuro-syphilis, which at that time contributed to a

high percentage of admissions to psychiatric hospitals. Neuro-syphilis was found
not only to have a definite transmissible aetiology and clear histo-pathology - it
was treatable (the Austrian Wagner-Jaureg was awarded a Nobel for the use of
induced fever as a therapy). It was logical that other mental illnesses could have
a similarly simple biological origin - the excitement was added to when, working
in Kraepelin's laboratory, Alzheimer had discovered the classical pathology of the
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common late-onset dementia. However, in spite of extensive research at the time
and subsequently, the situation proved different for dementia praecox and manic

depressive insanity. No specific pathologies or infective aetiologies could be
discovered. The concurrent rise of psychodynamic theories of mental illness led
to a near neglect of biomedical theories until the 1950s and the advent of

chlorpromazine as a treatment for psychotic illness. Relatively soon after

Kraepelin, and influenced by Freud (dementia praecox as a psychoneurosis -

repression and fixation at stages of childhood libidinal development) and Jung

(dementia praecox as an unconscious regression to archetypes) centred on

psychic disintegration and conflict. Eugen Bleuler (Dementia praecox oder

Gruppe der Schizophrenien, Liepzig, Deuticke, 1911, in translation this is Bleuler

1950) introduced the term 'schizophrenia' to represent a group of illnesses that
included Kraepelin's classical dementia praecox as well as other psychotic types

including paraphrenia. The 'split mind' of schizophrenia emphasised a theoretical

psychodynamic disconnection syndrome in which usually integrated 'core'

cognitive processes were not fully integrated. Hallucinations and delusions were

epiphenomena and secondarily arose through unconscious attempts to
rationalise the effects of disconnectivity. Although from a conceptual point of view

probably unsatisfactory we continue to use the term schizophrenia today.
However the psychodynamic formulation of its origins led to many problems.

Schizophrenia simplex where the core symptoms (the four A's including autistic

aloneness) were not accompanied by hallucinations, delusions or motor

phenomena, became accepted as a diagnostic entity, although it's diagnostic

imprecision laid it open to abuse. Not only was schizophrenia considered a

unitary condition by most with a single aetiological (usually psychodynamic)

explanation, it was completely separate from manic depression (or what we

would now call bipolar and unipolar affective disorders) which in itself was

unitary. Perhaps because psycho-analytic theories seemed to have more

explanatory power for schizophrenia than manic depression psychiatric
establishments that favoured such theoretical underpinnings, such as in the USA,
tended to diagnose the former much more frequently than elsewhere. For
research this meant that results from different groups could not be reliably

compared. Another persistent (well into the 1970s) manifestation of the potency
of the Kraepelinian divide to confuse were the large number of studies in which
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results from patients with high and low extremes of affective disturbance (what
we would now call bipolar disorder) were directly combined with those who only
showed recurrent or persistent depression (unipolar disorder). Even at that time
various factors - gender ratios, age at onset differences, degrees of familiality
and others - pointed to two illnesses related in many aspects at the surface

phenotype and treatment modalities. In fact there may be more - early onset

unipolar depression now seems much more akin to bipolar disorder, and a

pattern of recurrent rather than solitary illness seems to also be an important
factor.

Diagnostic (im)precision

During the 1960s increasing recognition of such differences and problems in

diagnostic practice led firstly to attempts to describe them (UK-US diagnostic

project and the later international pilot project on schizophrenia (IPSS) Cooper,

Sartorius) and then to develop information gathering tools (from the early Present
State Examination (Wing 1974) onwards) whose output could then be interpreted

by structured diagnostic guidelines (including revisions of the International
Classification of Disease (from ICD-8) and the Diagnostic and Statistical Manual
of Mental Disorders (DSM-III onwards introduced a multi-axis definition of

disease)) that would reliably allow different research groups across the globe to
know that they were comparing like with like, at least at the surface phenotype
level. The separate groupings that represented schizophrenia (or non-affective

psychoses) and the affective psychoses were also shown to have varying

degrees of predictive validity often of clinical usefulness, for instance in terms of

response to drug treatments. However the orderliness was not complete and
some people had features which straddled boundaries notably those bracketed
as having schizo-affective disorders, a term introduced relatively early by Kasanin

(1933). It is of interest that this category had to be introduced into DSM after its
instigation. Nor was there much evidence that could either support, or argue

against, such groupings at a deeper level for little was known about the origin of
these conditions. In the 1970s the, then new, technique of cranial axial

tomography showed that the ventricular system of many people with
schizophrenia was enlarged compared to non-mentally ill controls. The pathology

Dr Walter J Muir, Doctor of Science Thesis, the University of Edinburgh 8



at post mortem, the lack of inflammatory markers or of increased intracranial

pressure all suggested that the ventriculomegaly was secondary to tissue atrophy
- essentially an implied pathology. However subsequent work looking to define
the micro-histological changes that underlie this observation has been
inconclusive.

Establishing that a genetic component was present

So what was clear about the aetiology of schizophrenia and affective psychoses?
The only robust and well-replicated finding was that genetic factors made a

substantial contribution. Kraepelin felt that heredity (deficits of germ-plasm) could
be important, but the views were coloured by the prevalent degeneracy concepts
that accompanied the developing science of eugenics. Kallmann (1938) made a

large scale and detailed survey of the risk of schizophrenia in the relatives of

probands and showed a vastly increased risk in siblings and children and a lower,
but still elevated, risk in second degree relatives. Although slightly higher figures
were given than more recent estimates they are still broadly compatible with
those we currently use. Familiality does not necessarily, of course, imply genetic
inheritance - cultural and other non-genetic similarities exist within families.
Francis Galton had proposed (Galton 1875) that differences between 'extremely
alike' twins and 'extremely unlike' with respect to similarity and differences in their

upbringing and environments could be used as a tool to separate nature from
nurture. He clearly described the differences between same-sex and differing
sex-twins and also that the former had two groupings - a cluster of twins very

similar indeed compared to those with marked or moderate differences. This

concept of mono- and di-zygotic twinning was already present from animal
studies and Galton inferred correctly that they were no different in humans. He
also described instances of extreme similarity of mental illness reported to him or

described by others in twins considered identical. Galton however, influenced by
his biometric studies, did not feel that Mendelian principles could be applied to
human heredity, and also created the science of eugenics with its incorporation of
psychiatry degeneracy theory.

Subsequently careful and relatively large scale twin studies confirmed the greater
concordance for schizophrenia in monozygotic than dizgotic pairs (the seminal
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examples were by Kallmann (1953) and separately by Slater (1956). Even as late
as 1960 however there was still a strong body of opinion against there being a

genetic component especially from the psychoanalytical school (e.g. Jackson

1960). The third element that established a genetic base for schizophrenia

emerged from studies of adoptees. Heston, in a classic study in Oregon (Heston

1966) followed up children who had been adopted-away from their mothers to
non-related families within a few days of birth to homes with a variety of settings.
The biological mothers suffered from chronic schizophrenia. A control group was

established, matched for type of rearing but whose biological parents were not

psychotic. The children in the study (but not control) group developed

schizophrenia at a much higher rate than expected. From the studies to be
described in this thesis it is also interesting that the rate of mental retardation in
the study group (UK term is now learning disability) is also increased. These

adoption results were added to by studies in Denmark. Kety and his colleagues

(see Kety 1983, for a useful discussion) identified adoptees who were

schizophrenic and examined the rate of mental illness in their families in

comparison with families of matched control non-psychotic adoptees. As with
Heston's study it was the biological relatedness that increased the risk for

schizophrenia. Thus environmental factors (if they were important) must be

determining the risk before adoption - largely the intrauterine period.

The separation of affective psychoses from schizophrenia and subdivisions
into bipolar and unipolar affective disorders

The establishment of a genetic basis for severe affective disorder ran a similar

course, but was hampered by differences in the way they were classified.

Kraepelin (Kraepelin 1921) had placed weight on two factors - an affective

component and an episodic course, to separate manic depression from dementia
praecox. This, however, led to a very broad assemblage of illnesses within his
cluster. He noted it to be more common in women and that a hereditary factor
could be seen in most cases. Leonhard in 1959 (English translation in Leonhard

1979) was the first to clearly treat bipolar disorder (with periods of both
depression and mania) as separate from what he termed monopolar disorder
(where only episodes of depression occurred). A few years later his group
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showed that bipolar probands had more bipolar relatives and unipolar probands
more unipolar, and also that the rate of psychiatric disorder in relatives was

higher for bipolar probands. These findings, at least for studies on one or two

generation families were broadly confirmed by others. Angst and Perris in 1966

(separately but near simultaneously) rephrased monopolar disorder as unipolar
disorder. Perhaps logically they included recurrent mania as a unipolar disorder
as well as recurrent depression. However on the basis of family studies, largely
by Winokurs group in the U.S., the term unipolar became restricted to depression

only (the family work to this point was summarised by Kay (1978)). The

diagnostic complexity was increased by the introduction of subtypes of bipolar
illness. Kraepelin had coined the term 'hypomania' for the least severe form. In
1975 the bipolar II subtype was defined in essence as when hypomania was

present in a person who also had severe depression. To be more precise bipolar
I was defined as mania requiring hospital admission in a person who had hospital

admission(s) for depression and bipolar II where the mania was not severe

enough to require admission. As hospital admission is determined by a host of
factors this definition was quickly adjusted but the sub-classification of bipolar
disorder has continued with the recent introduction of bipolar III and IV into the
research domain. The bipolar spectrum concept originated with Ghaemi in 2002
who introduced distinctions based on antidepressant response, which in itself is a

narrowing of the older primary and secondary concept, and on the basis of the

presence/absence of family history of illness. Our own (small-scale) work in this
area (Smith, Harrison et al. 2005) points to some usefulness in early onset

depression, which in addition illustrates yet another classification device based
on age-at-onset of the illness.

Twin studies have a long history in affective disorder research. Luxenberger and

separately Rosanof reported in the 1930s on a greater concordance between
affective psychosis in pairs of identical twins than in fraternal twins. Bertelsen

working in Aarhus, Denmark (Bertelsen, Harvald et al. 1977) however conducted
the most careful and convincing twin study using the extensive Danish registers

identifying 110 twin pairs with at least one affected twin, and following this up by
personal interview and checking of zygosity by blood tests. The probands-wise
concordance was 79% for monozygotic and 24% for dizgotic pairs. This is similar
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to the case for schizophrenia and indicates a genetic factor. Interestingly
Bertelsen also found an overlap between bipolar and unipolar cases in this
series. There have also been adoption studies, with perhaps less clear results
than for schizophrenia. Some studies indicate that adoptive relatives seem to
have higher rates of affective disorders themselves in addition to the biological
relatives when the diagnostic categories are quite wide. The clearest results

emerge when bipolar disorder is considered - Mendlewicz & Rainer (1977) found
increased rates of affective illness in biological relatives of adopted bipolar

probands compared to that in seen in relative s of control probands with

poliomyelitis. Suicide also shows the same pattern in biological relatives of

probands with depression (Wender, Kety et al. 1986), although rates of affective
disorder per se are not clearly increased (von Knorring, Cloninger et al. 1983).

Of course all these types of study do not rule out environmental influences.
Indeed the twin studies point to a large effect, but they do confirm the importance
of genetics in addition, and by the later 1970s and early 1980s technical

developments meant that identifying the genetic component(s) was thought to be
an increasingly tractable position by a small number of research groups including
our own.

The situation by the early 1980s

Theoretical methods to identify gene(s) responsible for altering risk to medical
disorders had been around for some time. That genetic factors were particulate
and resided in certain groupings in cells was long known. Chromosomes had
been observed by 1888 (Waldeyer), and mitotic division seen. Walter Sutton,

working in E.B. Wilson's lab in Columbia formulated the link between
chromosomes and the independent transmission of characteristics in 1902. T.H.

Morgan's studies on Drosophila led to him developing a crossing-over theory that
was initially used to explain sex linkage of traits that had been previously
observed. At meiosis there is recombination between chromosomes of

homologous pairs. Darlington firmly established the wider importance of
recombination in both heredity and evolutionary mechanisms (see Harman 2005).
The closer two loci are physically to each other on a given chromosome the less
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likely they are to be shifted to the other chromosome of the pair during this

process. Thus if some way is found to identify a given stretch or piece of DNA on

a chromosome and that this is present in the DNA complement of people with a

disorder in a family more than expected by chance, then the piece of DNA is

likely to reside close to the genetic factor that is contributing to disease

susceptibility. Newton Morton later devised the first statistical methods based on

odds ratios (thence logarithm of odds or LOD scores) that tested for the likelihood
of chance co-assortment in pedigrees and enabled linkage analysis of pedigrees
to be carried out. The first studies applied this method to search for linkage
between psychiatric disorders and markers with known genetic loci such as blood

groups. There was also a hypothesis that at least a percentage of familial bipolar

illness, where there was apparently no cases of male-to-male transmission, could
be accounted for by an X-linked dominant trait. Due to its unique mode of
inheritance the X-chromosome has been rather easier to study than the
autosomes and the passage of simple clinical traits down families in an X-linked
fashion was quickly identified. Abnormalities of colour vision (including deutan
and protan) result from mutations in genes located on the X-chromosome and
with reports of colour vision deficits in bipolar disorders it followed that linkage

analysis might be usefully applied here. The early work on the X-chromosome,
blood groups, colour vision and affective disorders was reviewed by Reich,

Clayton et al. (1969) and Gershon and Bunney (1977). One of the early studies of
markers that mapped to the X-chromosome that took in the loci for colour vision
abnormalities was by Mendlewicz and Fleiss (Mendlewicz and Fleiss 1974; see

also Johnson and Leeman 1977).

Although the results were disappointing overall the idea of applying linkage to

psychoses was thought technically sound. What was lacking was a tool - an

adequate number of relatively evenly spaced chromosomal locus markers that
could be used to test out regions for linkage.

The period between 1983 and the early 1990s saw several key events. The gene

for Duchenne muscular dystrophy (DMD) had been narrowed down to a relatively
small stretch of the X chromosome in 1983 and cloned within a few years (see
Kunkel 2005). The search for this (very large) gene was greatly aided by
analysing the breakpoints of chromosomal abnormalities in patients with DMD, as
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were several other inherited conditions. For the most common recessively
inherited condition, cystic fibrosis, a linked polymorphism was detected in 1985

(Tsui, Buchwald et al. 1985) and four years of intensive effort led to the cloning of
the responsible gene on chromosome 7 (Riordan, Rommens et al. 1989 ;

Rommens, lannuzzi et al. 1989). A similar story was emerging with disorders of
the central nervous system. The high incidence of an early onset dementia in

people with Down's syndrome was shown to be due to increased expression (1.5
times normal) of the amyloid precursor protein gene, whose product amyloid, was

known to be a major component of the neuritic plaques that are part of
Alzheimers pathology. The trisomic state of chromosome 21 in this condition led
to the search for expression differences and linkage analyses in the wider

population with Alzheimers with very mixed results. However one single family
with a mutation in this gene was discovered (Goate, Chartier-Harlin et al. 1991).
A more fruitful and eventually successful analysis of another neurodegenerative

disorder, Huntington's disease, led to a region of chromosome 4 detected as

linked in 1983 (Gusella, Wexler et al. 1983). A lack of available markers led to a

direct cloning approach which facilitated the generation of new polymorphisms
that narrowed down the gene interval considerably (Wasmuth, Hewitt et al. 1988).
However it took other new methods both of linkage, where haplotype mapping

proved powerful, and the use of large insert size cloning vectors, especially yeast
artificial chromosomes, before the eventual cloning of the responsible gene

(coding for the protein huntingtin - the pathology being due to an unstable repeat
insertion into the gene conferring an aberrant polyglutamine sequence) some ten

years after the initial positive linkage findings.
The linkage approach had been made possible by a variety of new molecular
tools. Especially important were the discovery of enzymes that cut DNA at

specific motifs and nowhere else (Restriction endonucleases). As important was

the fact that the interval between enzyme cut sites varied between individuals in
the population sense but was stably inherited within a given family. These pieces
of DNA were termed restriction fragment length polymorphisms (RFLPs). Ed
Southern in Edinburgh had devised a method whereby small fragments of DNA

separated by size on an agarose gel through being driven with an electric field,
could be transferred stably to a nylon membrane (Southern Blotting). The DNA
on this membrane could then be hybridised (probed) with radio-labelled
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complementary pieces of DNA whose position on a chromosome was already
known. Combining this with RFLP analysis meant that fragment of DNA from a

specific and small area of a chromosome, which in more general parlance
became termed a 'marker', could be identified readily and its size estimated from
its position on the membrane. Differences in the position of the cut sites and thus
the size of these fragments were common enough in the population for an

individual usually to generate a specific length on one chromosome and another
on the other chromosome of the pair (heterozygous). Studying their parents DNA
allowed the determination of whether the marker was inherited from their mother

or father, and so on across the family. Thus the marker could be traced in its
descent through a pedigree and its relation to any illness seen. These are the
conditions that permit linkage analysis, and a raft of new RFLP markers emerged

during the early 1980s. The question was could they be applied to find genes

conferring risk in severe psychiatric disorders?.

A small research group (Douglas Blackwood, David St Clair and myself) in

Edinburgh were amongst a handful in the UK and elsewhere interested in using
these new technologies and research methods - in particular the developing
science of molecular genetics (the extent of the genetic knowledge 'explosion'
can be seen in our summaries spaced just six years apart Blackwood and Muir

1998; Blackwood and Muir 2004a, Book Chapters) and, separately, new

computerised methods of signal averaging to study electrophysiological events
related to cognitive tasks - to try and understand the genetic basis for psychotic
disorders, in particular schizophrenia and the affective psychoses.

The search for biomarkers - electrophysiological changes in people with

psychosis

Early studies on familial psychosis (see St Clair, Muir et al. 1994, Book Chapter
and below) were tempered with the knowledge that unlike Huntington's disease
or other major dominant genetic disorders, schizophrenia and affective
psychoses did not follow a truly mendelian inheritance pattern. People in families
who looked as if they ought to be carrying a risk gene by virtue of their position in
the family (for example one of their parents may have schizophrenia and one or
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more of their children might have the condition) did not always have a mental
illness. Such incomplete or partial penetrance was known for other disorders, but,

especially in small families, could not always be distinguished from non-genetic
causes leading to familiality or to the vagaries of a poly-locus model where

multiple contributory genes of small affect were acting in synergy to increase the
risk of the condition. In fact there was a strong body of opinion (that still exists)
that such 'polygenic' inheritance was the only one that held explanatory power for
the inheritance of psychotic illnesses. The problem with this view is that it does
not accept genetic heterogeneity - a feature that is increasingly found within

many so-called 'complex' clinical conditions.
If a means could be found that indicated that a person had a similar unusual

component to their phenotype as others with psychiatric illness in a family then
this phenotype component could be tested in any linkage analysis to see if it
increased the information content of that family.
Of especially interest to us at that time were electrophysiological measures that

emerged from new ways of recording and analysing the electro-encephalogram

(eeg). The recording of the electrical activity of the brain as measured at the

scalp has a long history. Its use as a diagnostic tool in psychiatric conditions as

opposed to seizure disorders however had been very limited. Non-specific

changes are often seen and medications used to treat psychoses can markedly
influence the appearance of the eeg. During the late 1960s and the 1970s

improvements in computing led to new ways of processing eeg data. Surgical

procedures that allow recording directly from groups of neurons had been used

during the 1950s to investigate and trace the loci of epileptic activity, especially

temporal lobe epilepsy, in patients whose focal epilepsy had proved intractable to
treat by other methods. Pioneered by Wilder Penfield and his colleagues at
McGill University in Canada, the brains responses to external and direct stimuli
had been recorded. However at the scalp such stimulus-related electrical events
are usually buried under the constant activity arising from other electrical sources

in the brain. The methods that were devised to address this problem were based
on the ability to accurately record and store electrical data for precise time
intervals after the presentation of stimuli. If these periods of recording could be
stored individually, then summed and divided by the number of intervals collected

('normalisation') then a basic tenet of signal processing theory meant that signals
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that were correlated with the initial stimulus (in other words occurring at the same

place in time after every stimulus) would sum but the uncorrelated electrical

activity (noise - randomly varying in position between the collected intervals)
would average towards zero. The process was called signal averaging and the
result is an improvement in the signal to noise ratio. Thus the time-correlated

signal would 'emerge' from the noise background. There were analogue methods
of achieving this, but the major advance came with the ability to digitise electrical

activity and perform the averaging process by computation. The stimulus related

signals became commonly known as either event-related potentials (ERPs) or

evoked potentials and there was a great amount of interest in studying their

appearance in relation to external stimuli in various sensory modalities. In the

auditory system electrical activity that occurs very soon after a sound is related to
events in the ear and the ascending auditory nerve tracts and relay nuclei. These

early ERPs generally occur in the first 20 milliseconds or so after a stimulus and
showed utility in studying the events occurring in various forms of deafness. After
about 30 milliseconds the scalp electrical activity induced by the auditory stimulus
is thought to represent activity in secondary cortical processing areas - areas that
can be influenced by cognitive processes and hence are sometimes termed

cognitive ERPs. It was these later events that we chose to study in psychiatric
illnesses. In particular we focussed on a positive-going wave that could be
recorded from numerous scalp electrode locations at around 300 milliseconds
after an auditory stimulus - generally this is known as the P3 or P300 waveform.
A number of groups had been applying this method to look at schizophrenia and
affective disorders for sometime, especially Charles Shagass and his colleagues.
What they had not done was to clearly separate out the clinical disorders.

Unipolar and bipolar affective disorders were usually lumped together in the small
number of studies that looked at them. Nor had they investigated extensively their
use as biomarkers or whether any abnormalities could be inherited. What is

fascinating is that the P300 is modulated by novelty and attention. The standard
method we used to record P300 was to intersperse in a random order a series of

high pitched tones in amongst a much larger number of lower pitched tones

played through headphones whilst scalp recording the eeg using standard lead
placements and eeg recording techniques. The person was asked to listen for the
higher pitched tones and silently count these (which we used as a check on
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overall attention levels) but not to pay attention to the lower pitched more

frequent tones. The eeg data was recorded for 750 milliseconds after each tone

and the epochs for the frequent low pitched tones computer averaged separately
from the 'rare' high pitched tones. Early and later cognitive ERPs look similar
after averaging to both types of tone. However around 300 msec the ERPs on the

frequent tones tend to decay towards the baseline on averaging, whereas in the

average of the rare tones a large positive going wave is detected. This differential

response is striking and is consistently demonstrated whether a person has a

psychiatric illness or not. Of interest to us was whether parameters such as the
overall amplitude of the P300 as measured from peak to baseline, and its time

latency measured from stimulus to peak, was influenced by the clinical diagnosis
and associated parameters, and if so whether it could be established as a

biomarker for the illness. Our earlier studies used manual methods to estimate

the position of the peak. The readouts were always rated independently by two

(sometimes more) investigators. We were aware that there are actually two

components to the P300 wave (P3a and P3b) and the peak we defined is actually
the envelope peak of the two. Our more recent studies used a computerised peak
estimation procedure based on a least mean squares approximation to data

developed with us by the late Professor Michael Glabus (Glabus, Blackwood et
al. 1994) from actual patient and control data and after careful consideration of

the, then current, methodologies.

Several criteria have been long established that define the usefulness of a

biomarker for psychiatric illness and we have reviewed the earlier work

(Blackwood and Muir 1992, Review Article; Blackwood and Muir 1994a,
Book Chapter). It should be noted here that biomarkers indicating the presence

of a genetic susceptibility in a behavioural / cognitive disorder have often been
termed 'endophenotypes'. The marker is preferably an indicator of an underlying
trait rather than a product of the current clinical state. Thus, if the clinical state
varies in its typology or severity the marker should be independent of these
events. The marker should also be independent of the effects of medication used
in the treatment of a condition. This is made more complex by the sub-

requirement that medication itself should not have led to the production of the
biomarker - that is, ideally, drug naive rather than just drug free patients when
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studied should show the biomarker. It should also be stably demonstrable over

time - test-retest validity is required. The last aspect - specificity to the condition
under study - is actually less strictly applicable if another condition displaying the
marker is clearly separable by other means from the investigated condition. Thus
a biomarker could be used to differentiate between different cancer types, but
also be detectable in a rheumatoid disease. If the latter can be diagnostically
excluded by clinical investigations then the markers utility for cancer diagnosis
still remains. We investigated all these aspects of the P300 in respect to

schizophrenia and the affective psychoses.

Douglas Blackwood had previously shown that the P300 abnormality in

schizophrenia was stable over time. He had tested patients when acutely

psychotic and drug free, then retested them several months later when on

medication and relatively free from psychotic symptoms. There was no apparent

change with time in the P300 latency of people with schizophrenia and
medication did not seem to be a factor. (Blackwood, Whalley et al. 1987) The
numbers in this study were relatively small however (13 for follow up). The
decision was made that we should aim at much larger group size and also to

separate bipolar and unipolar affective disorders. The result was, by a wide

margin, the largest study on P300 and other long-latency event-related potentials
in psychiatric disorders conducted at that time (Muir, St Clair et al. 1991, Major

Paper) This was also one of the first to clearly distinguish between the affective
disorders - 96 subjects with schizophrenia, 88 with bipolar disorder of whom 75
with bipolar I and the rest bipolar II (99 were actually recruited to the study,
however 11 (9 bipolar with bipolar I) were too ill to subsequently co-operate), and
48 with major depressive (unipolar) disorder, compared to 32 in- patient and 213
normal controls. All diagnoses were made using RDC (Research Diagnostic )
criteria after structured interviews using the SADS-L (Schedule for Affective
Disorders and Schizophrenia - Lifetime version) questionnaire in the use of
which we had all been fully trained. This interview schedule has been extremely
useful over the years, allowing repeatable diagnoses to be made using DSM,
ICD, RDC and other operationalised schemata. In addition to personal structured
interview with the person it also uses information gathered additionally from case

records, relative interviews and other data sources to give a very full picture of
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the person and their illness. From the beginning we also took detailed family
history information from both the person and all contactable relatives.

As in the previous study P300 latency was significantly later in the schizophrenic

group. Unexpectedly however it was also later in bipolar disorder but not unipolar
disorder. The study was also powered enough to report that P300 alterations
were stable with respect to clinical state at the time of testing and was not due to

age differences or the effect of psychotropic medications. The indication that

bipolar disorder had a similar biomarker change to schizophrenia, although clear
from the study, was controversial amongst psychiatrists as Kraepelin's dichotomy
was still very much accepted as being true in all cases.

A separate analysis was performed to test whether the specific subtype of

schizophrenia made any difference to the P300. 65 people with schizophrenia
were compared with 119 well controls. The study group had later and smaller

amplitude P300 than controls and these differences were independent of the
clinical subtype of the illness, of medication of chronicity of illness, of family

history of illness (an interesting finding given our later genetic work on both
familial schizophrenia and large cohorts of patients where familial and apparently
non-familial cases exist, St Clair, Blackwood et al. 1989a). Thus an argument
was mounting that P300 could be a stable trait marker for schizophrenia, but its

specificity still needed testing in a wider range of conditions.

On the basis of such results it was also felt that the P300 latency might help

clarify disease boundaries by identifying the cluster of conditions (or in other

nosology the spectrum of phenotypes) that is associated with a key disorder. As
now, during the mid 1980s the syndrome of borderline personality disorder was of
great importance to psychiatrists. There was some clinical evidence that
medications used to treat schizophrenia could be of some effect in this

personality disorder, but not other forms. We were in a (perhaps unique) position
to study this condition - in-patient intensive and long-term psychotherapy was a

feature of the professorial wards in the Royal Edinburgh Hospital at that time.
Working with Stan Kutcher, an expert in child psychiatry and personality
disorders who was on sabbatical from Toronto, a major study was set up to

examine whether P300 could distinguish between schizophrenia and borderline
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personality disorder and its relation to other personality disorders (Kutcher,
Blackwood et al. 1987). We used three different sets of clinical criteria to define

borderline personality disorder in a group of 22 individuals and were able to

compare P300 responses with 32 other individuals in the same units and found

the former to have a time-delayed and reduced amplitude P300. In our other

comparison groups (29 people with schizophrenia, 22 with major depression and
74 controls) only those with schizophrenia had showed similar changes. Also it
did not seem to matter whether the person with borderline personality disorder
had a co-existing diagnosis of schizotypal personality disorder or not. To take this
further another study was set up to look at those with schizotypal personality
disorder as their primary diagnosis - a small group of 11 patients (Kutcher,
Blackwood et al. 1989). We could find no difference between the groups in

electrophysiological parameters - they both had delayed P300. With hindsight,
our finding of a significant amount of depression in the borderline group, and our

subsequent results on bipolar disorder might indicate that they form part of the

bipolar rather than schizophrenia spectrum of disorders. We have recently
revisited this idea from a clinical perspective (Smith, Muir et al. 2004; Smith,
Muir etal. 2005).
Related to and overlapping with schizotypal personality disorder is older concept
of schizoid personality disorder, and both have components that overlap with
autism (which in itself had been reported as associated with reduced P300

amplitude). Schizoid personality disorder, when clearly distinguished from autism,
is not a common condition but we were able to assess a cohort of 23 young men

who had been followed up for 20 years since their diagnosis had been made in
childhood. On our ratings they had a highly significant co-morbidity for
schizotypal personality disorder, but not for borderline personality. They were

compared to 23 matched male controls without psychiatric disorder. Our
expectation that the study group would show similar P300 changes to those seen

in those with co-morbid schizotypal personality in our other studies was not
fulfilled and instead they were indistinguishable from the controls, suggesting
heterogeneity in phenomenologically overlapping conditions (Blackwood, Muir
etal. 1994).

Although the simple measurement of the latency and amplitude of the auditory
P300 response proved the most useful in our studies, more subtle effects could
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also be demonstrated. In a group of patients with unipolar depressive disorder
the visual P300 was recorded on presentation of affect-laden words presented

briefly onto a screen. Although this is a different sensory modality from our other

experiments the P300 amplitude in this case was modulated by the affective tone
of the words with negatively-loaded words giving smaller amplitudes than

positively-loaded words in the depressed subjects and exactly the reverse

association in non-ill controls. A third group of people with unipolar disorder but
where the depression (Hamilton) scores were back to normal levels showed the

same pattern as normal controls. The P300 latency however did not show any

changes between word types or between groups (Blackburn, Roxborough et al.
1990). In a series of (ethically approved) acute experiments (Blackwood and

Muir, unpublished data) Douglas Blackwood and myself investigated the effects
of single doses of apomorphine, haloperidol and methyl-amphetamine given

intravenously to a small series of drug-free (usually over 3 months) people with

schizophrenia and normal controls. P300 was measured serially before and for a

period of several hours after injection. The physiological parameters (peripheral
autonomic nervous system, heart rate, blood pressure etc) that we measured
altered in a predictable fashion. Interestingly drug free people with schizophrenia
did not show any increase in psychopathology during the exposure to

amphetamine, but the P300 latency shifted to a later-timed peak compared to the
baseline before returning to the baseline again in about an hour or so. The results
with apomorphine were less clear, but haloperidol seemed to give a shift to an

earlier peak (or perhaps a differential modulation of the amplitudes of the P300a
and P300b components which would give an apparent shift in latency in the

envelope response). This then returned to baseline, and could not be shifted
again by further doses of haloperidol, or on retesting. This interesting acute
modulation of P300 latency in drug free individuals has not been replicated or

even attempted by others to my knowledge, but does suggest subtleties to the
generation of the response. Overall however we had firmly established that the
P300 response (latency and amplitude measures) met the criteria for a
reasonable and stable biomarker that was altered in a substantial number of

people with schizophrenia and bipolar disorder but not in unipolar affective
disorder. In a further study we used structural MRI to examine 31 people with
schizophrenia and 33 well controls. The MRI imaging was rated blind and
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correlated with electrophysiological data (Blackwood, Young et al. 1991). Again
the P300 latency was increased and amplitude decreased in those with

schizophrenia. In the study group, but not controls, P300 latency correlated

negatively with the area of the right and left cingulate cortex and positively with
the difference in size between the right and left amygdala. In the subgroup of
people with schizophrenia whose P300 latency was greater than 2 SD above the
control mean, the area of the left cingulate cortex was significantly smaller than in
controls, and the absolute right-left difference in the area of the amygdala was

significantly increased. These areas have all been implicated in numerous

independent imaging and anatomical studies since then as being altered in

schizophrenia. In a slightly later study we conducted looked at correlating
abnormalities seen using another imaging technique - blood flow measured by
single positron emission tomography (SPET) - with the P300 (Blackwood,
Ebmeier et al. 1994; Blackwood, Glabus et al. 1996, Book Chapter). Higher
tracer uptake in left superior pre-frontal and left parietal regions correlated with
P300 latency. Verbal fluency performance was negatively correlated with tracer

uptake in left frontal and temporo-parietal regions. We also were able to assess

neuropsychological measures in this group of patients and verbal fluency was

negatively correlated with tracer uptake in left frontal region. In a more detailed

study on neuropsychological performance we were able to correlate the P300
with a battery of neuropsychological tests in 26 people with schizophrenia and

compare these to 19 people with bipolar disorder (and 27 normal controls). Again
it was found that people with schizophrenia or bipolar disorder had a prolonged
P300 latency. The schizophrenia group performed significantly less well than
bipolar disorder and controls on tests of verbal fluency and, within the

schizophrenia group alone, a significant correlation was found between P300
latency and verbal fluency test scores. This raised the question of whether
combining two biomarkers - P300 and neuropsychological tests such as verbal
fluency - could improve the diagnostic specificity of the abnormalities.

The research we performed on other groups of individuals with other cognitive
disorders exemplify how a biomarker, which on the surface seems to change in a
similar way to that seen in schizophrenia and bipolar disorder, on closer study
can have different interpretations. In fact a number of other conditions are also
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associated with delays and/or reduced amplitude of the P300 response.

Alzheimer's type dementia had been known to cause a marked delay in P300

latency and this was not seen in a control group with an alcohol related dementia

(Korsakoffs syndrome - St Clair, Blackwood et al. 1985). We were also aware

from our own studies that after the age of 65 in the normal population there was a

marked increase in the latency of P300 (see Blackwood and Muir 1994b, Book

Chapter ) in effect producing a 'dog-leg' form of curve and in our further studies
on electrophysiological markers we restricted the ages to those under 65. Other
conditions with a more persistent cognitive disability were also studied - in

particular two syndromic causes of learning disability. We were fortunate in

having access to a large group of individuals who had been fully clinically and

genetically characterised as having the fragile X syndrome. They had already
been shown to have alterations in the P300 response. It was therefore of interest
to compare them against another key learning disability associated condition -

Down's syndrome, more especially since this latter group show a very high risk
for early onset Alzheimer's type dementia during their mid adult years (40s to

60s). We were able to study a relatively large number of adults (89 individuals
between 16 and 66 years old) with Down's syndrome and compare them against
29 adults with fragile X and 83 population controls. The age-curve was flat for the
fragile X group, but showed a marked increase in latency of P300 in those with
Down's syndrome who were 37 years or older. This shift was very largely
contributed by the 16 adults with Down's syndrome who on clinical examination
were found with dementia. None of the adults with fragile X had dementia (nor
the population controls - Blackwood, St Clair et al. 1988). As importantly we

were able to conduct a follow-up study on 65 of the people with Down's
syndrome and 20 of the fragile X group we had seen 2 years previously and
found that the P300 latency had significantly increased in 14% overall in the
Down's syndrome group. 9 previously well people at retesting had clinical
dementia and in 7 there was a shift in the P300 latency by over 3 SD (Muir,

Squire et al. 1988).
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P300 and familial psychiatric illness - a marker for susceptibility gene

carriage?

As related above our primary aim was to discover the genetic underpinnings that
led to psychotic illnesses such as schizophrenia and the affective psychoses. The
success of the linkage approach in other inherited illnesses and the availability of

many new DNA markers that allowed a position on a chromosome to be identified
have also been briefly discussed. In exploring and establishing the P300

response as a biomarker for schizophrenia and bipolar disorder we actually had
an important use in mind. To be a feasible approach for detecting genetic

susceptibility loci, linkage analysis requires a collection of families (or a large
number of affected sibling-pairs - an alternative strategy that we have not used to

any extent, but has been adopted by others, e.g. in Cardiff by Mike Owen and his

colleagues), each with a high genetic loading for the illness, as a database. There
are several assumptions that must be made in order to adequately generate the
odds ratio (or rather its logarithm - the Log of the Odds score, which is usually
known by its acronym LOD). This is a measure of the likelihood that the co-

segregation of an illness with a given DNA marker within a family occurs by
chance. Significant LODs can take two forms - positive LODs that mean the
marker resides close to a putative susceptibility gene for the illness, and negative
LODs which exclude the marker and illness susceptibility gene being co-located
in a defined genetic interval. The cut-off points at the time for the acceptance of
significant inclusion or exclusion of linkage were usually taken as LOD values of -

2 or +3 (equating to p<01 and p<.001 before correction for multiple
comparisons). Results lying between these values are non-informative. The
LODs from individual families were usually assumed to be additive - this followed
the example of other illnesses where one susceptibility gene accounted for the
bulk of the inherited disorder. Assuming that good quality DNA can be obtained
from individuals in the family the results depend (amongst other things) on having
enough informative meioses (dependent on family structure), a sufficiently dense
set of markers to adequately test a region of DNA, a correct model of the mode of
inheritance (although this could be addressed by looking at different models and
accounting for multiple testing this latter procedure increases the possibility of
false negatives for a given sample size) and the correct assignment of
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'caseness'. The latter is perhaps the limiting factor in linkage studies of

psychiatric disorders for it was clear that unlike other more clearly mendelian
disorders, schizophrenia and affective psychoses did not show full penetrance -

there were people in key positions in pedigrees, who must be carrying a

susceptibility gene if there was one, but did not show a clinical illness. Indeed

twin studies point to this being an inevitable consequence - monozygotic
concordance is nowhere near 100% and environmental factors must be acting on

a susceptible genetic background, this could act to decrease as well as increase

the likelihood that the illness would be expressed. Added to these are the

problems of possible phenocopies (psychiatric illness arising from non-inherited
causes but clinically indistinguishable from that thought due to inherited factors),
possible assortative mating (where there are offspring of two individuals both who

carry the risk gene or possibly different susceptibility genes resulting in
compound heterozygotes in offspring), and also decisions have to be made as to
which psychiatric disorders expressed within a family actually represent
outcomes of a genetic risk factor. Our results on P300 as a biomarker held out

the hope that it might be useful in improving the information content of any family,

by clarifying phenotypic boundaries, and by a more clear definition of caseness,

help to address the difficulty of partial penetrance (Blackwood and Muir 1990,
Review Article; Blackwood, Muir et al. 1992, Review Article).
Our first focus was on familial schizophrenia but our aim was not to conduct an

epidemiological survey. Rather we were entirely selective and recruited families
who were known to have three or more members with clinically defined

schizophrenia. The Scottish population is ideal for this sort of survey. We have
found over the years that families are usually very willing to co-operate in our

studies, know that they have a problem with familial illness, and are keen to gain
a better understanding of what is happening within them. The population is large

enough to be able to recruit sufficient numbers to any study and yet consultant

psychiatrists form a close working network across the country so that access to
different areas is relatively straightforward. A preliminary study was illuminating
(Blackwood, Muir et al. 1990, Review Article). We had also measured eye-

tracking abnormality along with P300 in much of our work, although this did not
prove eventually to be as useful for us as P300. We were able to show that in 73
family members who had no history of psychiatric illness 24 showed abnormality
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in either P300 and/or eye tracking, highly significantly above the control rate.
These parameters were also abnormal in five of nine other relatives who did have

non-schizophrenic psychosis (bipolar disorder and unspecified functional

psychosis). This set the stage for an important, large and extensive study in we

were able to assess the P300 (and eye-movement data) in a set of 20 extended
families multiply affected with schizophrenia (Blackwood, St Clair et al. 1991b).
Abnormalities in P300 (and/or eye-tracking) were found in most of the families
studied. When present, the P300 abnormalities occurred not only in the family
members with schizophrenia and other forms of psychotic illness, but they also
had a bimodal distribution and were abnormal in around half the non-

schizophrenic relatives. Some of these relatives had psychiatric symptoms, but
others were symptomless and gave no personal history of psychiatric illness. One
of the highly interesting things about this study was that not all families

segregated for the electrophysiological abnormality - some had not evidence for

any delay in P300 in any member. In other families there was clear segregation

(apparently with the illness). It indicated that P300 may only be of use in certain
forms of familial schizophrenia (which in itself was clinical similar to the

schizophrenia in families were it did not segregate) and also that there was

evidently electrophysiological heterogeneity in the condition, which might hint at

genetic heterogeneity. The problem of bipolar disorder arising in families where
the probands had schizophrenia still persisted however. Major depressive
disorder was relatively common in such families but we did find those where

bipolar disorder also was present, and seemed to segregate as for schizophrenia.
Others argued at the time that this must represent two different genes running
down a family and perhaps an increased incidence of assortative mating between
people with either form of psychosis, or indeed that we were simply diagnostically
wrong. We reported on an intriguing family where identical twins were found both
with psychosis (Blackwood, St Clair et al. 1991a). Diagnosis was made using
structured questionnaires by two experienced psychiatrists independent of the
research team. One twin had a diagnosis of bipolar I disorder, the other definite

schizophrenia. Both had delayed P300 latency compared to the control mean.

Their mother had a history of severe major depressive disorder. Thus it appeared
that assuming a genetic identity between the twins (the zygosity status was
confirmed by colleagues in Newcastle) environmental factors might be operating
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to colour the eventual clinical outcome. We would now also add the possibility of
epigenetic differences between the twins. However, that a single genetic liability
might be common to both bipolar disorder and schizophrenia was possibly too
controversial to raise much comment at the time. More recent genetic studies
(see below) have brought this idea into prominence.
We also studied the relation between neuropsychological performance and P300
in families multiply affected with schizophrenia (Roxborough, Muir et al. 1993).
Perhaps the most striking finding was that even clinically well relatives in the

comparison group (n=30 ; 7 parents, 10 siblings and 11 second-degree relatives)
of a probands with schizophrenia showed the same P300 delay, and correlation
to neuropsychological abnormalities (including very significant results for verbal

fluency (categories) and verbal recall (categories)) that was seen in the group

with schizophrenia (n=30) compared to well controls without a first or second

degree relative with schizophrenia (n=30). The National Adult Reading Test was

used to control for IQ which did not influence the results in this study. We also
were able to apply SPET imaging as a measure of cerebral blood flow in the
relatives of people with schizophrenia. Perfusion correlated with verbal memory

and P300 amplitude in left inferior prefrontal cortex and with P300 latency in
anterior cingulate cortex, and overall these medication and symptom-free
relatives had altered regional perfusion intermediate between subjects with

schizophrenia and non-family controls (Blackwood, Glabus et al. 1999).

We were later able to apply the same methodologies to families ascertained

through bipolar probands (Blackwood, Sharp et al. 1996, Review Article). A

single, five-generation family densely affected with bipolar I disorder and
recurrent major depressive disorder but no schizophrenia was identified through
two bipolar I probands (which will be described later with regards to linkage

findings). P300 latency (81) and eye tracking (71) were recorded from a subgroup
of relatives within the pedigree. Although eye tracking was bimodally distributed
in these relatives P300 latency was normally distributed and did not differ from
controls. In a second family in which five of seven siblings have bipolar I illness,
P300 latency and eye movement disorder were found in affected relatives and in
some unaffected offspring. Again, as in families ascertained through probands
with schizophrenia there may be some who segregate and some who do not for
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physiological abnormalities. This again implies, at least at the P300 level,

heterogeneity, (see also Blackwood, Sharp et al. 1994, Book Chapter)

Early linkage studies in families multiply affected by schizophrenia -

chromosome 5

A small number of psychiatric research groups, including our own, had begun

collecting families who had several members with schizophrenia, with the aim of

using RFLP based markers to test for linkage largely in the areas of genes for

proteins thought to be good candidates for being involved in psychiatric illness.
Most of these were based on the known effects of anti-psychotic medication -

monoaminergic neurotransmitter systems and their metabolism. Thus the

dopamine type-2 receptor on the long arm of chromosome 11 and tyrosine

hydroxylase on the short arm of the same chromosome were obvious targets.
However the evidence was conflicting as to whether there was linkage or not in
these regions.

One pointer that proved to be important in the way linkage studies developed in

schizophrenia was a paper by Bassett and her colleagues from Canada (Bassett,

McGillivray et al. 1988) They described an uncle and nephew of Chinese descent
both of whom not only had a chromosome abnormality (a partial trisomy of
chromosome 5) but also a diagnosis of schizophrenia. Hugh Gurling and his
colleagues in London used a series of RFLP markers across the region of this
chromosome abnormality in a series of densely affected families from England
and Iceland. In a landmark paper they reported linkage to this chromosome 5

region, and this result proved an immense stimulus to further studies

(Sherrington, Brynjolfsson et al. 1988). A contrasting negative result was reported
by Jim Kennedy's group from Toronto in the same issue of Nature on

chromosome 5 markers in a single extended North Swedish family segregating

schizophrenia (Kennedy, Giuffra et al. 1988).However this was only for a single, if
very large family. Very soon afterwards, and again reported in Nature, we
showed that in our group families we could exclude linkage in this area (St Clair,
Blackwood et al. 1989b, Major Paper). Eric Lander immediately and properly
pointed out that such results implied genetic heterogeneity, and that at leas some
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families could have apparently monogenic inheritance (Lander 1988). The media
and other publicity around such results caused a furore however. The

Kraepelinian bias was still evident and we were criticised (for instance Byerley
1989) for including people with bipolar disorder as part of the phenotype. A
careful complete re-analysis of our data using only those families where there
was no bipolar disorder did not cause the result to change in any way however
(Blackwood, Muir et al. 1989).
Many went on to assume that that Hugh Gurling was in error, a conclusion

probably in itself wrong - revealing a persistence in the belief that schizophrenia
is a single unitary condition and that it was totally valid to sum the LODs. In the
London study, it was clear that most of the variance came from a single Icelandic

family. It would have been of interest to further study this single family with the

assumption that within it at least, there was a locus linked to chromosome 5. The

later commercialisation of the Icelandic pedigree data by the DeCode

organisation may have been a factor in precluding this. However there emerged a

general feeling rather despondent feeling amongst psychiatrists working in the

field, grant resources seemed to be deflected to other areas of research. Some
felt that this vindicated their assumption of a polygenic nature to the inheritance in

schizophrenia and that the linkage methodology had been now shown to be

inapplicable.

Early linkage studies in families multiply affected by bipolar disorder

For different reasons, but around the same time, linkage studies in bipolar
disorder endured a chequered history. Janice Egeland and her colleagues in
1987 had described a linkage study in a large set of interrelated families (19
affected individuals) multiply affected by bipolar disorder and originating from the
Amish community in the United States. The connectedness and the ethnic origins
suggested that such families should be a powerful resource to detect
susceptibility genes and indeed they published strong positive findings relating to
markers for the insulin and Harvey-ras genes on the short arm of chromosome 11

(Egeland, Gerhard et al. 1987). However follow up work on this pedigree
revealed that two previously thought unaffected individuals had changed their
clinical status to be affected, and that combined with the analysis of two
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extensions to the family one branch bringing in two additional cases and the other

eight, removed all trace of linkage - in fact it gave an exclusion result (Kelsoe,
Ginns et al. 1989). That a pedigree could be so sensitive to case status and

findings not robust to extension were, of course, very worrying. A 'delicate
balance of uncertainties' was how a news and views article of the time put it

(Robertson 1989).
There was considerable debate at this time about whether there was true

heterogeneity or whether the disparate results arose simply from differences in

phenotype groupings, sampling effects, parameter value choice, or assortative

mating (Muir 1992, Review Article).

Circumventing the problems - cytogenetic approaches.

Some of the difficulties facing the linkage approach were given above. The
existence of genetic heterogeneity meant that the simple summation of LODs
from individual families would not be acceptable without the analysis of variance
within large collections of pedigrees. The use of single extended pedigrees with
sufficient power in their own right to generate a significant LOD seemed a

possible way to reduce the influence of heterogeneity if there was no admixture
of inheritance within the family (for example from assortative mating, or other

entry of additional risk genes into the extended pedigree). The problems with the
Amish show the need for clear and careful mapping of as many branches and
extensions of the pedigree as possible, and the risk of diagnostic change in

people who had not passed fully through the period of maximum risk for illness
onset. These are in addition to the other problems of dealing with phenocopies,
the weighting of the different diagnoses in families with respect to the likelihood of
whether they arise from the genotype (which involves modelling of phenotype
groupings and its attendant alteration in the number of degrees of freedom in
analysis) and the estimation of the population disease demographic parameters.
An example of how a large single pedigree can contribute useful information is
given by our studies on bipolar disorder and a genome-wide search for linkage
with the finding of a susceptibility locus on chromosome 4, which will be
described below.
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However for schizophrenia we decided to utilise a unique Scottish cytogenetic
resource to provide positional information to narrow down the region of the

genome to study.

In the 1920s the chromosome number in humans was fixed incorrectly at 48, and
it took improved histological methods to move this forward (see Gartler 2006). In
fact the number was not correctly ascertained until 1956 (Tjio and Levan 1956)
some three years after the publication of the structure of DNA (Watson and Crick

1953). The new staining and cell culture methods that went with such research

led to an explosion of interest in studying chromosomes and their abnormalities.
In 1956 the Medical Research Council had founded a research unit in Edinburgh
for the study of the effects of radiation on cellular biology (MRC Clinical Effects of
Radiation Unit), and by the late 1950s scientists and clinicians there such as

William Court-Brown and Patricia Jacobs were making pioneering discoveries -

trisomies of autosomes (including Down's Syndrome, Jacobs, Baikie et al. 1959b)
and sex chromosomes (e.g. triple X syndrome, Jacobs, Baikie et al. 1959a). In
1967 the MRC unit changed its name to the Clinical and Population Cytogenetic
Unit to reflect the changed priorities. Chromosome abnormalities of all types were

studied in large populations including individuals from psychiatric and (then

termed) mental handicap hospitals. Where the abnormality was inherited every

attempt was made using clinical contacts and co-operation of families, to map out
the inheritance in the extended pedigree. Scottish birth and death records are

recorded differently from elsewhere in the United Kingdom and additional
information they contain was used by a full-time team of medical genealogists to
track every available subject within the family, and a medical team travelled

widely to obtain blood samples for chromosome analysis and clinical data on all

participants. However perhaps the most powerful aspect of the study was that the
clinical state of every individual, whether carrying a chromosome re-arrangement
or not, was followed up on a yearly basis through direct contacts with their
general or hospital practitioners. Thus a registry of clinical and cytogenetic data
was constructed by the MRC as a powerful tool for making genotype-phenotype
correlations. It was this cumulative data that made us interested in looking for

chromosomal abnormalities that might be associated with psychiatric illness. A
search on the clinical and cytogenetic status of every subject within nearly 300
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extended families with inherited chromosome abnormalities was performed. One

family proved especially exciting - in this family a reciprocal balanced
translocation had led to the exchange of material between the long arms of
chromosomes 1 and 11 (or succinctly t(1;11)(q42.2, q21)). The initial discovery of
the translocation in the proband in 1968 had led to an investigation of the stability
of the inheritance of the abnormality and also the additional and separate

segregation within this family of a polymorphism of constitutive heterochromatin
and a Robertsonian translocation between two acrocentric chromosomes

(Jacobs, Brunton et al. 1970). These latter events we now know to be common in
the general population and are polymorphic variants without major clinical effect

(although some more recent studies hint a possible influence of heterochromatin
in cancers). However the balanced translocation was a definite chromosome

abnormality with apparently unique breakpoints. There are several consequences

of a balanced rearrangement in offspring of a carrier parent - normal
chromosomal complement, the inheritance of the balanced form, and the
inheritance of only one of the rearranged chromosomes of the abnormality. The
unbalanced outcomes are usually not compatible with survival to gestational term
and lead to the increased incidence of miscarriages seen in families with such
translocations. Thus within a family there are people with a normal karyotype and
those with the balanced re-arrangement only. Although the initial study had not
revealed any associated phenotype the follow up on this particular family was of
great interest to us, for by the late 1980s many people were reported as having
experienced a psychiatric disorder. The question was whether this was

associated with the presence of the translocation and we embarked on a major
clinical study to test this hypothesis. All available members of the family were

contacted via their general practitioners or hospital consultants and asked to
participate. The key to success lay with the helpfulness and interest in our
research shown by this family - a situation not uncommon in the Scottish
population. We conducted a detailed clinical interview using the SADS
questionnaire to derive the relevant RDC, ICD and DSM diagnoses. Importantly
the psychiatrists were blind to the karyotype status of the individuals seen. On
un-blinding of the karyotype status and treating the t(1 ;11) abnormality as a

linkage marker, the combination of schizophrenia, schizoaffective disorder and
major depression led to a significant LOD of over 3. Adding additional diagnoses
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of adolescent conduct and emotional disorders increased the LOD somewhat, but

further extension of the phenotype markedly reduced the scores. The conclusion
we drew was that carriage of the translocation significantly altered the risk of

major mental illness in this family (St Clair, Blackwood et al. 1990). The
mechanism by which this translocation could alter illness susceptibility was not

known, but we suggested that there might be risk factors in the breakpoint

regions. However we also indicated that the chromosome 11 region might be the
best candidate - it was near the tyrosinase gene and there were reports of an

association between tyrosinase-negative oculocutaneous albinism and

schizophrenia (and we later studied several cases of this ourselves), the

Dopamine Type 2 Receptor also lay in the interval and was a key candidate for
involvement through our knowledge of neuroleptic pharmacology, and a

conference abstract had described a small family where a t(9;11 )(p22, q22.3)
translocation seemed to partly segregate with affective disorder (this pedigree
was fully published much later, Baysal, Potkin et al. 1998).

Mapping and cloning the breakpoints of the t(1;11) translocation

Since the breakpoint region on the long arm of chromosome 11 had additional for
possible involvement in psychiatric illness and was in the vicinity of plausible

biological candidate genes, we chose to study the effects of the translocation at
this locus as a priority. The resources of the human genome mapping exercise
were not available at the time and the process was a very labour intensive, but
the idea was to delimit the break by the identification of DNA markers that flanked
on either side of it, and then use overlapping DNA clones of a variety of types to

systematically map internal to these markers until the breakpoint disruption was
defined. A multitude of techniques were employed - genetic linkage to examine
marker-marker distances in carriers and non-carriers, and the, then relatively new

approach labelling probes known to be near the breakpoint with a flourophore
that could be visualised under the fluorescent microscope. If this labelled DNA

was hybridised to DNA in a metaphase slide preparation from a translocation
carrier then its chromosomal distribution relates to the position relative to the

translocation breakpoint, and it can be seen if it lies proximal (non-translocated),
distal (translocated to the reciprocal chromosome) or actually on (split signal with
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some proximal and some distal) the breakpoint. The signal on the non-disrupted
chromosome of the pair acts as a control. This methodology has proved very

powerful for our studies and we have returned to it again and again. Using such

techniques the tyrosinase gene was shown to be proximal and an anonymous

DNA probe, D11S388 distal to the chromosome 11 breakpoint - the flanking
markers. As there was no ready source of mapped DNA within this interval, to

proceed further a complex experimental method was employed. The two
translocation chromosomes were separated from each other and from the normal

homologues using somatic cell fusion hybrids (Chinese hamster cells and carrier

lymphoblastoid cells). The cells were characterised by immuno-magnetic bead

sorting for chromosome 1- and chromosome 11-encoded cell-surface antigens

arising from flanking markers. Similar sorting isolated two stable X-irradiation
chromosome 11 only hybrids for each cell-surface antigen. PCR based assays

were used to created a panel of 19 chromosome 11 and 4 chromosome 1
markers (Fletcher, Evans et al. 1993). These irradiation fragment hybrids and
translocation hybrids proved an invaluable resource in the mapping of the
chromosome 11 region. There were also other important spin-offs. The human

homologue of olfactory marker protein was cloned and mapped immediately
proximal to the tyrosinase gene. This locus was tightly linked to the mouse

shaker-1 deafness mutation, and turned out in humans to locate to the Usher

type 1 deafness/blindness region on chromosome 11 (Evans, Fantes et al.

1993). The proximity of this Ushers locus to the chromosome 1 breakpoint, and
the presence of a second Ushers locus near the chromosome 1 breakpoint, led
us to search for associations between blindness and deafness and

schizophrenia. We described an unusual family where schizophrenia, mild
learning disability (or mental retardation since we were publishing in an American
journal), retinitis pigmentosa, and sensorineural deafness were found together or

separately in many members (Sharp, Muir et al. 1994).AIthough the key
components of Ushers syndrome (retinitis pigmentosa, deafness) exist in this
family, we were, rather strangely, not permitted to call it an Ushers variant due to
the other diagnoses which were not felt to be part of the Ushers phenotype. The
family however does not have any major chromosomal abnormality near the
chromosome 11 or 1 breakpoints of the t(1; 11) family.
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Although the irradiation and somatic cell hybrid lines were invaluable resources,

we still faced the problem of locating their contents accurately on chromosome
11, and we had begun also to think about mapping chromosome 1, as the

possibility existed that genes on both chromosomes rather than just one alone,

may have experienced disruption. There were large gaps in the available data
bases - for instance the area around tyrosinase, one of our key signposts, was

very poorly mapped. It was with these factors in mind that we sought an

alternative and with respect to human chromosome abnormality mapping, at that
time unique approach.

The breakpoints on chromosome 1 and 11 - microdissection

We found that the t(1 ;11) translocation is unusual compared to other
translocations that we have examined, in that the derivative chromosome 1

(containing most of chromosome 1, the breakpoint, and the telomeric
translocated portion of chromosome 11) is clearly visible under high power

phase-contrast microscopy of metaphase preparations. The physical size of
chromosome 1 combined with the unusual architecture at the breakpoint, meant
that we could identify its position in every entire metaphase we examined. At that
time several groups were experimenting with microdissection methods in which
DNA was scratched with a microneedle, and by a series of manipulations cloned
into a vector for amplification. The problem with these was that they nearly all
used stained preparations which degraded the DNA quality, and PCR based
amplification which yielded a library with a very small average insert size (both
features markedly limit the usefulness). We linked to Andreas Weith at the
Institute of Molecular Pathology in Vienna in a collaboration to perform a direct
micro-dissection of the chromosome abnormality. Dr Weith had perfected a

method of directly isolating and cloning high quality large insert size cDNA clones
from unstained metaphase material, concentrating on the cancer cell lines
associated with neuroblastoma, or with hybrid cells containing rodent - human

components. We developed a fresh lymphoblastoid cell line from a carrier of the
t(1 ;11) rearrangement so that we could have a ready supply of metaphases when
we arrived in Vienna. The technique was basically to perform all cloning steps
under the microscope with an inverted stage that allowed us to use a coverslip
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containing metaphases within a well with a buffer bath. The microneedle entered

from the side, and using a micromanipulator we slowly and systematically
scratched through the visible breakpoint on the derivative chromosome 1,
collected the material under micromanipulator control in a minute drop of buffer
hanging from the underside of the coverslip before moving to another metaphase
to dissect and collect. The extraction of DNA (basic phenol/chloroform) was also
done under the microscope using micropipettes, as was the initial cloning
phases. The eventual outcome was a cDNA library with an insert size of several
kilobases in an easily manipulable vector (a phage vector in E.Coli - created by
Noreen Murray of Edinburgh). The insert sites on the phage arms were also

simple and useful - we found, on returning to Edinburgh, that we were

successfully able to use the earliest type of large length PCR amplification
methods after designing oligonucleotide primers for the phage cloning ends, to

cleanly amplify all clones in the cDNA library without recourse to large scale and
time consuming microbiology. Fluorescently labelling the cDNA library and

'painting' this onto a metaphase from a translocation carrier showed the power of
the approach- the signal was entirely confined to the region adjoining the

breakpoints on the derivative chromosome 1, the normal chromosome 1 and the
normal chromosome 11 - in fact just where it should be and no where else, the
distribution peaked at the breakpoint and was normally distributed stretching to
15 Mbp on either side (Muir, Gosden et al. 1995, Major Paper). The

development of this tool was an essential step in our mapping of this
translocation and played a key role in the discovery of DISC1. By using a pooling
method and screening high density YAC - filters we were able to cover around
15Mb of the region spanned by the microclones (Petit, Boisseau et al. 1995).
With such methods we combined 49 microdissection clones with somatic cell

hybrid mapping to define seven discrete intervals on chromosome 11 q and 11
clones mapped to a small region immediately distal to the translocation
breakpoint. This information was used to generate and orientate a 3-Mb
breakpoint crossing contig by isolation of corresponding YAC recombinants
(Evans, Brown et al. 1995). A number of new ideas and methods emerged from
this resource - for example we were able to cross link the microclone library with
an brain-expressed cDNA to delineate gene coding sequences that could be
assigned to chromosomes 1 and 11 (Brookes, Slorach et al. 1995). However
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our main focus was still on the translocation itself. A long-range restriction map of
the 3Mb contig across the chromosome 11 breakpoint region was constructed
and searched for genes. Novel transcribed sequences (then of unknown function)
clustered around CpG islands, located approximately 500 kb and 700 kb proximal
to the breakpoint, but disappointingly there was none at the breakpoint itself

(Millar, Brown et al. 1998). In fact we later returned to the region. A

metabotropic glutamate receptor gene, GRM5, was found to map in the vicinity of
the breakpoint on 11 and we identified a new intragenic microsatellite marker
within it. A weak (p = 0.04) association with schizophrenia was found in (what
would now be considered a very small size- n= schizophrenia 231, bipolar
disorder 149, controls 421) case-control association study (Devon, Anderson et
al. 2001a).
There are actually several ways a translocation could affect the expression of a

gene. It could directly disrupt the gene either within or between exons. This could
lead to no mRNA being produced from this chromosome (and thus

haploinsufficiency), or alternatively an aberrant mRNA (which itself could be

pathological without being translated) which might lead to an aberrant protein
which in itself might be deleterious, or act in a negative feedback fashion on the
other non-disrupted gene leading to a dominant-negative effect. Rather than a

gene disruption there could be direct disruption of a regulatory system for a more

distant gene with effects on the efficacy of transcription. This, in part, is the
explanation of positional effects that can occur through re-arrangements of a

chromosome at some distance from the gene itself, which could also be due to
architectural abnormalities of the chromosome structure interfering with the

mechanics of distant transcription. However it was felt at the time of the study
that 500 kb was a considerable distance away for a positional effect to occur, and
the search turned to chromosome 1.

DISC1 and DISC2 are located on the long arm of chromosome 1 and are

disrupted by the t(1;11) translocation

The same methods that delineated the structure around the chromosome 11

breakpoint were applied to chromosome 1. There was no gene of possible
biological candidacy in the databases existing at that time and no detailed linkage
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or association studies which might have provided independent corroboration that
a susceptibility locus existed outside the unusual family. Some had argued that
the t(1 ;11) family must somehow be special and not representative of

schizophrenia in general, in spite of our clinical findings that the illnesses suffered

by the family were entirely similar to those we saw in our day-to-day practice, and

clearly met the accepted diagnostic criteria using internationally accepted
standards. With respect to features that are commonly associated with
chromosome abnormalities there was no evidence for learning disability (then
termed mental handicap) nor dysmorphic features in anyone we saw. The
situation started to change after we discovered two brain-expressed genes

directly disrupted by the translocation on chromosome 1 (Millar, Wilson-Annan
et al. 2000, Major Paper). We termed these (unimaginatively according to Robin

Murray), Disrupted in Schizophrenia 1 (DISC1) and Disrupted in Schizophrenia 2

(DISC2). DISC2 codes for an mRNA but is not translated. Its DNA sequence runs

anti-sense to DISC1 and overlaps its sequence. Messenger RNA is now known
to be functional in itself, and we did postulate a role in regulating the function of
DISC1, its sense partner, although there is even now no clear evidence for this.
DISC1 had been broken in an intragenic intron and it was surprising that there
seemed to be very little underlying DNA disruption apart from the translocation
event (these are often associated with additional deletions at the break). The
encoded protein was novel with a globular head (N-terminal) domain and a

helical C-terminal region, and had very little sequence similarity to other known
proteins save some resemblance to a loose grouping associated with neuronal
microtubule function.

Linkage, P300 and clinical disorders in the t(1;11) family

The strength of the initial linkage, and the emerging cloning results, led us to re¬

examine the family segregating for the t(1 ;11) translocation and at the same time
test the segregation of P300 against the chromosomal abnormality. Linkage
analyses had usually assumed the phenotype to be a simple dichotomous trait,
which is unrealistic for many psychiatric conditions. Pak Sham had devised a

method (COMDS) which subclassified normal and affected individuals into
polychotomies correlated with the underlying genetic liability to the disorder and
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we tested this in 18 of our pedigrees ascertained for multiple cases of

schizophrenia, in which auditory P300 latency had been measured (Sham,
Morton et al. 1994). The results suggested that auditory P300 latency may be a

useful measure of the genetic predisposition to schizophrenia among

asymptomatic relatives, but that there might be other factors operating on P300
latency (and that our family selection methods may have introduced bias). The
follow up of the t(1 ;11) family also allowed us to extend our survey to those who
were either too young on the previous occasion to participate, or were not
available at that time. We were also able to test a variety of neuropsychological
parameters, including IQ estimation using the national adult reading test. There
was no difference in IQ scores between carriers, non-carriers or population
controls. In the 10 years since the initial study 9 new cases of major psychiatric
disorder occurred. Of especial interest was one relative who had developed

bipolar disorder whose child had developed schizophrenia. For 29 translocation

carriers, 7 had schizophrenia, 1 had bipolar disorder, 10 had severe recurrent

major depression recurrent major depression and an additional 2 had adolescent
conduct-and-emotional disorder (in 2 cases), and 1 minor depression. No major

psychiatric disorder was diagnosed in 38 non-carrier relatives. Taking

schizophrenia alone as cases, with the other carriers classified as unknown

phenotype generated a significant LOD score of 3.6, but when schizophrenia,

bipolar disorder and recurrent major depression were taken as cases the LOD
rose to the very significant level of 7.1 (Blackwood, Fordyce et al. 2001, Major

Paper). In fact there were more people with severe affective disorder (11) than

schizophrenia (7) in this family, and once again bipolar disorder seems to occur

as part of the phenotype outcome of the risk induced by translocation carriage.

Again it seems that the Kraepelinian dichotomy was not holding up. In this family,

treating schizophrenia, bipolar disorder and recurrent major depression as the
'core' phenotype, the relative risk of having one of these conditions is increased
50 fold over the population rate by the presence of the translocation and, by
inference, the disruption of DISC1 (Blackwood and Muir 2004, Review Article).
There were also a number of people in the family who were carriers but did not
have a psychiatric disorder. The P300 findings were intriguing. There were highly
significant group effects for latency and amplitude comparing carriers versus non-

carriers (and also to controls from outside this family) with translocation carriers
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having the smallest and most delayed P300 responses. In fact some of the most

delayed and smallest P300 results were from carriers without psychiatric disorder
- supporting the view that P300 is a trait marker for psychosis.

Other genetic research to find susceptibility loci for schizophrenia

In parallel with our investigations on chromosome abnormalities and psychiatric
illness we continued to expand our studies using the large Scottish family
resources and increasingly large case-control cohorts we had been building up.

There were also advances in technology. The RFLP methods suffered from two

problems - a lack of variability in the population (or low polymorphism information

content) and the fact that relatively large amounts of DNA were used up in a

single genotype test (usually around 5 micrograms). What we would now call a

form of small length copy number variation, tandem repeat DNA sequences, had
been discovered as short fragments, microsatellites, in 1981 at the Globin locus
and as hypervariable minisatellites by Alec Jeffreys in 1985 (see Ellegren 2004)).
The amount of variation meant that it was likely that each chromosome of a pair
would have a different number of repeats, homozygosity reduced, and the
information within a given pedigree related to these probes vastly increased over

RFLPs. Initially they were also detected by shifts in the patterns of restriction

digests, but later proved amenable to PCR based methods. Increasing numbers
were being detected. For instance we found a useful new dinucleotide at the

tyrosinase locus in our studies on chromosome 11 (Morris, Muir et al. 1991).
The PCR amplified RFLPs based on single nucleotide changes are usually
termed single nucleotide polymorphisms (SNPs) and now almost ubiquitously
used in genome analysis. Their merit lies in their sheer frequency in the genome

and that they lend themselves to automated methods for genotyping and analysis
(see e.g. Le Hellard, Ballereau et al. 2002) Typing microsatellites was still
laborious but new methods paved the way for increased automation of the

process (e.g. our own work on automation relating to the Automated Laser
Fluorescence (ALF) sequencer, He, Mansfield et al. 1995). These and other
advances in marker and linkage automation were significant in moving towards
whole genome linkage approaches - a desirable outcome for psychiatric
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disorders as it was hoped it would permit analysis without the a priori genomic
locus selection biases inherent in a candidate region or gene approach.

Early sequencing approaches were also being developed and applied. For
instance we looked for mutations in the Alzheimer's precursor protein genes

exons in 250 people with schizophrenia using denaturing gradient gel
electrophoresis (DGGE) (Morris, Leung et al. 1994) after a person with

schizophrenia and cognitive deficits had been shown to have an amino acid

change.
We participated in collaborative efforts to try and verify findings relating to

schizophrenia on combined sets of pedigrees. A susceptibility locus on

chromosome 22q had been suggested by Ann Pulvers group. Our genotyping
was incorporated in a multicentre affected sib-pair approach that produced
evidence in support (Gill, Vallada et al. 1996), as did a further multicentre study
where we contributed to the eventual total of 574 families (Vallada, Curtis et al.

1998). In a further large scale collaboration we genotyped our family collection in
order to replicate linkage findings at loci on chromosomes 6 and 8, again using
microsatellite markers to increase the power of the study (Levinson, Wildenauer
et al. 1996). In addition to affected sib-pair and classical linkage methods another

family based approach uses parent-proband trios. A large number of individual
studies had suggested that the dopamine type 3 receptor gene may contribute to

risk, and in a meta-analysis and additional genotyping exercise we assisted in a

study which seemed to provide further corroboration of this finding (Williams,

Spurlock et al. 1998). The results of such studies have been brought together,
chromosome by chromosome, at the yearly World Congresses on Psychiatric
Genetics organised by the International Society for Psychiatric Genetics (e.g.
(Craddock, Lendon et al. 1999). The 20:20 vision given by hindsight it appears

now that such studies yielded only modest results, in spite of the size of the
family collections involved. Again between-family genetic heterogeneity is a likely
contributor to the lack of striking linkage results.
We also continued with our own or smaller scale collaborative studies on

schizophrenia. In what was essentially an early association study we compared
107 unrelated people with schizophrenia with 397 well controls for a series of
HLD and class-ll antigens on chromosome 6p using cell surface and other
protein markers (red-cell antigens, plasma proteins) as indicators of genotype. In
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the unrelated schizophrenic group the expression of HLA-B35 was significantly
reduced after controlling for multiple comparisons. We also tested 17 of large
families who were multiply affected with schizophrenia for these markers and did
not find any evidence of linkage to this region again suggesting heterogeneity,
perhaps between highly familial and largely non-familial cases (Blackwood, Muir
et al. 1996). In a later study on red blood cells we tested for the involvement of

phospholipids in schizophrenia. A significantly higher percentage concentration of

dihomogamma-linolenic acid (DGLA) was found in the red cell membranes of

schizophrenics compared to matched controls. RBC membrane DGLA

concentration correlated negatively with severity of symptoms of schizophrenia
overall and highly significantly with 'disorganised' symptoms (Doris, Wahle et al.

1998). The inheritance of schizophrenia is clearly non-mendelian and the usual

explanation is partial penetrance. However we did consider whether in fact the
inheritance patterns may themselves be heterogeneous in addition to the genetic
factors involved. Mitochondrial inheritance would be suggested by female but not
male transmission and we were able to examine the mitochondrial genome in
one of our families where we suspected maternal inheritance and in two Swedish

patients with a low cytochrome oxidase (mitochondrial enzyme) activity. 5

previously undescribed substitution events were seen which differed between
Swedish and Scottish populations although did not clearly associate with

schizophrenia in independent case-control samples from each country

(Lindholm, Cavelier et al. 1997). This study was instructive in showing that

frequency differences in allelic structure may occur between (even relatively

close) populations within Europe.

Approaches to defining the genetic susceptibilities to bipolar disorder -
linkage to the short arm of chromosome 4

Although our early focus was on schizophrenia, the striking number of people
with affective disorders in the families we were studying meant that it was

inevitable that we widened our remit to examine inherited severe affective

psychosis. We were very fortunate in being able to identify and study a very large
extended Scottish family who were multiply affected with bipolar disorder and
recurrent major depression. The clinical approach was done using the same
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diagnostic and biomarker tools that had stood us in good stead for schizophrenia.
We were fortunate in many ways with this family - they were very co-operative
with research and we were able to interview all 120 adult living members of the

family over a period of five years, interviewing some as many as three times.

Genealogical records enabled us to trace the family over 5 generations and DNA

samples were obtained from members in four generations of the pedigree.
Consensus diagnosis based on SADS interview was reached in all cases

between three psychiatrists. The density of affective psychosis was extremely

high - 7 people met the criteria for bipolar-1 disorder, 4 had bipolar-2, 16 had
recurrent (unipolar) major depressive disorder. We were also able to see and

screen 11 other large families multiply affected by bipolar disorder, recurrent

major depression and schizoaffective disorder. On this cohort of families we used

microsatellite markers in a genome wide two-stage approach. This was probably
one of the first genome-wide surveys in bipolar disorder, but it should be
remembered that the marker spacing (at around 40cM) was relatively wide. It was

enough however to indicate a linkage on the short arm of chromosome 4 in the

very large family. 17 markers on chromosome 4p were used to study the area

and a max LOD of 4.8 was found. All 11 people with bipolar disorder and 14 of
the 16 with recurrent major depression shared a haplotype at4p16. In the
combined sample of families there was significant evidence for linkage at 4p16
with heterogeneity. The immediate assumption was that this region of
chromosome 4 harboured a gene for severe affective psychosis at least in the

very large pedigree (Blackwood, He et al. 1996, Major Paper). Independent

groups, including our colleagues in Denmark (Ole Mors and the late Henrik

Ewald) have provided confirmatory evidence that bipolar disorder is linked to this
area, but like all other studies on linkage to psychiatric disorders, the results

imply heterogeneity (for reviews of this field see Blackwood, Visscher et al.
2001, Review Article; Blackwood and Muir 2001, Review Article)
The use of microsatellites in our genome wide analysis allowed us to test the

efficacy of different types of repeat sequence and also the semi-automated
linkage pre-processor program (ALP) that had been developed. Compared to
dinucleotides tetranucleotides had fewer errors due to multiple genotypes and a

lower incidence of stutter peaks making them more informative (He, Morris et al.

1996). We have also used a different type of statistical analysis to analyse the
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data from the chromosome 4p linked family. A variance component analysis was

used to define possible quantitative trait loci (QTL) for bipolar and unipolar
disorder in this pedigree by a two stage approach. This method uses a different

paradigm from standard linkage analysis but still generates LOD scores, the

largest of these (maximum LOD = 5.9), were found in a region spanning about 10
cM, when the trait was defined as the occurrence of either uni- or bipolar
disorder. The putative QTL explained about 25% of the total variation in the trait

(Visscher, Haley et al. 1999).
This method has also been applied to other sets of pedigrees where linkage has
been reported to 4p. Our own data was combined with those from two other

studies (Denmark and USA) that had reported linkage to bipolar disorder on

chromosome 4p. In total, 913 people appeared in the pedigrees, 462 were rated

(unaffected (323) or affected (139) with unipolar or bipolar disorder). A consensus

linkage map was created from 14 microsatellite markers in a 33 cM region.

Phenotypic and genetic data were analyzed using a variance component (VC)
and allele sharing method. All previous significances in the region were

confirmed, indicating the presence of one or more susceptibility genes to bipolar
disorder in the three populations at 4p16, with strong evidence for a susceptibility
locus from Scotland, some evidence from Denmark and relatively less evidence
in the USA sample sets (Visscher, Haley et al. 2005).
The high LOD score in the Scottish family was coupled to a very broad area of

linkage. This has made identifying a specific gene involved in increasing affective
disorder risk in this family very difficult, especially since there are no additional

cytogenetic abnormalities known that could act as pointers (and in the family itself

high resolution banding had not shown any variation). A high resolution BAC/PAC
contig covering around 6 Mbp of DNA on chromosome 4p still had some gaps

(Evans, Le Hellard et al. 2001), and even with today's genome sequencing
abilities the identification of specific changes in the large number of genes in the

region is difficult. Most recently a haplotype analysis and allele sharing method
developed to study sharing between several families putatively linked or definitely
linked (the Scottish 4p family) to the chromosome 4 locus. Using such methods a
200 kbp region has now been identified as the priority area for further study (Le
Hellard, Lee et al. 2007).
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One key candidate gene in the 4p16 region is that encoding the dopamine type 5

receptor (DRD5). This is a key biological candidate from therapeutic studies, and
has a very restricted brain distribution (certain limbic areas only including
hippocampus - i.e. matching the postulated abnormalities in psychosis). A
collaboration with colleagues in Cardiff and London examined this gene in a

number of families and individuals with either schizophrenia or bipolar disorder,
but although one family with schizophrenia (not bipolar disorder) had shown a

linkage with a marker at DRD5, the overall sequencing and association analyses
were unrewarding and did not show any evidence for changes (Asherson, Mant
et al. 1998). However we continued to examine this region, increasing the power

of our association data sets by linking up with colleagues in Dublin, we genotyped
microsatellite markers across DRD5 in schizophrenia, bipolar disorder, and

unipolar major depressive disorder (Muir, Thomson et al. 2001). A significant
increase in the frequency of alleles in DRD5 and D4S615 (P = 0.001) was found
in patients with schizophrenia but not bipolar disorder or controls without

psychiatric illness and in DRD5 in schizophrenia versus unipolar major

depressive disorder (D4S615 not typed in unipolar disorder) Thus (if not actually

DRD5) then there was indications that a risk locus existed in this region but for

schizophrenia. Again the diagnostic results were overlapping - schizophrenia in
the association study, bipolar disorder in the linkage studies. Another interesting
gene in the linkage region is the orphan G protein-coupled receptor type 78. We
conducted an association study of 377 individuals with bipolar disorder, 392 with

schizophrenia, and 470 controls evidence was found for variation in this gene

being associated with bipolar illness in females and also with all ill females
treated as a group (Underwood, Christoforou et al. 2006) Thus, again, there
may be a link between bipolar disorder and schizophrenia in this region, though
the sex-specificity makes the situation more complex to analyse (see also
(Blackwood and Muir 2004b, Book Chapter).

Other association, and linkage studies in bipolar and unipolar affective
disorders

As with schizophrenia we increasingly contributed to multicentre studies. The
basic methodology and sample collections for the European collaborative project
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were described in Souery et al (Souery, Lipp et al. 1998). Tyrosine hydroxylase
gene variation had been suggested as a contributing factor to bipolar disorder for
a considerable time, but evidence was conflicting. In a relatively small
collaborative study using largely tetranucleotide repeats we examined tyrosine
hydroxylase variation in bipolar and unipolar disorder - the only finding being
very weak evidence for association in the unipolar cohort (Furlong, Rubinsztein
et al. 1999). In the larger European study, carefully matching bipolar disorder
cases and controls from each area, no evidence of association was seen

(Souery, Lipp et al. 1999). The same collaborative approach was taken to
examine familial affective disorders. No evidence was found for linkage to the

types 2 or 3 dopamine receptor genes, but two families showed (relatively weak)
evidence for linkage to the tyrosine hydroxylase gene (Serretti, Macciardi et al.

2000). From the 1990s onwards the serotonergic neurotransmitter system

gendered great interest (and still does) as a factor influencing the risk for affective

disorders, especially with the widespread use and study of selective serotonin

reuptake inhibitors as antidepressants (see Harmar, Ogilvie et al. 1996). Based
on a previous association study and working with our colleagues in the MRC
Brain Metabolism Unit in Edinburgh who were pioneers in studying the biology of
the 5-FITT we genotyped a VNTR in the serotonin transporter gene and found
evidence that supported an association with both bipolar and unipolar disorders

(Battersby, Ogilvie et al. 1996). Although we understand the biology of this

gene rather better, and two polyadenylation sites have been identified, variation
within these sites does not seem to differ between cases and controls

(Battersby, Ogilvie et al. 1999), and a later large scale study with our European

colleagues did not produce any convincing evidence that the 5HTT length
polymorphism altered risk to bipolar or unipolar disorders (Mendlewicz, Massat
et al. 2004). The combined sample sets in this study were large (over 500 people
with unipolar depression and nearly 600 with bipolar disorder), and it again
indicates that either the original findings were false positives or that were

sampling a group in which additional effects were interplaying with the VNTR.
Also within the European collaboration we tested other genes involved in the
actions and metabolism of brain serotonin. Tryptophan hydroxylase is the rate

limiting enzyme in the synthesis of serotonin. There was no association between
polymorphisms overall with bipolar or unipolar disorder but in a subgroup of the
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latter who had a history of suicide attempts a (weak) significance was found with

homozygosity for one allele which might indicate that stratification by phenotype
might be important in unipolar disorder (Souery, Van Gestel et al. 2001).
Similarly the consortium examined a structural variant in the 5HT type 2C
receptor gene that led to an amino acid substitution in the protein. In this case

there was evidence for significant association with the serine substitution in

bipolar disorder, and highly significant association with unipolar disorder (Lerer,
Macciardi et al. 2001). In fact the European link continued to be productive. We
found highly significant evidence for allelic variation in a GABA receptor on the X
chromosome in bipolar disorder (Massat, Souery et al. 2002a), and, in contrast
to the linkage findings, strongly positive association with bipolar disorder for
allelic variation in the Dopamine type 2 receptor (but not in unipolar disorder, nor

association with DRD3 in either; Massat, Souery et al. 2002b). Still involving

monaminergic systems and their metabolism another study on the catechol-o-

methyl transferase gene found an association between the val(158)met

polymorphism and the early onset form of unipolar depression (Massat, Souery
et al. 2005). This suggests that even within unipolar disorder there are ways of

looking at the phenotype that may give better relationships to genetic influences
(Smith, Muir et al. 2003, Review Article). We have studied early onset

depression in young adults and compared it to bipolar disorders and non

depressed controls. Early onset unipolar depression is much more familial than
later onset forms, has a high incidence of bipolar spectrum disorders, and even

when euthymic people with early onset depression show different scores on

personality factors (for instance higher on harm avoidance, lower on self-
directedness) than well matched controls (Smith, Duffy et al. 2005). At a deeper
level, even when euthymic, they also show deficits in executive functioning,
although their neurocognitive profile is not so altered from controls as in matched
euthymic young adults with bipolar disorder (Smith, Muir et al. 2006). This study
also highlighted that some of the neurocognitive deficits in bipolar disorder may
be specific correlates of the elated/manic episodes that occur rather than the
depressive episodes. We had already postulated such a relationship in a slightly
earlier study where we found that verbal learning and memory scores tested in
euthymic adults with bipolar disorder correlated negatively with the number of
manic episodes they had experienced (Cavanagh, Van Beck et al. 2002). The
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European consortium continues to publish well beyond the initial funding period
from the European Union, whilst constantly increasing the sample size. In a

recent study for example the reported link between bipolar disorder and the

phospholipase 2 gene was not confirmed (Dikeos, Papadimitriou et al. 2006).
In addition to exploring correlates of the phenotype within the major groupings of
affective disorders we looked at possible different modes of inheritance. From

studies of familial bipolar disorder there was some evidence that the age at onset
became earlier down generations a phenomenon termed anticipation. We

analysed 27 extended families for changes in age-at-onset down generations,
and provided some supportive evidence for this idea (Visscher, Yazdi et al.

2001). Interestingly one of the families showing this effect in our group was that

previously shown linked to chromosome 4p, although we could not detect any

evidence for dynamic triplet repeat expansions, the leading, then-known, cause

of genetic anticipation, even though others had reported such repeats in bipolar
disorder. In a related study we collaborated with colleagues in Europe to look for

repeat expansions in two loci reported as having them without success at one

locus (ERDA-1). When the second locus (CTG18.1) was tested in a subgroup of
severe bipolar-1 phenotype and a family history of illness in first degree relatives
then the number of repeats was higher than controls, but no difference was found
between the overall groups (Del-Favero, Gestel et al. 2002). Another type of
non-mendelian inheritance involves a parent-of-origin effect usually due to
differential imprinting of alleles. In a collaboration with our Danish and Welsh
colleagues we found preferential transmission of a paternal 4 bp deletion in the
dopa decarboxylase (DDC) gene in parent-offspring trios affected by bipolar
disorder (Borglum, Kirov et al. 2003).This gene lies next to GRB10 a known
fetal brain-imprinted gene (paternally expressed only). Of relevance to this finding
is that we found variation in DDC in patients with schizophrenia correlated with

age-at-onset of the disorder (Borglum, Hampson et al. 2001). Thus variation in
same gene in both schizophrenia and bipolar disorder might modulate different
aspects of the inheritance pattern. The possible effects of age-at-onset variation
have also led us to look at families where the proband has early onset bipolar

disorder to see if this is a more homogeneous group within familial bipolar illness.
In a genome wide linkage study 384 microsatellite markers were typed on 70
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such families from across Europe and a non-parametric LOD score of 3.83 max

was found on the short arm of chromosome 3 (Etain, Mathieu et al. 2006).

Do the same genes increase the risk of both schizophrenia and bipolar
disorder?

One theme emerging from linkage and association studies is that variation in the
same genes can be implicated in both schizophrenia and affective psychoses.
This has been clearly shown for all the genes including DISC1 that we have
discovered broken by translocation breakpoints and these will be discussed
below. This was thought rather surprising given that the earlier genome-wide

meta-analyses of schizophrenia and bipolar disorder studies indicated that for the
most significant results there was no overlap between these disorders

(Segurado, Detera-Wadleigh et al. 2003). However there are an increasing
number of other genes that have phenotypic outcomes that span the various

psychoses. The description will be restricted to our own studies but there are now

many other examples. We have collaborated with our colleagues in Aarhus in
several studies to combine Faeroese, Scottish and Danish sample sets.

Glutamate decarboxylase is involved in the synthesis of neurotransmitters in the

gabaergic neuronal systems and post-mortem studies indicated that it may have
different levels in the brains of patients with both bipolar disorder and

schizophrenia than population controls. An association study on schizophrenia
and bipolar disorder gave (relatively weak) support for bipolar disorder but not

schizophrenia however (Lundorf, Buttenschon et al. 2004). A more clear
association for both disorders emerged in a study of a previously reported linked
area of chromosome 22 that included the G-coupled protein receptor type 24

gene. Significant individual and haplotypic associations for both bipolar disorder
and schizophrenia (and combined psychosis) were achieved for samples from
both the Faroe Islands and Scotland (Danish samples not tested). GPR24 is
known to bind melanin concentrating hormone, and may be involved in the
control of stress and mood. In a third collaborative study we showed that the

variation in the bromodomain-containing 1 gene (BRD1; also located on

chromosome 22) was associated with both bipolar disorder and schizophrenia.
Our Danish colleagues also showed that the gene was brain-expressed and
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showed temporal differences during mammalian embryonic development
(Severinsen, Bjarkam et al. 2006). Neuregulin 1 is a key candidate susceptibility
gene for schizophrenia that was identified through a linkage and association

approach and a considerable number studies have given independent replication
from studies in Iceland, Scotland and Europe (reviewed e.g. Blackwood,
Pickard et al. 2007, Review Article). In the first study to select markers

specifically on the basis of linkage disequilibrium across the whole of the

neurregulin 1 gene we showed significant haplotypic association (that survived

multiple testing correction) with both bipolar disorder and schizophrenia (and
combined psychosis) versus well controls. The schizophrenia cohort was

independent from the original Scottish cohort that had shown association, thus
formed a replication within the same country (Thomson, Christoforou et al.

2007).

Chromosomal abnormalities and psychosis: DISC1 and its' interacting

proteins

The discovery of DISC1 as a susceptibility factor in the family with the
translocation was exciting but immediately raised several questions, including its

biological role in neurones and neuronal systems, its effects on the overall
structure of the brain, and whether variation in the gene had any role to play in
illness susceptibility in people outside the family with the translocation. In some

ways the third question is pivotal- if DISC1 is to be anything more than a very

rare gene indeed of narrow, albeit very important, interest, it should contribute to
illness susceptibility in the more general population with psychosis. Seven years

ago we could but speculate that the emerging data from the human genome

mapping effort would facilitate in testing this hypothesis (Evans, Muir et al. 2001,
Review Article). In fact it is now clear that DISC1 has emerged from numerous

independent studies as a gene having possibly the most evidence for just such a
role.

Our own work in this respect began long before DISC1 discovery. A small scale
case-control study on schizophrenia and unipolar depression examined two
polymorphic markers that we had identified during the breakpoint cloning phase,
Dr Walter J Muir, Doctor of Science Thesis, the University of Edinburgh 51



without evidence of any association being found (Wilson-Annan, Blackwood et
al. 1997). In the following years however the detailed genomic structure of DISC1
was emerging with a contiguous 400 kbp PAC/cosmid assembly across the

breakpoint allowing us to identify new polymorphisms and to locate existing
markers with respect to DISC1 (Millar, Christie et al. 2001). In turn this

permitted an association study across DISC1 and 2 in schizophrenia and bipolar
disorder but, probably due to the still low marker density and inadequate numbers
of study samples, we (disappointingly) could again find no association (Devon,
Anderson et al. 2001b). In contrast other association and linkage studies from

independent groups showed interesting results in the area of DISC1 especially
Leena Peltonen's significant positive findings in the Finnish population (see
reviews e.g. Porteous, Evans et al. 2003, Review Article covers the earlier
work including the first Finnish studies on DISC1, Flarrison and Weinberger 2005
set DISC1 evidence in context with other susceptibility genes). A meta-analysis of
affected sib-pair studies did not reveal supportive evidence, but we showed that
such methodology would not be able to cope with any substantial degree of locus

heterogeneity in generating the phenotype (Macgregor, Visscher et al. 2002).
Others had argued that the influence in the family with the t(1;11) was due to an

architectural effect of random strand separation at meiosis, but ignored the fact
that we had shown definite gene disruption and that the predicted 50% affected
ration from this hypothesis was not seen in the family (Millar, Thomson et al.

2003). With regards to other positional effects of the translocation we had

previously studied recombination patterns around the t(1 ;11) breakpoint with
markers 10 cM on either side of the chromosome 1 and 11 breaks using both

carrier/non-carrier DNA and somatic-cell fusion hybrids to check on phase. There
was no evidence of recombination suppression (He, Carothers et al. 1996). Our
own linkage analysis of our set of extended pedigrees (average family size > 18
members) with psychiatric illness proved illuminating (Macgregor, Visscher et
al. 2004). A genome-wide scan was performed as part of the European Science
Foundations programme using 372 microsatellite markers on 7 Scottish families
segregating for schizophrenia and 6 for bipolar disorder. Classical karyotyping of
key ill individuals in the families showed no abnormalities and all families were
unrelated to the t(1 ;11) family as far as our genealogical records permitted
analysis. In addition to this initial study, nine additional families were recruited
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and some families extended. Since the family in which the t(1 ;11) translocation
segregated with major mental illness included relatives with SCZ, recurrent major
depression and a case of bipolar disorder, the secondary analysis (of the
extended sample) included those families classified as 'mixed'. These 'mixed'

families had both SCZ and bipolar disorder diagnosed in relatives. Overall 398
individuals from 22 families were genotyped. In the genome scan, we found

linkage peaks with LOD scores >1.5 on chromosomes 1q (BPAD), 3p

(SCZ), 8p (SCZ), 8q (BPAD), 9q (BPAD) and 19q (SCZ). In the follow-up sample,
we screened the 1q42 region and found most evidence for linkage in bipolar
families, with a max LOD of 2.63 at D1S103. Multipoint variance components

linkage gave a maximum LOD of 2.77 (max LOD 2.47 after correction for multiple

tests), 12cM from the previously identified SCZ susceptibility locus DISC1.

Interestingly, there was negligible evidence for linkage to 1q42 in the SCZ
families. We also undertook large scale case-control association analyses. It had
been shown that the DISC1/2 locus was adjacent to another gene on

chromosome 1 - translin associated factor X gene (TRAX) and that it might form

intergenic spliceoforms with the products of this gene (Millar, Christie et al. 2000).
Thus we chose to analyse the complete DISC1 - TRAX interval in detail. The
international HapMap project data had been released and the linkage

disequilibrium map across DISC1/TRAX could be established by combining this
with analysis of our own trio data. A total of 30 SNPs were selected and

genotyped on 478 controls, 394 people with schizophrenia and 381 people with

bipolar disorder. Significant association with bipolar disorder in women

P>0.00026 (P>0.0016 in men and women combined) was detected in a region of
DISC1. This same region also showed nominally significant association with

schizophrenia in both men and women combined, P>0.0056. Two further regions,
one in TRAX and the second in DISC1, showed weaker evidence for sex-specific

associations of individual haplotypes with bipolar disorder in men and women

respectively, P>0.01. However, only the association between women with bipolar
disorder and DISC1 remained significant after correction for multiple testing
(Thomson, Wray et al. 2005a).
These results provide further supporting evidence for DISC1 as a susceptibility
factor for both bipolar disorder and schizophrenia, consistent with the diagnoses
in the original Scottish translocation family. In fact a series of other linkage and
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association results from independent groups (Finland, Taiwan, USA, Wales)
provide further confirmation that DISC1 is important in both schizophrenia,
schizoaffective disorders and bipolar disorder (reviewed in our editorial (Muir,
Pickard et al. 2006, Editorial).

DISC1 biology and the identification of interacting proteins of significance
in psychiatric disorders

There have been a large number of studies on DISC1 biology and there is only

space to mention a few. Chris Austins group had used deletion mapping to
demonstrate that DISC1 has distinct interaction domains, that interacted with

multiple proteins of the centrosome and cytoskeletal system including NUDEL,
and possibly had a role in centrosomal and microtubule function (Morris, Kandpal
et al. 2003). More extensive yeast-2-hybrid work by Kirsty Millars group (Millar,
Christie et al. 2003) implicated DISC1 in several central nervous and

developmental functions (gene transcription, mitochondrial function, actin
cytoskeleton function, neuronal migration, glutamate transmission, and signal

transduction). In mouse studies Nick Brandon and colleagues showed that Nudel
formed a bridge between DISC1 and LIS1, a protein involved in neuronal
migration in the developing brain, and that this complex was expressed

preferentially in the embryo (Brandon, Handford et al. 2004). However the same

group (Schurov, Handford et al. 2004) also showed that DISC1 was expressed in
adult mouse brain adult mouse brain, in neurons within olfactory bulb, cortex,

hippocampus, hypothalamus, cerebellum and brain stem, indicating (different)
roles in the developed as well as developing nervous systems. Akira Sawa's
group has shown that in mice using elegant RNAi methodologies, definite
patterns of altered neuronal migration can be produced in the developing cerebral
cortex by manipulations that interfere with DISC1 function in the embryo (Kamiya,
Kubo et al. 2005). A high resolution MR imaging and neurocognitive study on
Finnish twin subjects showed that a common 3-SNP haplotype near the
translocation break point of DISC1 and a rare 4-SNP haplotype across
DISC1/TRAX genes were significantly overrepresented among people with
schizophrenia. These SNP haplotypes were also associated with impairments in
short- and long-term memory and reduced gray matter density in prefrontal cortex
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and a trend toward a reduced hippocampal volume (Cannon, Hennah et al.

2005).
Our own studies on the biology of DISC1 were led by a very different finding. In
our continuing search for chromosomal abnormalities that were present in people
with schizophrenia we had found a man with severe chronic schizophrenia who
had a familial balanced reciprocal translocation t(1;16)(p31.2;q21). We had been

mapping the breakpoints independently of the DISC1 project and found that each
was breaking a brain expressed gene, Cadherin 8 on chromosome 16 and

Phosphodiesterase Type 4B (PDE4B) on chromosome 1. It was very exciting to
find, then, that PDE4B emerged as one of the strongest direct yeast-2-hybrid
interactors with DISC1. In fact experimental evidence showed that DISC1 and
PDE4B acted in a dynamic fashion in response to changes in intracellular cAMP
levels through the intermediary effects of the enzyme protein kinase A (PKA)-
DISC1 binds predominantly to the dephosphorylated, low-activity form of PDE4B,

whereby PKA phosphorylation leads to release, from DISC1, of an activated form
of PDE4B in response to elevated cAMP levels in the cell. PDE4B is the human

ortholog of a gene in Drosophila (Dunce gene) that influences learning and

memory. In addition it is the selective target for inhibition by the antidepressant

drug rolipram. Another outcome of this paper was that we showed

haploinsufficiency in the cell lines made from carriers of both the t(1 ;11) and

t(1; 16) events. Thus we hypothesise that reduced levels (around 50% normal) of
DISC1 and PDE4B rather than any aberrant products from the disrupted gene,

were the reasons for the phenotypic outcomes. Our paper in Science reporting
these findings (Millar, Pickard et al. 2005, Major Paper) was rated by the
editors as one of the scientific breakthroughs of that year (2005). PDE4B could

prove the essential link between DISCIs activity and affective responses. It is
also a gene of key interest to pharmacologists, as its protein is an excellent
therapeutic target.
The same questions that apply to DISC1 are gendered by PDE4B- is variation in
PDE4B related to psychotic disorder risk in the general population without
chromosomal abnormalities? Our initial association study suggests that indeed it

might be. We chose 26 tagging SNPs across PDE4B and type 386 patients with
schizophrenia, 368 with bipolar disorder and 455 controls. Both single SNP and
haplotype data (and this remained significant after correction for multiple testing)
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indicated that allelic variation across PDE4B is associated with a decreased risk

(protective effect) of schizophrenia in the female population (Pickard, Thomson
et al. 2007). The interpretation of such results is complex however, and it

requires replication. However a recent study has shown individual SNP and

haplotypic association of PDE4B with schizophrenia in the Japanese population

(Numata, Ueno et al. 2008). Sex specific effects for autosomal loci assume that
additional factors, either genetic (X chromosome) or environmental sex-specific
influences are involved. We have shown X-linked genes to be associated with
risk to bipolar disorder. For instance allelic variation at the G-coupled Protein

Receptor Type 50 (GPR50) seems to be associated with increased risk to bipolar
disorder in women (Thomson, Wray et al. 2005b). However autosomal genes

can also have clear sex-specific effects. For example DISC1 itself seems to show
marked transmission distortion in inheritance in the Finnish population. (Hennah,
Varilo et al. 2003).

Certainly there is a great deal more worked needed to verify the DISC1 and
PDE4B findings. An emphasis on mapping the results to actual brain changes

using patient derived samples and / or images from t(1 ;11) carriers themselves if

possible is perhaps the most important. The availability of well defined and
controlled brain tissue from patients with illness can be very helpful in arguing the
case for the importance of genes (as for e.g. the candidate susceptibility gene

pericentrin 1 on chromosome 8 (Gurling, Critchley et al. 2006).

Learning Disability, Chromosomes and their links to Schizophrenia and
Bipolar Disorder

Learning Disability is the current UK terminology for the cognitive complex that
used to be termed mental handicap, and in the USA is termed mental retardation.
It is an unfortunate choice of nomenclature as in our current international

diagnostic systems learning disability refers to specific educational disabilities
and not to global impairments in intellectual function. Nor is learning disability a
disorder - it is the cognitive / behavioural outcome of a huge range of underlying
developmental conditions, metabolic, infective and traumatic insults that affect
the developing central nervous system (see Muir and Gibbs 2006, Book
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Chapter for fuller discussion). Since early times in the UK it has been recognised
that people with learning disability are different and separate from those with
mental illness. Legal provision for the 'born fool' was different for those with

'acquired mental disorder' who were expected at some point to recover. During
the later 19th century however theoretical interpretations based on degeneracy
theory (out of Morel) confused the previously relatively clear distinction and all
forms of mental disorder were grouped, and housed in institutions, together. The

wrongness of this situation became apparent very soon after the turn of the

century. The 1862 Lunacy (Scotland) Act separated the two conditions, and

recognised the drive for institutional establishments. The first hospital for those
with learning disability in Scotland was in Dundee (Sir John & Lady Ogilvie at

Baldovan, inspired by the Burgholzi in Switzerland and later to lead to
Strathmartine Hospital), but in 1861 Dr & Mrs David Brodie set up the Royal
Scottish National Hospital at Larbert. It was not until 1913 with the Lunacy and
Mental Deficiency (Scotland) Act of 1913 however that a clear separation
between mental illness and learning disability became fully formalised and this
marked the beginning of the expansion of learning disability institutions. Their
eventual size (which maximised in the early 1970s - there were three hospitals in
Scotland with well over 1000 beds, one with nearly 2000), often forced a

simplistic classification system based on gross physical or behavioural patterns.
Concerns about eugenic classifications that had emerged during the early and
middle part of the century led research into learning disability being banned
between Nuremberg and the Treaty of Helsinki. And psychoanalytic concepts led
to the expectation that full schizophrenia was a complex cognitive outcome of a

developmental process that was not open to those with learning disability - they
did not have the cognitive capacity to develop schizophrenia.

The last two decades has seen the abandonment of most of these principles,

leading to a renewed interest in the phenomenology of learning disability
associated conditions and there have been great advances in our understanding
of their genetic basis (Muir 2003a, Book Chapter). The definition of learning
disability is based on three factors, and partly service provision related - a

significant impairment in intelligence (which means an IQ of 70 or below), the
origin of this impairment during childhood (which means in utero up to around 18
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years), and a significant number of problems with resultant social adaptation. It is

fully defined in Muir 1998, Book Chapter and the revision of this original chapter

gives some idea of the increase in the interest in learning disability, and the huge
increase in our knowledge of the underlying causes (Muir 2004, Book Chapter).
Significant intellectual impairment occurs in between 2-3% of the population and
has long been known to be associated with an increased risk of psychosis.

Kraepelin, as early as 1919, felt that in around 7% of cases of dementia praecox

occurred in people who had an existing pre-morbid cognitive impairment - for
which he coined the term 'pfropfschizophrenie'. In Scotland the central
Information and Statistics Division (ISD) has kept records of all psychiatric
admissions from 1970. We used this database to identify 248 people with at least
one inpatient admission in the adjoining Lothian or Fife regions between 1970
and 1993, whose discharge diagnoses was mild learning disability and

schizophrenia or paranoid state (ICD8 / 9 diagnoses) to examine the link between

schizophrenia and learning disability (for ethical purposes those aged under 16 or

over 65 at the time of the study were excluded). We focussed strictly on mild

learning disability (IQ range 50-70), and were able to carefully match around 40

subjects who had both schizophrenia and learning disability with a person with

schizophrenia without learning disability, and a second person with learning

disability without schizophrenia. The work-up of the subjects was extensive
generating information allowing classification by RDC, DSM-III-R and St Louis
criteria (SADS-L) as well as various behavioural / psychological (Rivermead),
neurological (NES), cognitive (IQ via Quick and NART) and symptom checklists
(e.g. PANNS). Amongst the most striking findings from this study was the degree
of familiality of probands with the dual condition (schizophrenia, learning disability
and co-morbidity in the first and second degree relatives). The incidence of
familial schizophrenia alone was greater than seen in a control subject with
schizophrenia, and there was an increased incidence of chromosomal
abnormalities and variants in the dual group (Doody, Johnstone et al. 1998,

Major Paper). Our postulates were that the co-occurrence of schizophrenia and
learning disability represented a strongly familial condition, that this familiality was

likely to be genetic in origin, and that the cognitive disability itself might be an
outcome of a very severe early onset form of schizophrenia. Further imaging
studies on the same group of individuals were informative. The size of the
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amygdale and hippocampus was estimated by planimetry methods from
structural MRI scans of 23 patients with co-morbid schizophrenia and learning
disability and compared with normal controls and controls with learning disability
or schizophrenia alone (Sanderson, Best et al. 1999). The learning disability
controls had larger amygdalo-hippocampal complexes than the other two groups.

The dual condition resulted in reduction in size of the complex very similar to

schizophrenia, but to a more severe extent. These results have subsequently
been confirmed by voxel-based morphometry methods (Moorhead, Job et al.

2004). This earlier work, although giving clear results, did not take into account
the high prevalence of autism spectrum disorders in people with learning

disability. In a case-control study of adolescents with intellectual impairment (63
individuals) voxel-based morphometry was applied to structural MRI images and
correlated with features of autism. Reduced thalamic grey matter density was

seen in those who scored within the pervasive developmental disorder range

compared to those below the threshold for autism spectrum disorders. Increased
white matter density was detected in the left superior temporal gyrus of subjects

scoring above the autism threshold as compared to subjects scoring below

(Spencer, Moorhead et al. 2006). These results are different from those seen in

people where schizophrenia co-exists with learning disability, and suggest that
the amygdalo-hippocampal changes are specific to this group in people with

learning disability.

Schizophrenia and abnormalities of chromosome 18

Accepting that the dual condition may represent a severe form of schizophrenia
(and perhaps also a homogeneous subgroup) pointed to a route to finding
susceptibility genes, similar to that we had taken to discover DISC1. By the
millennium research in the genetic basis of conditions associated with learning
disability had moved on considerably with outstanding advances in understanding
conditions such as the fragile X and contiguous gene syndromes (Muir 2000,
Review Article) and we were aware from our own and other studies, of the co-
association of learning disability, severe mental illness, and chromosome
abnormalities (Maclntyre, Blackwood et al. 2003, Review Article).
Chromosome 18 had been a focus of interest due to reports of linkage results
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implicating loci for both schizophrenia and bipolar disorder on this chromosome.
The construction of the chromosome abnormality registry of the MRC Human
Genetics Unit has already been mentioned. In Denmark large, nation-wide
registries of clinical records of psychiatric consultations / admissions and

separately the results of chromosome analyses had existed for a considerable
time. We linked to our colleagues in Aarhus who were able to cross-link these

two databases to isolate individuals represented in both and compared this to

findings in our own dataset. Surprisingly we found that very rare pericentric
inversions of chromosome 18 were present in both registries in people with
familial schizophrenia and learning disability in the Scottish dataset and familial

bipolar disorder in Denmark (Mors, Ewald et al. 1997). The classical G-banded

karyotype indicated that the breakpoints were the same in all cases, with one

breakpoint on the long arm and one on the short arm of the chromosome. Our
initial mapping studies followed the same formula as used in the DISC1 project -
based yeast artificial chromosomes (YACs) which are basically vectors that carry

large stretches of chromosomally mapped DNA. Oligonucleotide primers were

designed to polymerase chain reaction (PCR) amplify YAC specific sequences

defined by a rare cutting restriction enzyme, Alu. Pooling and fluorescently

labelling the products of Alu PCR permits mapping the YAC position on

metaphase chromosome preparations and allowed us to identify breakpoint

spanning YACs for the chromosome 18 in the Scottish family (Hampson, Malloy
et al. 1999). Although the average DNA insert size in a YAC clone can be high,
megabases in some series, YAC mapping approaches were not without
considerable problems. Instability of the insert within the vector and chimaerism
within the insert were both fairly frequent. As an alternative we chose to later
focus on the much more stable (and eventually, with the emergent human
genome sequence, much better mapped) genetic constructs based on bacterial
artificial chromosomes (BACs, 100-350 kbp inserts) and, more recently, fosmids
(similar, but more stable than, cosmids and based on the bacterial F-plasmid
vector; around 40 kbp inserts). Using these well-mapped and publically available
tools we developed a fluorescent-/'/? situ -hybridisation approach to the rapid
cloning of breakpoints with the hypothesis that haploinsufficiency of any disrupted
brain-expressed genes may contribute to the clinical phenotype (Pickard, Millar
et al. 2005, Review Article). Returning to the independent pericentric inversions
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of chromosome 18 we found that the long arm breaks differed slightly
[inv(18)(p11.31 ;q21.2) - Scottish family, and inv(18)(p11.31 ;q21.1) - Danish
family]. The FISH approach identified the locations of all four chromosome

breakpoints in the inversion carriers, but neither pericentric inversion resulted in a

direct gene disruption. However, each inversion breakpoint has the potential to

perturb local gene expression by position effect or by the separation of important

regulatory (enhancer) sequences from the core gene sequences. Such a

positional effect in fact has now been well described, and can operate at some

distance away from the primary gene sequence (Kleinjan and van Heyningen

2005). Five breakpoint-proximal genes were found, all with biological and
functional evidence to support a candidate role in psychiatric illness - the

proteins coded by these genes are TTMA, a novel membrane spanning protein;

TCF4, a basic helix-loop-helix transcription factor; DLGAP1, an interactor of the
PSD-95 synaptic protein; and ARKL1 and ARKL2, novel members of the ubiquitin

ligase gene family (Pickard, Malloy et al. 2005a). However whilst important the
lack of breakpoint disruption meant that it was hard to directly study the possible
effects of these genes. The interest in chromosome 18 remains however, and
other rare and more common re-arrangements associated with behavioural and
clinical outcomes are known (Thiagarajah, Muir et al. 2008, Book Chapter).

NPAS3

A small family was found to segregate for a balanced chromosomal translocation
between chromosomes 9 and 14 (t(9; 14)(q34;q 13)). The mother had chronic

schizophrenia that met DSM criteria and mild learning disability, whereas one

daughter had severe learning disability and an unspecified functional psychosis.
She had clear auditory and visual hallucinations, and repeated severe

behaviourally disturbed episodes as a consequence of these. Treatment was by
standard oral and depot neuroleptic medication. Another daughter was a known
carrier and also had learning disability but was not available for study. A previous
link to Canadian colleagues led to two separate investigations on this
chromosome abnormality. Although the publications are two years apart, both
were submitted at near the same time but one was accepted but subject to

inadvertent publication delay.
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Transformed lymphoblastoid cell lines were created from lymphocytes of the two
available subjects. In Scotland we also had access to fresh lymphocytes and
metaphase spreads made from these. Fluorescence in situ hybridization (FISH)
with YAC, BAC, and cosmid probes indicate that the chromosome 14q 13

breakpoint disrupts a large gene, NPAS3, encoding a CNS expressed

transcription factor of the basic helix-loop-helix PAS (bHLH-PAS) gene family. By

analogy with other members of the bHLH-PAS family, the putative truncated

protein generated from the disrupted gene locus may have a dominant negative
effect. The 14q 13 region was previously linked to an inherited neurodegenerative

condition, idiopathic basal ganglia calcification (IBGC or Fahr syndrome) which is
often co-morbid with psychosis. However sequencing of the gene in a third and

separate patient (chromosomally normal) diagnosed with IBGC, schizophrenia,
and mild learning disability did not reveal functional mutations. Nor do the carriers
with the translocation show evidence for IBGC (Pickard, Malloy et al. 2005b,

Major Paper). On breakpoint chromosome 9q34 disrupted no gene sequences.

In the Canadian study a similar result was found but an additional microdeletion
within the second intron of NPAS3 was detected in the daughter (Kamnasaran,
Muir et al. 2003). This could not be found in her cells in Scotland (either
lymphocytes or lymphoblastoid cells) suggesting that this might be an artefactual
secondary re-arrangement in that cell line. Through similarities between NPAS3
and brain genes that controlled circadian rhythms we set up neuronal cell line
experiments to look at the influence of NPAS3 on other circadian proteins.
A series of mouse transgenic models where the npas3 gene had been deleted
(on one or both chromosomes) either by itself or in a variety of compound dual
gene deletion forms with the related npasl gene had been created in the
University of Texas (Erbel-Sieler, Dudley et al. 2004).
Impairments were seen on a variety of psychological tests thought to be congenic
with neuropsychological abnormalities in schizophrenia such as prepulse
inhibition (double nulls significant, npas3 -I- strong trend), social recognition
(impaired in both types relative to wt and npasl single mutants) and open field
activity (again with both types showing altered (enhanced) activity). The
expression of Reelin (RLN), a protein that has been implicated in schizophrenia
pathology by a number of studies was reduced in a widespread fashion through
the cortex, dentate gyrus and amygdala in the compound null and npas3 -/- mice,
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and mouse RLN was found to co-localise with mouse NPAS3 protein in
interneurones- which probably use GABA as their neurotransmitter.

Further studies by Dr Andrew Pieper at the University of Texas on these mice
were of great interest (Pieper, Wu et al. 2005). Mice with the single homozygous
knockout, npas3 -/-, were deficient in expression of hippocampal FGF receptor

subtype 1 mRNA expression, especially in the dentate gyrus. In vivo BrdUrd-

labeling shows that basal neural precursor cell proliferation in the dentate gyrus

of Npas3(-/-) mice is reduced by 84% relative to wild-type, (see our review

Pickard, Pieper et al. 2006, Review Article). Although many studies have
shown altered adult neurogenesis in a variety of clinical disorders, and in

response to a variety of stimuli, these findings run alongside recent and

surprising results on DISC1 function in adult mice (Duan, Chang et al. 2007). An
RNAi approach based on retroviruses, was used to show that interfering with
adult mouse DISC1 in the dentate gyrus caused an increase in adult new

neuronal migration (the opposite type effect on neuronal migration to that seen

with DISC1 knockdown in the developing brain of the embryonic mouse).

Although there is much further work to be done, our discovery of two disrupted

genes that both influence adult new neurogenesis is intriguing.

Again, the small family with the t(9;14) chromosome abnormality is interesting but

testing of the much larger population of people with mental illness without
chromosome anomalies is essential. We genotyped 70 SNPs across the NPAS3

gene in 368 people with bipolar disorder, 386 with schizophrenia and 455
controls. Modestly significant single-marker and global and individual haplotypes
were identified in four discrete regions of the gene. The presence of both risk and

protective haplotypes at each of these four regions indicated locus and allelic
heterogeneity within NPAS3 and suggested a model whereby interactions
between variants across the gene might contribute to susceptibility to illness. This
was supported by predicting the most likely haplotype for each individual at each
associated region and then calculating an NPAS3-mediated 'net genetic load'
value. This value differed significantly from controls for both bipolar disorder
(P=0.0000010) and schizophrenia (P=0.0000012).
Thus yet again a single gene is contributing to the risk of both schizophrenia and
bipolar disorder. Logistic regression analysis also confirmed the combined of
action of the four associated regions on disease risk. In addition,
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sensitivity/specificity plots showed that the extremes of the genetic loading
distribution possess the greatest predictive power- a feature suggesting
multiplicative allele interaction. (Pickard, Christoforou et al. 2008).
These results strongly suggest that combinatorial analysis of a number of

relatively small effect size haplotypes may have significant power in predicting an

individual's risk of a complex genetic disorder such as psychiatric illness.

GRIK4

A second important risk gene was discovered by breakpoint characterisation in
another patient who had both mild learning disability and severe chronic

schizophrenia (Pickard, Malloy et al. 2006, Major Paper). She was not

dysmorphic in any way but suffered from partial conduction deafness, a result of
mastoid infections and poor operative outcome as a child. A link between

schizophrenia and deafness has been postulated but is very weak indeed (and
relates mainly to very late-onset psychosis). Her schizophrenia was classical in
form, with auditory hallucinations and severe delusions, and responded to
standard neuroleptic medication. The tested learning disability was mild /
borderline, made apparently more severe by her hearing loss. No other family
members were able to participate in the study, and her family history of illness of
any form was unknown. She had never been previously karyotyped. Initial g-

banding revealed an inversion of chromosome 2 and a translocation between
chromosomes 2 and 11, but more detailed study showed that a piece of
chromosome 11 had been inserted into chromosome 8 in addition. The karyotype
is (46, XX, ins(8;11)(q13;q23.3q24.2) inv(2)(p12q32.1) t(2;11 )(q21,3;q24.2)
der(2)(2qter-2q32.1 ::2p12-2q21,3::11q24.2-11qter) der(11 )(11 pter-
11 q23.3::2q21,3-2q32.1 ::2p12-2pter) der(8)(8pter-8q 13:: 11q23.3-11 q24.2::8q 13-
8qter). It obviously has a large number of breakpoints The lack of resulting
clinical changes (especially dysmorphisms and only minimal learning disability) is
thus quite surprising. There are thus six different breakpoints, and we initially
found breakpoint spanning BAC clones for the 5 on chromosomes 2 and 11.
Within this set 2 breakpoints directly disrupted genes and a third possibly - the
least characterised is PKNOX2/PREP2 by 11q24.2, the genie sequence is

probably not complete, but we suspect that an additional 5 exons exist that would
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be broken since they are represented in various expressed sequence tags and
extend to a CpG island, it is a brain-expressed transcription regulator;
RP26/CERKL by 2q31.3, which is a candidate gene for retinitis pigmentosa (not
in the phenotype of the case), and GRIK4/KA1 by 11q23.3, a component of the
kainite-sensitive ionotropic glutamate receptor. The last is by far the most

interesting. The evidence for aberrant glutamate neurotransmission in

schizophrenia is strong. The highest expression of GRIK4 is in the amygdala,
CA3 hippocampal and dentate granule cells and the entorhinal cortex. These

regions have all been implicated in the pathophysiology of psychosis regions

implicated in the psychoses. Long-term potentiation (LTP; the key substrate for

mediating activity-dependent synaptic plasticity) may be an important factor in the
deficits seen in neuropsychological tests that involve learning and memory in

people with major psychotic disorders (schizophrenia, bipolar disorder and major

depressive disorder) as well as in learning disability. Pre-synaptic changes in
neuronal plasticity that is kainate receptor-dependent have been proposed at

hippocampal mossy fibre synapses suggesting that a reduction in GRIK4 protein
levels through a mechanism such as haploinsufficiency as postulated in the

t(9; 14) carrier may alter kainate receptor channel properties, and thus their
involvement in LTP.

Again it is important to test the candidacy of this gene in more general
populations than the patient herself. A case-control study was set up SNP marker
selection was achieved by analysing DNA from 386 people with schizophrenia,
368 with bipolar disorder (all from southeast and south central Scotland), and 458
controls from the same geographical area. Our own case-control studies on the
Scottish population (and studies by other groups) have shown that it is generally
stable, homogeneous and shows no obvious evidence for substructure. Probes
were designed using the then current information (release #7) from the public
domain International HAPMAP Project's genotyping data (based on Utah
residents of northern and western European ancestry). 24 linkage disequilibrium
blocks were across the GRIK4 locus were defined and tagging SNPs selected
both for their ability to represent haplotype diversity within these blocks down to
the 10% haplotype frequency level and also their predicted ability to form reliable
assays on the lllumina Inc. (San Diego, CA, USA) bead-array technology based
platform. 27 SNPs spanned of 344 kb and covered the GRIK4 gene (326 kb). The
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analysis of the genotype data (using Cocaphase) identified two discrete regions
of disease risk within GRIK4 - firstly three single SNPs and a corresponding

underlying haplotype associated with susceptibility to schizophrenia (P= 0.0005,
OR 1.453, 95% CI 1.182-1.787) and secondly two single SNP markers and a

haplotype associated with a protective effect against bipolar disorder (P = 0.0002,
OR 0.624, 95% CI 0.485-0.802). After permutation analysis (Cocaphase - 1000

permutations) to correct for multiple testing distortions, schizophrenia and bipolar
disorder haplotypes remained significantly associated. The schizophrenia risk

region lies mainly over exons encoding the N-terminal extracellular domain of

GRIK4, whereas the bipolar disorder protective region lies in the cytoplasmic C-
terminus coding region. It might be that any associated functional mutations that
are indicated by the haplotypic association might alter different aspects of GRIK4
function or regulation. Further analysis (data not in the published study) showed
no effect of the protective haplotype on diagnostic/phenotypic bipolar

subgroupings (e.g. BP1 vs BP2, hallucinations vs delusions), suggesting that the

protective effect is on all the forms of bipolar disorder that we studied, protective
effect on all forms of bipolar disorder. To our knowledge, no previous example
has been reported where a single gene contains distinct and independent risk
and protective haplotypes for two apparently clinically separate disorders.
However risk and protective haplotypes have been described at genes for
complex single disorders - e.g. in PPARG for insulin resistance disorders. The
GRIK4 finding does clearly indicate however that yet again that bipolar disorder
and schizophrenia may share common genetic influences.

Learning Disability, Affective Disorders and Chromosomal abnormalities.

Although our main focus has been on patients with schizophrenia and learning
disability who also have chromosome abnormalities, the situation can also be
applied to those with learning disability and affective psychosis. In collaboration
with a group at the University of Nottingham we conducted a study designed to
detect cryptic microdeletions near the telomeres in 69 people with learning
disability and psychosis. A novel microdeletion on the long arm of chromosome 4
(at 4q35.2) was detected man was found who had learning disability and
schizoaffective disorder (Pickard, Hollox et al. 2004). Although this has not yet
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been fully mapped it is of interest that it lies directly over the maximum region of
linkage described in a large single bipolar pedigree (no learning disability) from
Australia (Blair, Adams et al. 2002). This might suggest that schizoaffective
disorder is related to bipolar disorder. Some studies, largely based on treatment

grounds suggested that schizoaffective disorder-mainly depressed may be in the

spectrum of schizophrenia whilst schizoaffective-mainly manic illness type is
closer to bipolar disorder. However the commonality of several susceptibility

genes to risk for both schizophrenia and bipolar disorder makes it uncertain
where schizoaffective disorder lies, or whether it is, in fact, a separate entity at
all. Our own work looking at symptom clusters in psychoses and then relating the

analysis of these to current diagnostic schema is intriguing and suggests that the
schizo-affective symptom clusters do not marry well to accepted diagnoses,
whereas bipolar disorder and schizophrenia largely do (Murray, McKee et al.

2005). It may be an argument for a close clinical look at schizoaffective
conditions in their own right.

Summary and Conclusions

I have described the history of how we have approached the analysis of the

complex genetics of schizophrenia and related psychotic disorders. Starting with
the analysis of potential biological markers for illness, we have shown the
usefulness of the P300 event related potential in delineating the boundaries of

schizophrenia both in the general population with the illness and in determining
potential carrier status for partly penetrant conditions such as familial
schizophrenia. However we also showed that P300 changes were not specific to
schizophrenia but can be seen in people with bipolar disorder.
This simple result has emerged repeatedly in our studies - that, contrary to the
widely held Kraepelinian dichotomy, risk factors can be shared especially
between schizophrenia and bipolar disorder.
The power of large multiply-affected pedigrees has been repeatedly shown by
our linkage studies, but the issue of genetic heterogeneity emerged early as an
important confounding factor. We adopted several approaches to address this
problem.
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Very extended single families with unilineal descent of illness intrinsically have a

greater likelihood of genetic homogeneity and, with sufficient informative

meioses, have the power to generate a statistically significant LOD score by
themselves. A very large pedigree segregating for bipolar and major depressive
disorders is illustrative and we showed that a genome scan using microsatellites
indicated a susceptibility locus on the short arm of chromosome 4.

We have pioneered another approach - that of using cytogenetic abnormalities to

pin-point candidate loci. We have clinically and molecularly studied a large family
segregating a reciprocal balanced translocation. In this family the diagnoses of

schizophrenia, bipolar disorder and severe recurrent major depression are greatly

over-represented in translocation carriers. The LOD for this group of conditions is
over 7, or put another way the risk for schizophrenia alone in a translocation
carrier is over 50 times that seen in the general population. P300 abnormality
also segregates with the translocation. The results again suggest that risk factors

(the translocation even) are held in common between clinically different psychotic
illnesses.

Molecular analysis by a variety of methods, including microdissection, led to the
discovery that novel brain-expressed genes - DISC1 and DISC2 - were broken
by the chromosome 1 breakpoint. To test the candidacy of these (and other

genes) we increased the size of our cohorts of large pedigrees multiply affected
by schizophrenia and bipolar disorder, and created large-scale carefully clinically
characterised case-control sets of people with schizophrenia, bipolar disorder
and major depressive disorder. That DISC1 contributes significantly to risk to
both schizophrenia and bipolar disorder has clearly been shown by our detailed
analyses of these sets and by independent replication by other research workers.
At the time of writing there is probably more independent lines of evidence that
DISC1 is a key player in psychosis risk than any other candidate gene. We have
also shown that another gene PDE4B is a direct interactor with DISC1 and form a

complex together that is modulated by the intracellular levels of cAMP. PDE4B
was found as a candidate through analysis of a chromosomal breakpoint in a

man with chronic schizophrenia, but is also the main target for antidepressant
rolipram. Thus we would argue that DISC1 and PDE4B link affective disorders to
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schizophrenia at the gene level. Recent genome-wide association studies (not
reviewed here but to which we have made significant contributions) indicate that
the risk to psychosis may be indeed be contributed by a relatively large number
of rare gene variants with major effect as well as the summation of more common

allelic variants of modest effect.

Cytogenetics also led us into another novel fruitful area, the study of the

relationships between learning disability and psychosis. In this group of people
the risk of major mental illness, especially schizophrenia, is markedly raised over

the general population, and they also have more cytogenetic abnormalities. The

co-morbidity between schizophrenia and learning disability also has a strong
familial component, the imaging and neuropsychological findings indicate
structural and functional brain changes closer to schizophrenia than learning

disability itself, and a working hypothesis is that the dual condition is a

manifestation of a very severe form of schizophrenic illness. From studies on

people with learning disability and schizophrenia with chromosome abnormalities
we have discovered two new candidate genes for psychosis - NPAS3 and
GRIK4. The candidacy of both these genes has been tested in cohorts of
individuals without learning disability and they contribute risk to both

schizophrenia and bipolar disorder.
Thus we would argue that the findings in people with learning disability and

psychosis have relevance to the population without learning disability (also

implying that the psychosis is the paramount factor), and yet again that the same

genes can alter risk to both schizophrenia and bipolar disorder (Pickard,
Porteous et al. 2007, Book Chapter). The end result of all this work is not just in
the increased basic understanding of the relation between genetic abnormalities
and psychiatric phenotypes. We are now at a cusp - a transition phase in
psychiatric genetics. We are nearing a stage where we can infer risk from
genotype for psychiatric illness. Certainly for the case of a karyotype rather than
genotype, the t(1 ;11) translocation, the risk alteration is substantial. The next
phase is to deal with how we these findings when we return to our patients, the
ethical problems will be substantial (Muir 2003, Book Chapter).
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the immunoreactive material was apo(a)-related. Medium-sized
arteries with minimal atherosclerotic disease from the liver and
kidney of the same patient displayed no Lp(n) staining. When
normal coronary vessels from another patient were studied in
parallel, there was no detectable staining for Lp(a). These
findings suggest that, in some individuals, the atherosclerotic
state may be associated with accumulation of Lp(u) within the
vessel wall.

Recent studies have suggested that the endothelial cell
possesses a cell-surface fibrinolytic system, the regulation of
which has been unclear. This system includes binding sites for
plasminogen and t-PA. The juxtaposition of these two sub¬
stances would result in the continuous generation of cell surface
plasmin protected from its inhibitor (a,-plasmin inhibitor) by
the occupancy of plasmin lysine-binding sites at the cell surface.
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Recent work suggests that an autosomal dominant gene for
schizophrenia may be located on the 5qll-ql3 region of chromo¬
some 5 (refs 1 and 2): a report of schizophrenia associated with
trisomy 5qll-ql3 in two members of a family of Chinese origin1
prompted the discovery of linkage with markers pl05-599Ha and
pl05-153Ra in five Icelandic and two English schizophrenic
families2. The strongest linkage was observed when the phenotype
was broadly defined to include minor psychiatric diagnoses not
traditionally considered part of the schizophrenia spectrum. By
contrast, no evidence was found of linkage in a single multiplex
Swedish schizophrenic pedigree3. To determine whether these con¬
flicting results arise from genetic and/or uncertainties in defining
the schizophrenic phenotype, we examined fifteen Scottish schizo¬
phrenic families with restriction fragment length polymorphisms
that span this region. We found no evidence for linkage, regardless
of how broadly or narrowly the schizophrenic phenotype is defined,
and conclude that a susceptibility locus, whose presence awaits
confirmation, on the proximal portion of the long arm of chromo¬
some 5 can be responsible for only a minority of cases of familial
schizophrenia.

In our analysis, we used approximately the same definitions
of the schizophrenia phenotype as used by Sherrington el al.
Thus, fifteen families were serially entered into the study after

The surface-localized conversion of Glu- to Lys-PLG7, which
is sensitive to diisopropylfinorophosphate, is consistent with the
presence of a plasmin-like serine protease on the endothelial
cell surface. Whereas physiological levels of Lp(a) would serve
to control the unopposed generation of plasmin at the cell
surface, elevated levels of Lp(a) would suppress the cell's
'sentinel' fibrinolytic mechanism, leading to a prothrombotic
tendency. Thus, the association of large amounts of
immunodetectable Lp(a) on and within the lesions of diseased
coronary vessels may provide a link between impaired cellular
fibrinolysis and progressive atherosclerosis.

Note added in proof: Since submission of this manuscript,
M. Gonzalez-Gronow et al.23 have reported evidence of competi¬
tive binding of plasminogen and lipoprotein(a) at a common
site on U937 cells. □
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being considered suitable for restriction fragment length poly¬
morphism (RFLP) studies by criteria which included: two index
cases who met Research Diagnostic Criteria (RDC)4 and criteria

Distance (centimorgans)
FIG. 1 Clinical psychiatric diagnoses by RDC4 and RFLP-typing data on
individual members of 15 pedigrees. Minor modifications have been made
to preserve confidentiality. All families lived in Scotland, and were mostly
of Scottish but also of English, Irish and Italian origin. Alleles of probes are
numbered in order of decreasing fragment size, as described in the legend
to Table 1.
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FIG 2 Four-point analysis from the LINKMAP programme of LINKAGE14. The
schizophrenia locus moves across a fixed map of pl05-599Ha. p!05-153Ra
and pl05-798Rb. pl05-599Ha was set at 0, pl05-153Ra at 0.12 M and
pl05-798Rb at 0.2 M (male distances). Female/male ratio of recombination
was 1.5. Model a included as cases schizophrenia, bipolar illness,
schizoaffective disorder, and unspecified functional psychosis; model b. as

33
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22

in a, with major depressive disorder also included; model c, all cases with
an RDC diagnosis. Four-point analysis was not performed on model d
(schizophrenia, schizoaffective disorder and unspecified functional psycho¬
sis), but the two-point lod score on pl05-599Ha, the most informative probe,
was -3.1 at 5% recombination and -1.6 at 10% recombination.

defined by the American Psychiatric Associations Diagnostic
and Statistical Manual of Mental Disorders (DSM III R)5 for
definite schizophrenia; major mental illness in two or, for prefer¬
ence, three generations; large sibship size; and no evidence, as
far as could be reasonably ascertained, of assortative mating.
Families were identified from hospital case registers or referred
by psychiatric colleagues, mainly from the south of Scotland.
Initial contact with families was made through psychiatrists
looking after the index cases. Family members were fully infor¬
med about the nature of the study and those taking part agreed
to a structured interview using the Schizophrenia and Affective
Disorders Schedule—lifetime version (SADS-L)6, and record¬
ings of smooth pursuit eye movements and auditory-event-
related potentials, accounts of which formed part of a study of
psychophysiological traits in these families (D.B. el al., manu¬
script in preparation). The subjects also agreed to venepuncture,
performed for molecular genetic studies. Paternity was
confirmed by red-cell typing and histocompatability antigens.

DNA was prepared from 166 members, all of whom were
interviewed by one of the authors (D.St.C., D.B. or W.M.). A
consensus diagnosis on each family member was made by the
three psychiatrists involved on the basis of the clinical interview,
hospital case record review and, where appropriate, by consulta¬
tion with clinical colleagues in charge of cases. Major mental
NATURE ■ VOL 339 • 25 MAY 1989

disorders present among those used for RFLP-typing were, by
RDC, definite schizophrenia (n = 44), schizoaffective disorder
(/1=2), bipolar I (zi = 5), bipolar II (n = 5), unspecified func¬
tional psychosis (n =2), and major depressive disorder (n = 8).
An additional nine subjects had other psychiatric disorders (five
with minor depressive disorder, one with schizotypal personality
disorder, and one each with generalized anxiety disorder,
chronic alcoholism, and obsessive-compulsive disorder). In
eight families, major mental illness was identified in three gener¬
ations, in seven families in two only.

We looked for linkage using three markers mapping to the
proximal portion of the long arm of chromosome 5, pl05-599FIa,
pl05-153Ra, and pl05-798Rb. These markers span a distance
of ~ 25 centimorgans and cover the trisomic region associated
with schizophrenia3,7. Because of uncertainty about which psy¬
chiatric diagnoses should be included as part of the schizo¬
phrenia spectrum8'13, we analysed our data using four separate
models (a, ft, c and d). In a, affected cases were restricted to

schizophrenia, schizoaffective disorder, bipolar disorder, and
unspecified functional psychosis (penetrance, 66%), whereas in
b, major depressive disorder was also included (penetrance,
77%). In c, all family members with RDC psychiatric diagnoses,
including schizotypal personality disorder, were considered as
cases (penetrance, 94%). In d, the data on pl05-599Ha, the

© 1989 Nature Publishing Group
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most informative probe, were also analysed, restricting affected
cases to schizophrenia, schizoaffective disorder and unspecified
functional psychosis (penetrance, 44%). We assumed an auto¬
somal dominant mode of inheritance with a gene frequency for
schizophrenia of 0.0085. The penetrance values were calculated
from our own complete data set of 197 subjects in 19 families.
Figure 1 gives RFLP-typing data on the individual family mem¬
bers and Table 1 shows the individual lod scores for each marker
for informative families using the assumptions of model b. Figure
2 shows the four-point analysis for models a, b and c.

Our data show no evidence of linkage of a schizophrenia
susceptibility allele to the proximal portion of the long arm of

chromosome 5. It is unlikely that our findings differ from those
of Sherrington el al. as a result of the method of analysis. We
used almost identical models for the schizophrenia phenotype
and similar inheritance parameters. Nor was the presence in
some families of cases of bipolar affective disorder a likely
explanation. In six families (Fl, F2, F5, Fll, F19 and F20 in
Table 1) there were no cases of bipolar illness, yet the lod score
of these families, analysed separately for pl05-599Ha, was -2
or less at 10% recombination, using models a, b and c. It seems
more probable that a susceptibility allele in this region, whose
presence we have failed to confirm, could be responsible for
only a minority of cases of familial schizophrenia. □

TABLE 1 Two-point lod scores at specified recombination fractions for linkage between schizophrenia and chromosome 5 markers

Recombination fraction (6)
0.001 0.05 0.1 0.15 0.2 0.3 0.4

Family Probe
Fl a

b
-2.10 -0.80 -0.56 -0.38 -0.26 -0.10 -0.02

F2
c

a

b
-1.10 -0.69 -0.48 -0.34 -0.24 -0.10 -0.02

F3
c

a

b
-0.34 -0.27 -0.20 -0.15 -0.11 -0.05 -0.01

F4
c

a -1.90 -1.70 -1.30 -0.86 -0.57 -0.23 -0.05
b -1.90 -1,80 -1.40 -1.00 -0.68 -0.27 -0.06

F5
c

a -1.50 -1.20 -0.85 -0.86 -0.41 -0.17 -0.04
b -2.20 -1.00 -0.60 -0.38 -0.25 -0.09 -0.02
c -0.08 -0.06 -0.04 -0.03 -0.02 -0.01 -0.002

F6 a -2.30 -0.87 -0.55 -0.36 -0.24 -0.09 -0.02
b -0.004 +0.01 +0.02 +0.02 +0.02 +0.01 +0.03

F9 a
h

- - - -

1

1 — 11
0

c -1.05 -0.69 -0.47 -0.33 -0.23 -0.10 -0.02
rJLU a

b -1.60 -0.41 -0.20 -0.11 -0.07 -0.05 -0.05
c -0.21 -0.07 +0.02 +0.07 +0.09 +0.07 +0.03
c -1.05 -0.69 -0.47 -0.33 -0.23 -0.10 -0.02

Fll a -2.00 -0.79 -0.47 -0.30 -0.19 -0.07 -0.01
b -3.00 -1.80 -1.20 -0.84 -0.60 -0.28 -0.09

F12
c -1.83 -0.26 -0.06 +0.01 +0.03 +0.02 +0.008

b +0.07 +0.06 +0.05 +0.03 +0.02 +0.01 +0.003

F14 a +0.50 +0.43 +0.36 +0.29 +0.23 +0.12 +0.04
b +0.40 +0.35 +0.30 +0.25 +0.19 +0.09 +0.02

F18 a -1.50 -0.41 -0.20 -0.10 -0.05 -0.01 -0.001
b — —■ — — — — —

c -0.32 -0.22 -0.16 -0.11 -0.08 -0.03 -0.007
F19 a -3.30 -1.70 -1.10 -0.76 -0.52 -0.21 -0.05

c -0.55 -0.45 -0.35 -0.26 -0.19 -0.08 -0.02
F20 a +0.47 +0.48 +0.47 +0.44 +0.39 +0.27 +0.13

b — — — — — — —

c — — — — —

Totals a -18.1 -7.52 -4.88 -3.38 -1.97 -0.64 -0.05
b -8.23 -4.59 -3.03 -2.03 -1.37 -0.58 -0.17
c -4.04 -1.75 -1.06 -0.65 -0.40 -0.13 -0.02

Probes: a, pl05-599Ha; b, pl05-153Ra; and c, pl05-798R6. Analysis was performed using MUNK14. The gene frequency for schizophrenia was 0.0085.
Model b (see text) was used to define the schizophrenia phenotype with a penetrance of 77%. DNA was prepared from peripheral blood lymphocytes,
digested with restriction enzymes and prepared for RFLP typing by the established procedure of gel electrophoresis, transfer to nylon membrane (Hybond-N)
and either nick-translation or oligonucleotide-labelling. The pl05-599Ha probe contained a repeat sequence and was therefore stripped by pre-hybridization
with a large excess of denatured DNA. Probe pl05-599Ha (D5S76) Is defined by a Taq I polymorphism giving a four-allele system with 17,14,10, and
9-kilobase (kb) fragments at frequencies of 0.32,0.16, 0.50, and 0.02, respectively. The last, rare, and previously unreported allele was found by ourselves
and by Sherrington ef al. (personal communication) at the above frequency. pl05-153Ra (D5S39) has an Xba 1 polymorphism with 6.3- and 5.2-kb fragments
at frequencies of 0.71 and 0.29 respectively. pl05-798Rb (D5S78) has an Msp\ polymorphism with 2.3- and 1.8-kb fragments of frequencies 0.57 and
0.43. The three probes map to 5qll-13 and have been described previously3. One family was uninformative for all three probes and is omitted from the
table. Blanks are left in the table where probes were uninformative.
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Deletions of muscle mitochondrial DNA (mtDNA) have
recently been found in patients with mitochondrial myopathy1'3.
However, as most of the described cases were sporadic, and
individual deletions involved different portions of mtDNA1'2, the
mechanism(s) producing the molecular lesions, as well as their
mode of transmission, remain unclear. By studying families with
mtDNA heteroplasmy4, valuable information can be obtained
about the role of inheritable factors in the pathogenesis of these
disorders. We have studied four members of a family with auto¬
somal dominant mitochondrial myopathy. Multiple deletions,
involving the same portion of muscle mtDNA, were identified in
all patients. Sequence analysis of the mutant mtDNAs, performed
after DNA amplification by the polymerase-chain reaction showed
that all the deletions start within a 12-nucleotide stretch at the 5'
end of the D-Ioop region, a site of active communication between
the nucleus and the mtDNA. The data indicate that a mutation
of a nuclear-coded protein can destroy the integrity of the
mitochondrial genome in a specific, heritable way.

The patients (two sisters, their first-degree male cousin and
their common aunt), belonged to a large Italian family, contain¬
ing several individuals affected by late-onset mitochondrial
myopathy. The syndrome included progressive external ophthal¬
moplegia (PEO), progressive proximal weakness, bilateral
cataract and precocious death. Inheritance is autosomal
dominant (Fig. 1).

In the following discussion we refer to the 5'~3' orientation
of the mtDNA light (L)-strand, defined previously5. Total cel¬
lular DNA, extracted from muscle tissue of the patients and
several unrelated control subjects, was digested with the restric¬
tion endonuclease PvuII which cleaves human mtDNA at a

unique site (base pair (bp) 2,652) (ref. 5). Southern-blot analysis
was then performed, using as a probe radiolabelled mtDNA

FIG. 1 Family pedigree. Solid symbols Indicate clinically affected individuals.
Barred symbols indicate deceased individuals. Arrows indicate the propositi.
Onset of the disease is invariably in adult age. Thus, clinical attribution of
the individuals in IV, who are still in infancy, is uncertain. Diamond symbols
indicate siblings of unspecified sex. Number of siblings is also indicated.

a 1 2 3 4 5 6

23.1 __

9.4- 1
6.6 ■

4.4 •

b 12 3 4

FIG. 2 a, Hybridization pattern of Pvi/ll-digested total human muscle DNA,
probed with radiolabelled human mtDNA {for detailed description of methods
see ref. 2), Lanes 1 and 6 contain samples from two unrelated control
subjects, with no muscle pathology. Lanes 2-5 contain samples from the
propositi: lane 2, sample from patient 111-4; lane 3, sample from patient lil-6;
lane 4. sample from patient 111-7; lane 5, sample from patient 11-6 (see Fig.
1). Size is in kb. b. Electrophoretic pattern of mtDNA fragments amplified
by PCR. DNA was separated in a 7% polyacrylamide slab gel (40:1 acrylamide:
bis-acryiamide in 1 xTBE22. Lane 1, patient 111-4; lane 2, patient III-6; lane 3,
patient 111-7; lane 4, patient 11-6.
METHODS. One nanogram of total cellular DNA was used in each PCR
experiment. The GeneAmp kit (Perkin-Elmer) was used in all the experi¬
ments. Synthetic oligonucleotides were: 5'-TGTATTTTAGArC/1111ICC-
TTCC-3', 'forward primer' complementary to the sequence from bp 7,432
to bp 7,457 of the mtDNA L-strand5; 5'-TATTGTACGG7"ACCATAAATACTTG-
3', 'reverse primer' corresponding to the sequence from bp 164.20 to bp
16,145 of the mtDNA L-strand (restriction sites for Xba\ in foward primer
and for Kpn\ in reverse primer are in italics). In each experiment 25 cycles
were performed. Time and temperature conditions for one cycle were as
follows: heat-denaturation was at 95 °C for 2 min; primer-annealing was at
52 °C for 2 min; polymerase-extension was at 72 °C for 2 min in the first 4
cycles, 3 min in the following 6 cycles, and 4 min in the final 15 cycles.
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Long-latency auditory event-related potentials in
schizophrenia and in bipolar and unipolar affective

disorder

WALTER J. MUIR,' DAVID M. ST. CLAIR and DOUGLAS H. R. BLACKWOOD
From the Department of Psychiatry, University of Edinburgh

synopsis Long-latency auditory event-related potentials were examined in 96 subjects with
schizophrenia, 99 with bipolar affective disorder and 48 with major depressive (unipolar) disorder,
and compared with 32 in-patient and 213 normal controls. The latency of the P3 component was
significantly greater in the schizophrenic and bipolar subjects compared to other groups. The
difference was stable with respect to clinical state at the time of" testing and was not due to age
differences or the effect of psychotropic medications. The results support the clinical distinction
between bipolar and unipolar affective disorders, but also show that P3 change is not specific to
schizophrenia and found in bipolar but not unipolar affective disorder.

INTRODUCTION

The search for boundaries delimiting the func¬
tional psychotic disorders has proved to be an
elusive quest and yet our major diagnostic
systems are based on assumed differences be¬
tween schizophrenia, bipolar disorder and uni¬
polar depression. Two central issues exist -the
separation of schizophrenia from the affective
psychoses, and the subdivision of affective
illness. Each has been addressed in the past by a
variety of clinical, genetic and biological tech¬
niques.

Schizophrenia and bipolar disorder
Kracpelin (1919) placed great emphasis on the
separation of schizophrenia from manic de¬
pressive psychosis and this distinction has been
a cornerstone of psychiatric classification. How¬
ever, the search for a clear clinical divide has
been unsuccessful. A discriminant function
analysis of clinical symptoms failed to provide
clear evidence for two separate syndromes
(Kendcll & Gourlay, 1970) and there is no
evidence of discontinuity between the illnesses

1 Address for correspondence: Dr Walter J. Muir, Department of
Psychiatry, Kennedy Tower, Royal Edinburgh Hospital, Morning-
side Park, Edinburgh EH 10 5HF.

using outcome measures (Kendell & Brocking-
ton, 1980).

The evidence from familial studies supports
the distinction between schizophrenia and affec¬
tive disorders in general, but an important study
by Tsuang et til. (1980) of over a thousand first-
degree relatives of psychotic and control pro-
bandi showed the same excess of schizophrenia
in relatives of bipolar probandi as seen in
relatives of schizophrenics. The incidence of
bipolar illness among relatives was around the
same in the two groups. Further, the incidence of
affective disorder with psychotic symptoms is
increased in the first-degree relatives of schizo¬
phrenics compared to matched controls (Tsuang
etai 1985).

Evidence for anatomical changes in schizo¬
phrenia such as increased ventricular size on
CAT scanning has been found also in bipolars,
and is associated with similar clinical features in
both groups (Pearlson & Veroff, 1981; Nasrallah
et at. 1982; Pearlson et at. 1984, 1985). On the
basis of such evidence Flor-Henry (1983) advo¬
cated the concept of a symptomatological con¬
tinuum of psychosis, an idea that has been
further developed by Crow (1986).

Attempts have been made to find a biological
marker that distinguishes schizophrenia from
bipolar disorder and much attention was focused
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on alterations in neurotransmitters, their meta¬
bolites and the enzymes involved in their
biosynthesis, all of which have been proposed
abnormal in the psychoses.

An early finding of low platelet monoamine
oxidase (MAO J activity in schizophrenia
(Murphy & Wyatt, 1972) seemed promising but
there are medication effects (Maj et at. 1984) and
the change is also seen in bipolar illness (Murphy
& Weiss, 1972). Studies on mono-hydroxy
phenyl glycol (MHPG), a monoamine metab¬
olite. have centred on affective cases rather than
schizophrenia (Lake et ah 1987): the serotonin
metabolite 5-hydroxyindole acetic acid (5-
H1AA) concentrations do not seem to be
consistently abnormal in schizophrenia (Stahl &
Wets, 1987); and plasma levels of the dopamine
metabolite homdvanillic acid (HVA) may be
strongly related to the clinical severity of the
illness (Davis et al. 1985).

Some physiological measures have been found
to be consistently abnormal in schizophrenia
and eye tracking dysfunction has been one of the
most extensively studied. Since Holzman's orig¬
inal work showing the deficit in schizophrenia
(Holzman et al. 1973), it has been well established
that in schizophrenia smooth pursuit eye move¬
ments are interrupted by saccadic tracking and
intrusions (Levin et al. 1982) and this dys¬
function is not due to lack of motivation or

simple inattention (Lipton et ah 1980«,/»:
lacono et ah 1981; Levin et ah 1982). The
abnormality is stable with respect to both
neuroleptic medication and remission of psy¬
chotic symptoms (lacono et ah 1981; Levy et ah
1983). There is a much lower incidence of Lite
abnormality in the first degree relatives of
bipolar compared to schizophrenic probandi
(Holzman et ah 1984). suggesting that its genetic
transmission is specific to schizophrenia. In
these studies however abnormality was defined
in a way which included 8% of the general
population (Holzman ct ah 1973, 1974). Eye
movement dysfunction is also found in bipolar
subjects (Shagass et ah 1974) but recently it has
been suggested that this could be an effect of
lithium medication (Tacono et al. 1982; Levy et
al. 1985).

Long-latency event-related potential (ERP)
studies have shown consistent changes in schizo¬
phrenia. The P3 waveform, elicited by sensory
discrimination tasks to stimuli that are rare or

unexpected, has been extensively examined in
schizophrenia and a reduced amplitude when
compared to controls has been consistently
noted using auditory, visual and somatosensory
modalities (Roth & Cannon, 1972; Levit et ah
1973 ; Shagass et ah 1977; Verleger & Cohen,
1978; Pass et ah 1980; Roth et ah 1980, 1986;
Baribeau-Brown et ah 1983; Brecher& Begleiter,
1983; Morstyn et ah 1983; Faux et ah 1988).
However, the latency of P3 was not found to
differentiate among the groups but in three more
recent investigations of the auditory P3 it has
been found to be significantly prolonged in
schizophrenia and seems to be independent of
medication effects and clinical state (Pffeferbaum
et ah 1984; Blackwood et al. 1987; Romani et ah
1987). The abnormality is also present in
borderline personality disorder but not in major
depressive disorder or a variety of neuroses and
non-borderline personality disorders (Black¬
wood et ah 1986; Kuteher et al. 1987). These
features, along with the apparent high degree of
heritability indicated in twin studies (Surwillo.
1980; Polich & Burns, 1987) suggest that P3
latency may be an important biological trait
marker for schizophrenia and allied conditions.

The subdivision of affective disorder

The classification of affective illness into bipolar
and monopolar (now unipolar) subtypes by
Leonhard (1957) lias served as a useful frame¬
work for research into these disorders. Over the
last thirty years several lines of investigation
have lent support to the distinction of these
illnesses showing differences in the familial
distribution, natural history, and response to
treatment.

The rate or illness found among first degree
relatives differs significantly for bipolar and
unipolar probandi, the risk of affective illness
being greater in relatives of bipolars (Angst,
1966; Perris, 1966; Winokur et ah 1969). Twin
studies have revealed a greater concordance
between bipolar monozygotic pairs than between
unipolar monozygotic pairs (Alien. 1976: Bert-
elsen et ah 1977).

Differences have also been found between the
natural histories of the subgroups. In a large
multi-centre study of over a thousand cases
Angst and his colleagues found a significantly
lower mean age at onset of illness for bipolar
cases. Bipolar patients also tended to show a
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greater number of illness episodes and to have a
poorer overall social adjustment (Angst et al.
1973).

Treatment studies have revealed further
differences. Prophylactic tricyclic anti¬
depressants seem to reduce the risk of relapse in
unipolar but not bipolar illness (Prien el at.
1973; Medical Research Council Drug Trials
Subcommittee, 1981). Recently, Silverstone
(1985) has claimed greater efficacy for bromo¬
criptine in bipolar disorder, although this finding
awaits replication.

Although the clinical and genetic evidence
strongly supports the validity of two separate
entities and the concept of a dichotomy within
affective illness is embraced by both the Research
Diagnostic Criteria (Spitzer et at. 1978) and the
DSM-I1I-R (American Psychiatric Association,
1987) under the rubrics of 'bipolar disorder'
and 'major depressive disorder' the search for
biological correlates of affective illness has
yielded varied results,

Neuroendocrine and neurotransmitter studies
have not provided clear means for dividing
affective illness. Dexamethasone non-sup¬
pression has been claimed by some to be
infrequent in bipolar disorder but common in
unipolar disorder (Schatzberg el al. 1983).
Others have not found this (Stokes el al. 1984)
and overall the interpretation of the dexa¬
methasone test remains uncertain (Bergcr et al.
1984; Braddock. 1986).

Studies on monoamines, their precursors, and
their metabolites have yielded a wealth of
contradictory findings. For example, in recent
studies of the monoamine metabolite MHPG in
the cerebrospinal fluid of depressed subjects an
increase (Vestergaard el al. 1978; Koslow et al,
1983), a decrease (Subrahmanyam, 1975), or no
change in concentration (Berger ei al. 1980)
have all been reported. Similarly HVA has been
found increased (Vestergaard et al. 1978),
decreased (Van Praag et at. 1973), and un¬
changed (Berger et al. 1980). The confusion
persists for the serotonin metabolite 5-HIAA
with no clear distinction found between bipolar
and unipolar disorder.

ERPs have been used for some time in the
study ofaffective disorder but the use of different
nosologies by different workers has made
the interpretation of the findings difficult. Bi¬
polar* differed from unipolars when tested using

an augmenting-reducing paradigm with visual
stimuli (Buehsbaum et at. 1973). Later studies
however indicated that the amplitude of event
related potentials in depression is related to
clinical state (Friedman & Meares, 1979; Black¬
wood et al. 1987). Shagass and his colleagues
have accumulated extensive ERP data in several
sensory modalities in psychiatric populations
but have chosen to view depressive illness as a
continuum and to group bipolar depressed along
with other psychotic depressed cases (Shagass et
al. 1978, 1979, 1980, 1982; Slraumanis et al.
1982). Others have chosen to look at depression
alone (Pffeferbaum et al. 1984), or to use the
primary-secondary distinction (Diner et al.
1985).

Purpose of the present study
Our own studies have shown that the latency of
the auditory P3 ERP elicited by a two-tone
discrimination task distinguished schizophrenia
and borderline personality disorders from uni¬
polar depression and from other neuroses and
non-borderline personality disorders (Black¬
wood ei al. 1987; Kutcher et al. 1987). The
present study was designed to show whether P3
and other long latency auditory ERPs dis¬
tinguished schizophrenics from bipolar disorder
and whether there were any differences between
bipolar disorder and major depressive disorder.

METHOD

Subjects
All subjects were in-patients or out-patients of
the Royal Edinburgh Hospital. Demographic
characteristics of the groups are listed in Table
I. All subjects were under 60 years of age. Our
previous work (St. Clair & Blackwood, 1985;
Blackwood et al. 1988) showed a marked
increase in the latency of P3 after, but not
before, this age.

Patients with schizophrenia
All patients were able to give informed consent
for the study and were assessed using the
Schedule for Affective Disorders and Schizo¬
phrenia-a lifetime version (SADS-L; Endicotl
& Spitzer, 1978) by one of the authors. Ninety-
six met the RDC criteria for definite schizo¬
phrenia. Five other subjects fulfilled the criteria
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Table 1. Demographic characteristics ofgroups

N
Mean age
(s.D.j yr

Age range
yr Males Females

Controls 213 30-5 (117) 16-59 123 90

Schizophrenics 96 31*5 (110) 15-57 67 29

Bipolars 88 35-2(120) 17-59 54 34
Major depressed 46 38-2(13*2) 18-60 21 25

Non-psychotic psychiatric disorder 32 306(11-7) 17-60 11 21

bul were too ill to cooperate fully with the
physiological testing.

Patients with affective disorders
These subjects were selected on the basis of a
clinical diagnosis of bipolar disorder or major
depressive disorder. Eighty-eight met RDC
criteria for bipolar disorder, of whom 75 were
bipolar-I and 13 bipolar-Il. Nine subjects met
the criteria for bipolar-I disorder but were too ill
(largely manic) to cooperate. Forty-eight
patients met RDC criteria for major depressive
disorder.

In-patients with non-psychotic psychiatric
disorders

Thirty-two in-patients with non-psychotic dis¬
orders were used as a comparison group. None
met the criteria for borderline personality dis¬
order using the Diagnostic Interview for Border¬
lines (DIB; Gunderson et al. 1981). Details of
the diagnoses of this mixed group of disorders
are given in Table 2.

Normal control group

Two hundred and thirteen were volunteers from
the local community recruited through general
practitioners and some hospital staff and uni¬
versity students were also included. None were
on psychotropic medications, and they gave no
history of psychiatric or neurological illness.

Recording of auditory event-related
potentials
Event-related potentials were recorded using a
Nicolel CA1000 clinical signal averaging com¬
puter. Recordings were carried out exactly as in
our previous studies (Blackwood et al. 1987,
1988; Kutcher et al. 1987; St. Clair et al. 1989;
Muir et al. 1988) and the method is identical to
that used by as number of other groups (Goodin

et al. 1978; Sklare & Lynn, 1984; Polich et al.
1985). To enable us to examine large numbers of
frequently disturbed psychiatric patients we
chose to use a single recording electrode for
simplicity. Bipolar recordings were made be¬
tween Ag/AgCl electrodes at the Cz position
and an indifferent electrode at the left ear-lobe.
A ground electrode was positioned at the right
ear-lobe. In all cases electrode impedances were
less than 2 kf2.

Recordings were made within a sound-atten¬
uated screened room. Auditory stimuli were
delivered binaurally through headphones at a
level of 70 db and with an inter-stimulus interval
of IT s. Subjects were instructed to silently
count randomly-presented tones of 1*5 kHz
which occurred in a regular series of lower-
pitched 1-0 kHz tones. The overall ratio of high-
pitched to low-pitched tones was 1:9.

The EEG signal was amplified by 10000 and
passed through analogue filters which were set
from 1 to 30 Hz (3 db down). The signal was
then digitized at a rate of 1 kHz over a time
epoch of 750 ms. A total of 75 ms of EEG was
captured prior to delivery of the auditory
stimulus to serve as a baseline for subsequent
measurements. A total of 500 epochs was
recorded and the data for high and low pitched
tones averaged separately. An artefact reject
circuit excluded ail trials where the voltage
exceeded ±45 //V. Two recordings were made
with each subject.

ERP rating
Investigators who were blind to the subjects'
diagnoses independently measured latencies and
baseline-to-peak amplitudes of the individual
components of the recorded waveforms. Aa in
our previous studies these were designated as
Nl, P2. N2 and P3. N1 was the point of
maximum negativity in the region 70-120 ms
post-stimulus and P2 was the maximum posi-
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Table 2. Diagnoses of non-psychotic psychiatric
disordered group

RDC Diagnosis

Minor depressive disorder 9
Intermittent depressive disorder 3
Anorexia nervosa

Bulimia nervosa

Obsessive compulsive disorder
Generalized anxiety disorder
Panic disorder
Passive-dependent personality
disorder

Unspecified personality disorder 2
Substance abuse disorder I

9 (3 also with minor depression)
I
4
I
I
I

Table 3. Characteristics of clinical subgroups of
the affective disorders

(For details of classification sec text.)

N Mean age (s.D,) Female:Male

Bipolar subgroups
Bipolar depressed
Bipolar non-depressed
Bipolar manic

Unipolar subgroups
Unipolar depressed

14 36-4 (13-0) 7:7
20 33-3 (110) 9:11
24 39-5 (13-3) 7:17

22 38-9(12-4) 14:8
11 34-0(12-2) 5:6

tivity between 140 and 230 ms in the averaged
data of the low-pitched frequent stimuli. P3 was
defined as the maximum positivity between 260
and 500 ms and the N2 the maximum negativity
immediately preceding the P3 wave in the
averaged responses to the high-pitched rare
tones. The baseline amplitude was determined
from the prestimulus record in each case, and
amplitude of the individual components was
measured with respect to this from the pen-
recorded tracings. Latencies were measured from
the stimulus to the point of maximum amplitude
of each wave component using the cursor
provided by the computer on the visual display
unit and by inspection of the pen-recorded trace.
When the deflection did not form a sharp peak
the latency was measured at the point of
intersection of the tangents to the upgoing and
downgoing slopes measured from the pen-
recorded trace by the method of CJoodin et al.
(1978). Hie mean of the two separate recordings
was taken for the final results. Separate investi¬
gators, blind to the ERP measures made all the
diagnoses.

Clinical state at time of testing
The degree of depression at the time of testing
was assessed using Hamilton rating scores
(Hamilton, 1960) in 61 of the subjects with
bipolar disorder. Three subgroups were defined:
14 subjects were in a depressive phase of the
illness with Hamilton scores of 17 or over

(bipolar depressed); 20 subjects had Hamilton
scores of 10 or less and did not fulfil the RDC
criteria based on SADS-L evaluation for current
manic or hypomanic episode (bipolar non-

depressed); thirdly a group of 24 subjects fulfilled
the RDC criteria for current manic or hypo-
manic episode (bipolar manic). A further 3
subjects had Hamilton scores between 10 and
17.

Similarly 39 subjects were diagnosed as having
major depressive disorder (RDC criteria based
on SADS-L evaluation) and two subgroups of
these were defined on the basis of Hamilton
rating scores. A score of 17 or over was used to
define a subgroup of 22 subjects who were
clinically depressed at the time of testing
(unipolar depressed) and this compared with 11
cases who scored 10 or below (unipolar non-
depressed). There were a further 6 subjects who
had Hamilton scores between 10 and 17.
Demographic data on these subgroups are given
in Table 3.

Statistical analysis
All results were analysed using the Statistical
Package for the Social Sciences (SPSS-X, 1986).
The ERP data followed approximately normal
distributions and patient groups were compared
using one-way analysis of variance (ANOVA)
and the significance of the difference between the
means was tested using Scheffe's procedure.
Where appropriate analysis of covariance was
also performed using age as a covariate. Within
group comparisons were evaluated using
Student's t tests.

RESULTS

The groups differed significantly in age, (E(4,470)
= 5-86; P< 0 0001). Subjects with major de¬
pressive (/>< 0 0i) and bipolar disorders {P <
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Table 4. Medications

Drug-free Neuroleptics Anti-depressants Hypnotics Lithium

Schizophrenia 46 4R 1 0 2
Bipolar disorder 28 34 9 3. 32
Major depressive disorder 35 0 11 1 0
Non-psychotic psychiatric disorder 20 3 9 1 2

f 1 1 I 1 1
4 300 750 * 300 750
Stimulus

Latency (ms)
Fit». I. Examples of auditory event-related potentials. Dashed lines indicate the response to frequent tones, solid lines the response
to rare target tones. A small vertical bar indicates the position of the P3 wave. An arrow indicates the timing of the stimulus lone.

005) were older than controls and major
depressive subjects were also older than schizo¬
phrenics (P < 0 05). Between group comparisons
were therefore analysed using an analysis of
eovariance with age as a covariate.

Details of medications are given in Table 4.
As would be expected the groups were not
identical in their use of tricyclic antidepressants
(/•"(4.469) = 20-63: P < 00001), or neuroleptics
(/•(4,469) = 55-19; P < 0 0001). A greater pro¬

portion of major depressed were on tricyclics
than schizophrenics (P < 0-001). or bipolars
(P < 0 01); and those with non-psychotic psychi¬
atric disorders also had more tricyclic treatment
than bipolars (P < 0-001). More schizophrenics
received neuroleptics than the non-psychotic dis¬
ordered group (P < 0-001), or major depresstves
(P< 0-001). Between group ERP comparisons
were made first on the total groups and secondly
on the drug-free subjects in each group. Within

Major depressive disorder (psychotic)

Bipolar disorder (bipolar-1)
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Table 5 a. Group ERP latencies
(Latencies in ms+s.n. (AO.)

N1 P2

Controls

Schizophrenia
Bipolar disorder
Major depressive disorder
Non-psychotic psychiatric disorder

93±I2 (211)
95+12 (961
98 ±14 (85)
96+10(46)

168 ±19(191)
163+ 15 (96)
167+23 (85)
165 ± 18 (46)

N2

212 ±21 (191)
239 ±33(90)
237 ±31 (81)
222 ± 22 (42)

97+21 (32) 163 + 32 (32) 217 ± 22 (26)

P3

301+23(212)
338 ±35 (94)
336+33 (83)
302 ±20 (46)
310 ±28 (32)

Table 5 b. ERP latency differences between
groups

(Results of SchelTcs procedure following
ANOVA.)

ERP Between groups P

N) Bipolar disorder > Controls < 0 05
P2 No significant differences
N2 Schizophrenia > Controls

Bipolar disorder > Controls
Schizophrenia > Non-psychotic disorders
Bipolar disorder > Non-psychotic disorders
Schizophrenia > Major depressive disorder

<0-001
<0-001
< 001
< 0-05
<005

■P3 Schizophrenia > Controls
Bipolar disorder > Controls
Schizophrenia > Major depressive disorder
Bipolar disorder > Major depressive disorder
Schizophrenia > Non-psychotic disorders
Bipolar disorder > Non-psychotic disorders

< 0-001
< 0001
< 0 001
< 0-001
< 0 001
< 0 001

group ERP comparisons were analysed by
comparing subjects on drugs with drug-free
cases.

ERP findings
Typical ERPs from subjects within each of the
groups of major psychotic illness arc shown in
Fig. 1, and an ERP from a normal control is
given for comparison. In the illustration the
bipolar subject was in a manic phase with mood-
congruent grandiose delusions; the depressed
subject suffered from severe nihilistic delusions
and exhibited a preoccupation with somatic
symptoms; the schizophrenic had the classical
persecutory delusions and auditory hallu¬
cinations of the paranoid subtype.

Results of betwccn-group comparisons
Table 5a shows the mean ERP latencies and
Table 5 b shows the significances of the differ¬
ences between means using Scheffe's test. Tables

6a and 6b present the same data for amplitudes.
These tables list alt significant results. Because of
the number of comparisons made only those
with a probability of 0 01 or less of occurring by
chance are expanded on below.

P3 component
The major findings relate to P3 latency and
amplitude. P3 latency differed significantly be¬
tween groups, (F(4,462) =44-83; P< 0-0001).
Schizophrenic and bipolar subjects had longer
P3 latencies than normal controls, major depres-
sives, or subjects with non-psychotic disorders
(P < 0-001 in each case). Amplitudes, similarly,
were significantly different between groups,
(/•"(4,461) = 29-33; P < 0-0001).

Schizophrenics and bipolars had smaller am¬
plitude P3 waves than those of controls of non-
psychotic disorders (P < 0-001 in each case).

Other ERP components
P2 amplitudes differed between groups (/•'(4,464)
= 5-39; PcO-OI) but no comparison was
significantly different at the P < 0-01 level. N2
components were in some cases more difficult to
define accurately than other waves but differ¬
ences between the groups were seen for latencies
(/•(4,425)=.22-77; P < 0-0001) with schizo¬
phrenics and bipolars having longer latency N2
waves than normal controls, (P < 0-01 in both
eases).

Effects of age

As noted above age differed between groups. To
test whether the group differences in ERP
measures could be due to age differences age was
used as a covariate in analysis of variance. Age
was a significant source of variation between the
P3 latencies of the groups (F= 31-126; P<
0-0001). but after adjustment for age effects the
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Table 6 a. Group ERP amplitudes
{Amplitudes in /iV + s.n. (AT).)

N1 P2 N2 P3

Controls >4 + 1-7(211) 4 0+1-7 (210) >6+2-4(169) <J S±2-S> (212)
Schizophrenia 2-8 + 1-8(96) >2+14(96) 2-4± 1-8 (84) 6-4 + 3-3 (96)
Bipolar disorder >0±1-7(S3) 3-4+1-7(85) >6+126(70) 6-6 + 2-7(83)
Major depressive disorder 3-6 ±3-1 (46) 3-9+1-8(46) 3-2+2-9 (41) 8-2 + 3-3 (46)
Non-psychotic psychiairie disorder 3-4+1-6(32) 3-7 + 1-6(32) 3-6+12-1 (26) 9-5 + 3-5(32)

Table 6b. ERP amplitude differences between
groups

(Resulls of SehelTes procedure following
ANOVA.)

Table 8. ERPs in subgroups of major depressive
disorder

(For details of classification see text.)

Depressed Non-depressed
ERP Between groups V subgroup subgroup

Nl No significant differences ERP latencies
ms+s.n. (AO

NlP2 Schizophrenia < Controls <001 95+11 (22) 95+9(11)
N2 Schizophrenia < Controls < 0-05 P2 164± 17 (22) 175±19 ( II)

Schizophrenia < Bipolar disorder < 0 05 N2 227 4 21 (20) 221+26(11)
P3 Schizophrenia < Controls

Bipolar disorder < Controls
Schizophrenia < Non-psychotic disorders

<0-001
<000!
<0001

P3

ERP amplitudes
/iV + s.r), ( AO

303+ 16(22) 307 + 24(11)

Bipolar disorder < Non-psychotic disorders < 0 001 Nl 3-6±l-6(22) 2*7 ±1*5(11)
Schizophrenia < Major depressive disorder < 0-05 P2 4-2+1-8 (22) 4-3±18(ll)
Major depressive disorder < Controls <005 N2 4-2±3-6(19) 17 + 13 (10)*

Table 7. ERPs in bipolar subgroups
(For details of classification of subgroups

see text.)

8-4+3-4 (22) 8-7+3-7 (It)

Depressed Non-depressed Manic

subgroup subgroup subgroup

ERP latencies
ms | s.d, (AO

Nl 93 ±8 (13) 97+17(20) 101 ±15 (24)
P2 167119(14) 170122(20) 172 +27 (24)
N2 240+28(13) 237 +30(20) 239±37 (24)
P3 337 1 34(14.) 331 ± 29 (20) 332+38 (24)

ERP amplitudes
f(V ±W>. (AO

Nl 3-2+18(13) 2-6+13(18) 3-8 +18 (24)
P2 3-8 ±16 (13) 3-3+15(20) 3*6+1*6(24)
N2 3-0 + 2-4(12) 3-1 ±2-9(13) 3*6 ±2*2 (21)
P3 6-8 + 3-0(13) 6-6+2*7(20) 6-4 + 2*6 (24)

group differences were still highly significant (F
= 44-625; P < 0-0001). Age was also a significant
source of variation between the P3 amplitudes,
(F = 26-165; P< 0 0001) but again the group
differences were still highly significant after

*/><005 (/test).

adjustment for age effects (F = 24-568; P<
0 0001). Similarly age was a source of variance
in N2 latency (F = 1 1-234; P < 0-001) but the
differences still remained after correction for age
(F = 21-001; P< 0-0001).

Effect of clinical state at the time of testing
No significant difference could be found between
the bipolar depressed, bipolar non-depressed or
bipolar manic subgroups for any ERP measure
using one-way ANOVA (Table 7). The two
subgroups of major depressive disorder were
examined by t tests. N2 amplitude was greater in
the depressed subgroup (t = 2-38; P < 0-05).
There were no other differences (Table 8).

ERPs in Bipolar 1 and Bipolar II disorders
Bipolar disorder was subclassified into bipolar I
and II types. These groups did not differ in age
nor in latency or amplitude of any ERP wave
(Table 9).
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Table 9a. Bipolar 1 and Bipolar II ERP
latencies (ms±S.D. (N))

(Statistical comparisons are against controls.
Sehelle's procedure following ANOVA.)

Bipolar I Bipolar II Controls

Nl 984; 15(70)* 98+10(13) 93+12 (21!)
P2 167+ 23 (72) 168 + 19(13) 168 + 19(210)
N2 238 + 32 (68)*** 228+27(13) 212+21 (191)
P3 339+33 (70)*** 321+29(13)* 301 ± 23 (212)

* P < 0-05; ***'/*< 0-001.
Bipolar I did not differ from Bipolar fl on any comparison.

Table 9b. Bipolar I and Bipolar II ERP
amplitudes (/tV + s.O. (AO)

(Statistical comparisons are against controls.
Scheffe's procedure following ANOVA.)

Bipolar 1 Bipolar tt Controls

Nl 3*2 ±17 (70) 2<3 ±H U3j 34 ± I -7 (211)
P2 3-4 ±1-6 (72)* 3-3 ±1-7 (13) 40± 1-9 (210)
N2 3-6 ±2-6 (57) 3-6 ± 3-0 (13) 3-6 ±2-4 (169)
P3 6*5±2:6 (70)*** 7-0±3*3 (13)** 9-8±2-9(212)

* P< 0-05; **P< 001; *** P< 0001.
Bipolar I did not differ From Bipolar II on any comparison,

Effects of medications

The results of one-way analysts of variance
using only drug-free subjects in each group are
given in Tables 10a and 10b (drug-free being
defined as a period of at least one week since the
last dose of oral psychotropic medication -
either neuroleptics, tricyclic antidepressants,
benzodiazepines or lithium-and at least 3
months since the last dose ofdepot psychotropic
medication), P3 latency significantly differed
between the drug-free groups (F(336) = 25-15: P
< 0 001), with schizophrenics having later P3
waves than controls, major depressives and non-
psychotic disorders (P < 0-001 in each case) and
bipolars having later P3 waves than controls (P
< 0-0001) or major depressives (P < 0-05). Simi¬
larly, P3 amplitude differed between groups
(F(336) = 20-48; P< 00001). Normal controls
had larger amplitude P3 waves than schizo¬
phrenics or bipolars (P < 0-001 > or major de¬
pressives (P < 0 05). The non-psychotic psy¬
chiatric disordered group also had a larger P3
wave than schizophrenics (P < 0-01).

Among the other ERP measures only N2
latency differed between groups (F(305) = 13-23;

P < 0-0001) with schizophrenics having later N2
waves than controls (P < 0-001) or the non-psy¬
chotic group (P < 0-01) and bipolars having
later waves than controls (P < 0-05).

When drug-free cases within each group were
compared separately against those on neuro¬
leptics, tricyclic antidepressants, or (bipolars)
lithium, using t tests no ERP differences could
be found. The number of subjects on benzo¬
diazepines was loo small to be validly analysed
in this manner.

Sex differences

No differences in ERP measures could be found
between males and females in our normal control
group of subjects.

DISCUSSION

The major findings of the present study relate to
the P3 wave. The latency was very significantly
prolonged in Schizophrenics and bipolars when
compared to any other group. In particular,
both schizophrenics and bipolars had much
later P3 waves than major depressed subjects,
who had very similar P3 latencies to controls
and non-psychotic psychiatric disorders. In 212
normal control subjects whose P3 was measur¬
able (one subject in the total group of 213 had an
unreadable P3) only 3-8% (8/212) had P3 waves
longer than 346 ms which is 2 standard de¬
viations from the group mean. However 39-4%
(37/94) of schizophrenics and 39-8 % (33/83) of
bipolars had P3 latencies greater than this value.
No subject with major depression had a P3
latency greater than 345 ms.

The picture is rather different with respect to
P3 amplitude, which did not differ between the
major affective disorders. Schizophrenics and
both bipolars and unipolars had lower amplitude
waves than the normal controls.

The differences in P3 latency between di¬
agnostic groups was not an effect of psychotropic
medication as it persisted when only drug-free
subjects were examined. Nor did subdivision of
the affective disorders by clinical type (bipolar I
v. bipolar II) or clinical state at the time of
testing (based on Hamilton rating scores and
RDC definition of mania/hypomania) reveal
any differences within the affective disorders.
The results are in keeping with and complement
a previous longitudinal study (Blackwood el al.
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Table 10a. ERP latencies (ms+S.D. (N)) of drug-free subject by group

(Comparisons by SchefTe's procedure following ANOVA.)

N1 P2 N2 i'3

Controls
Schizophrenia
Major depressive disorder
Bipolar disorder
Non-psychotic disorders
N1
P2
N2

92+ 12 (211)
94 +10(46)
95 + 11 (35)
98 + 12 (27)
97 ±26 (20)

168 ± 19 (210)
164 1; 15 (46)
160+ 16 (35)
1644 30 (27)
161 ±26 (20)

212 + 21 (191)
240 4.35 (42)
222 ±22 (32)

23 ±35 (26)
212 r 18 (15)

No significant differences
No significant di(Terences
Schizophrenia > Controls
Schizophrenia > Nan-psychotic disorders
Bipainrs > ConI rols
Schizophrenia > Controls
Schizophrenia > Major depressive^
Schizophrenia > Nan-psychotic disorders
Bipolars > Controls
Bipolars > Major depressive*

301 ±23(212)
340± 37 (44)
302+19(35)
326 ±33 (26)
306 + 23(20)

P < 0-001
Z3 < 0-01
P< 0-05
P < 0-001
P < o-oot
^ < 0001
/»<0-001
P < 0-05

Table 10 b. ERP amplitudes (/'V ± s.D. (A/)) of drug-free subject by group

(Comparisons by Scheffe's procedure following A NOVA.)
N1 P2 N2 P3

Controls

Schizophrenia
Major depressive disorder
Birpolur disorder
Non-psychotic disorders
N1
P2
N2
P3

3-4+1-8 (211)
3-0 +1-9 (46)
3-5 + 3-5(35)
3-6 +2-8 (27)
3-6 ± 1-7 (20)

4 0 ±1-7 (210)
3-2 +1-4 (46)
3-84-1-8(35)
3-2 ± 1-6 (27)
3-4±l-7 (20)

3-6 + 2-4 (169)
2-6 +1-5 (38)
3-1 ±2-8 (31)
4-2+2-7 (22)
3-1 ±1-9(15)

No significant differences
No significant differences
No significant differences
Schizophrenia < Controls
Bipolars < Controls
Schizophrenia < Non-psychotic disorders
Major Pepressivcs < Controls

9-8 ±2-9 (212)
6-0 + 2-8 (44)
80 + 303 (35)
6-5+2-7 (26)
9-1 I 3-5 (20)

/'< 0001
P < 0-001
f «001
P < 0-05

1987) and indicate a refractoriness of P3 latency
change to the patient's medication status or
current mood state.

P3 latency is delayed in both schisophrenics
and bipolars in contrast to unipolar affective
disorder. This provides psychophysiological
support to the clinical distinction between
bipolar and unipolar forms of depression, a
concept which is further strengthened by the
latest family studies on affective disorder
(Andreasen et al. 1987). There is no evidence to
suggest a physiological dichotomy between
bipolar 1 and II subtypes.

The methods used in our study have the
advantage of being simple, easy to use and well
tolerated by patients showing a wide variety of
clinical stales including those who were very
disturbed. However, it does limit the psycho¬
logical and physiological interpretation of the

results to the empirical. It is appreciated that a
single midline electrode cannot distinguish be¬
tween the P3a and P3b components of the P3
(Squires et al. 1975) and it is possible that
absence of the earlier component could lead
to the apparent delay found in the present study.
A change in the slow wave component of the P3
(Sutton and Ruehkin, 1984) could also lead to
the P3 latency shifts, and would not be apparent
with the narrow filter bandpass that was chosen.
Another major source of artefact could be
potentials produced by eye movements and in
particular eye bli nks, and the effects of these and
subcomponents of the P3 are being examined in
an ongoing study using multichannel recording
techniques. These effects would not change the
main feature of the study which is that the test
(as we have recorded it) clearly distinguishes
between patient groups.
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The finding that the P3 latency shift is near
identical in schizophrenia and bipolar illness
could be interpreted in three ways.

(1) There is a continuum of the psychoses
(Crow. 1986). between schizophrenia and bi-
polars. Our data however would not support a
continuum between bipolar and unipolar illness.

(2) This could be due to state dependent or
drug effects not yet identified.

(3) Schizophrenia and bipolar illness could
share some common pathology that modulates
of modifies P3 generation. Recent (and con¬
troversial) post-mortem anatomical studies have
revealed possible structural changes in the
hippocampus and para-hippocampal gyrus in
the brains of schizophrenics (Bogerts et al, 1985;
Falkai & Bogerts, 1986). It is tempting to
speculate that the P3 changes are in some way
related to structural changes in these areas.
However, the earlier evidence that the P3 was
generated in these areas (Halgren et al. 1974:
McCarthy el al. 1982; Okada et al. 1983) has
been contradicted by more recent studies
(Johnson & Fcdio, 1984; Siapleton et al. 1987)
which show an intact scalp-recorded P3 after
unilateral temporal lobe ablations. Further, to
our knowledge, no pathological studies have as
yet investigated these areas in bipolar subjects,
and a common physiological denominator does
not in any way imply a common aetiology for
these disorders.

Latency shifts in the P3 wave could obviously
serve as a useful biological marker for schizo¬
phrenia and bipolar disorder, and studies investi¬
gating its relationship to other putative markers
(eye tracking dysfunction) and its utility in
defining phenotypes in linkage analysis of
schizophrenic pedigrees are currently underway.
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Abstract. We describe the generation of large-fragment mi-
croclone libraries from the chromosomal breakpoint of a recip¬
rocal balanced translocation linked to schizophrenia. The ab¬
normality was visible under the phase-contrast microscope,
allowing direct dissection from unstained, unhanded meta-
phases. Two separate microdissection experiments yielded 443
and 672 recombinants, respectively. Following complete EcuRI
digestion, inserts with an average size of 0.3 kb (range. 0.2-3 kb)

were obtained in the first experiment and 1.5 kb (range, 0.15-
6.5 kb) in the second. FISH analysis of pooled clones "painted"
back onto the derivative chromosome and assignment of mi-
croclones to somatic cell hybrids confirmed the fidelity of the
method. Microdissection of chromosome regions identified by
karyotype rearrangements in unstained, unhanded metaphascs
is a potentially powerful tool for positional cloning.

Schizophrenia affects nearly 1 % of the general population.
In many cases, it is a lifelong illness, and sometimes it is fatal.
Despite extensive research, however, knowledge of its aetiology
is still very limited. The only factor consistently found to play a
role in a large proportion of the major psychotic illnesses is
inheritance, with family, twin, and adoption studies all verify¬
ing the importance of heredity (Kety et al„ 1968; Gottcsman
and Shields, 1982; Kendler and Gruenberg. 1984). The identi¬
fication of the gene(s) involved in the generation of schizophre¬
nia, as well as other psychoses, would greatly increase our
understanding of these highly complex conditions, with their
associated problems of heterogeneity, incomplete penetrance,
and phenotypic uncertainty. To circumvent such difficulties,
we have combined two separate approaches. Firstly, very large
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single kindreds with the power to detect linkage in their own

right have been recruited. Secondly, a specific search for cyto¬
genetic abnormalities that are concomitant with mental illness
has been undertaken.

Of the major inherited illnesses, only a minority have been
cloned without the assistance of an existing cytogenetic abnor¬
mality that disrupts the genetic. locus involved. We have
reported a balanced reciprocal translocation, t( I; 11 )(cj42.2;
q21), which shows significant linkage to schizophrenia and oth¬
er major psychiatric disorders in a large Scottish pedigree (St.
Clair et al., 1990). To date, this is the only cytogenetic abnor¬
mality that has been convincingly linked to functional mental
illness. In addition, all of the cases of severe psychiatric illness,
including schizophrenia and major depression, have carrier sta¬
tus, generating a lod score ofover 4, This highly significant link¬
age gives weight to the hypothesis that a susceptibility gene near
one, or both, of the translocation breakpoints has been dis¬
rupted. Two other translocations reported to associate with
psychiatric illness have breakpoints on the long arm of chromo¬
some 11 (Smith et al., 1989; Holland and Gosden, 1990), sug¬
gesting that this chromosome should be the focus of our study.
In addition, the genetic locus for the enzyme tyrosinase is in
close proximity to the breakpoint on chromosome 11, and an

association between albinism and schizophrenia has been re¬

ported (Baron, 1976; Clarke and Buckley, 1989).

© 1995 S. Karger AG, Basel
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After the exclusion of other candidate loci, tyrosinase and
an anonymous probe, D1IS388 (CJ52.4), were established as
flanking markers of the chromosome 11 translocation break¬
point. This was determined, firstly, by fluorescence in situ
hybridisation (FTSH) onto metaphases made from transloca¬
tion carriers and, secondly, by marker analysis of a set ofsomat¬
ic cell hybrids that define a series of intervals on the long arm of
chromosome 11 (Fletcher ct al., 1993). However, as the interval
between the gene for tyrosinase and D11S388 is estimated to be
7.8 cM (NIH/CEPH Collaborative Mapping Group, 1992).
many more markers in the intervening region will be required
before a physical map can be generated.

To obtain these markers, a microdissection and microclon-
ing approach was adopted. This technique relies on the ability
to visualise the chromosomal abnormality under high-powered
phase-contrast microscopy. Two separate microdissection ex¬
periments were carried out. In each. 160 fragments derived
from the translocation breakpoint region were microdissected.
digested to completion with EVoRI, and cloned into lambda
vectors. The first microdissection experiment yielded a total of
over 400 recombinant clones with an average insert size of 0.3
kb. The second experiment resulted in a larger set of clones
(over 600 recombinants) with a far greater average insert size
(1.5 kb). The inserts were individually amplified, by the poly¬
merase chain reaction (PCR), using primers directed at vector
sequences. The cumulative size of the inserts of both libraries
(ignoring redundancy) was greater than 1 Mb. The mieroclon-
ing technique described here thus yields a much larger average
clone size than that obtained by microdissection of stained and
banded preparations (Liidecke et al., 1989; Senger et al., 1990)
and resembles the yields obtained by comparable microcloning
approaches (Weith et al., 1987; Martinsson et al., 1989; Weber
et al., 1990; Tonjes et al., 1991).

Materials and methods

Microdissection and microcloning
The microdissection method is a development ofScalenghc ct al. (1981)

and Pirotta et al. (1983). A description of the modified technique is reported
by Martinsson ct al. (1989), and a more detailed description of the method is
given by Weith (1994).

Fresh venous blood was obtained from a male t(l;l 1) translocation car¬
rier. The subject suffers from severe chronic schizophrenia, meeting all the
DSM-IIIR criteria for the disorder, and has been hospitalised continuously
for many years. Microdissection was carried out on blood cultures that had
been set up using a method modified from that ofGosden ct al. (1992), incor¬
porating a high concentration of phytohaimagglutinin to maximise the mitot¬
ic index. After culture and hypotonic treatment, care was taken to reduce the
exposure to acid fixative as far as possible. The cells were fixed briefly by
successive treatment with 9:1. 7:1, 5:1, and 3:1 methanokacctic acid, then
immediately spread onto cover slips, yielding 300-450 well-spread meta¬
phases per cover slip.

The cover slips were air dried, dehydrated rapidly in 70% and 100%
ethanol, treated with three further washes with 100% ethanol, air dried, and
mounted in the microdissection chamber, which was filled with paraffin oil.
The time between making the cytological preparations and beginning the
microdissection was between 10 and 15 ntin for the first microdissection and
less than 10 min for the second. The second microdissection was started
within 20 min of the cells being placed in the 3:1 fixative: the delay in the first
experiment was somewhat longer.

To minimise the chance of culling other chromosomes in error, only
metaphases identified by two cytogeneticists as containing one normal and
one translocation chromosome 1 and two each ofchromosomes 2 and 3 were

selected for microdissection. Further, the derivative chromosome 1 had to be
well spaced from its neighbours, be clearly identifiable on the basis of its
arm-length ratio, and have a visible "discontinuity" at the translocation
breakpoint (Fig. I).

The translocation breakpoint was identified unequivocally in 160 meta¬
phases, and the translocation breakpoint region was cut with a micromanipu-
lator-guided glass microneedle. Dissected chromatin fragments were col¬
lected in a minute hanging droplet of GP buffer (I volume of 50 mM
NaiHPO., plus 50 mM K.H2PO4, pH 6.8, to 4 volumes of sterile 87% glycer¬
ol). The complete set of collected fragments were transferred to a 0.6-nl drop¬
let of DNA extraction buffer (10 mM Tris-HCl [pH 7,6], I mM EDTA, 1 %
lauroylsarcosine.and 500 pg/ml proteinase K)and incubated at 50 °C for2h.
After phenol extraction of the buffer droplet (Martinsson ct al., 1989; Wcith,
1994), 0.4 nl offroRI restriction enzyme stock solution was added, and the
droplet was incubated at 37 °C for 2 h, followed by a second phenol extrac¬
tion. The resulting EcoRI fragments were ligated into E'coRI-digested
dephosphorylated aNMI 149 (Murray, 1983) vector arms at 8°C for 16 h.
Ligatcd fragments were then packaged in vitro and used to infect C6OO/1//
host bacteria (see Wcith, 1994).

The subsequent plating of the library followed standard macroscopic
methods and yielded 443 and 672 recombinant plaques from the first and
second microdissections, respectively. (A control drop, not containing any
chromosomal fragments, that was processed in parallel gave a spontaneous
clear plaque number of 5 on plating.) To amplify the library, phages were
regrown (at 370 C for 12 h) as batches of 10 picked onto L-agar plates over¬
laid with 100 pi of the C600/t//-host bacteria in 3 ml of top agar. Clear
plaques were picked individually into microfuge tubes containing 500 pi of
SM, and 50 pi of chloroform was added.
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PCR amplification oflysates
Aliquots( 1 pi) of individual clones were amplified by PCR using oligonu¬

cleotide primers Hanking the EcoRl insert site of the XNM i 149 phage. The
PCR conditions (50 jil reaction) were: 5 pi PCR buffer (Tag DNA poly¬
merase 10 x buffer, Mg2' free; Promega); 0.25 pi Taq polymerase (Promega);
3 pi 25 mM MgClo (Promega); 5 pi 2 mM dNTP; 1 pi 300 ng/pl primer A;
1 pi 300 ng/pl primer B; 33.75 pi dHiO; 1 pi plaque solution. PCR program
settings (annealing, denaturation, and extension) were: (1) one cycle consist¬
ing of 95° C for 1 mill, 56 °C for 1 min, and 73 °C for 3.5 min; (2) nine cycles
consisting of 95 °C for 40 s, 56°C for 1 min, and 73°C for 3.5 min; (3) ten
cycles consisting of 95°C for 40 s. 56°C for I min, and 73°C for 4.5 min;
(4) nine cycles consisting of 950 C for 40 s, 560 C for I min, and 73 ° C for 6.5
min; and (5) one cycle consisting of 95 °C for 40 s. 56 °C for 1 min, and 73 °C
for 10 min.

Primer set 1 consisted of primer A, 5'-TGAGCAAGTTCAGCCTGGT-
3'. and primer B, 5'-ATGAGTATTTCTTCCAGGGT-3'. The corresponding
primers in primer set 2 were primer A, 5'-AAGTTCAGCCTGCTTAAG-3/.
and primer B, 5'-TTGCTTTTTACCCTGGAAGA-3'.

The majority of inserts were amplified using primer set 1. One hundred
and twenty inserts that failed to amplify with these primers were amplified
with oligonucleotides (primer set 2) for sequences internal to those hybrid¬
ised by primer set 1. Of these inserts, 23 were over 4 kb, 27 over 3 kb, and 11
over 2 kb in length. Clones were sized on 0.8 % agarose gels against a lambda
HindUl marker (Fig. 3). Filters from Southern blots of these gels were
screened with [32P]CTP-labelled Cot-1 DNA (first library) or total human
DNA (second library) to identify recombinants which were substantially free
of repeat sequences (see Table I). The filters were prehybridised for 4 h with a
hybridisation mixture (5 * SSC, 0.1 % PPi, 0.1 % SDS, 5 x Denhardfs solu¬
tion, and 10% dextran sulphate) and 100 pg/ml sonicated salmon sperm
DNA at 68 °C. Total human DNA (100 ng) was labelled with [HP]CTP by
the random priming method and then incubated at 37 °C for 45 min. The
labelled probe was separated from the unincorporated [32P]CTP by passage
through a Sephadex G10 column.

The filters were hybridised with probe overnight and washed three times
(15 min each) in 1 x SSC, 0.1 %SDSat62°C, before an overnight autoradio-
graph with an intensifying screen. Filters were subsequently stripped and
probed with a (GT)25 probe to identify dinucleotide repeat sequences by the
same method, except that the posthybridisation washes were done at 50 °C.
The (GT)25 probe was T4 polynucleotide kinase labelled with [y-,2P]dATP.

FISH lo meiaphase spreads
For each library all microdissection clones were pooled together, ampli¬

fied, and labelled with biotin. This was carried out by a PCR reaction, using
primer set 1, in which 25 % ofdTTP was replaced with biotin-11-dUTP (Sig¬
ma). The PCR product was purified by gel filtration through nick columns
(Pharmacia) and hybridised, after exposure to human Cot-1 DNA repeat
sequences, to metaphase spreads from a translocation carrier, as described
previously (Fantes et al., 1992). A 200-ng amount of labelled probe and 10 pg
of Cot-1 DNA were used for each slide. Hybridisation signals were detected
by alternating layers of avidin-FITC, biotinylated anti-avidin, and avidin-
FITC. The slides were counterstained with propidium iodide and DAPI to
produce an R-banded propidium iodide pattern. Images were obtained and
analysed with a Biorad MRC scanning confocal microscope.

Results

Chromosome morphology
Figure 1 shows that the translocation breakpoint on the

derivative chromosome 1 is visible as an apparent discontinui¬
ty on the long arm. The shape of this discontinuity was suffi¬
ciently constant across metaphases to be used as a landmark.
Dislally. the telomcric ends of the chromosome 11 translocated
fragment often turned to appose each other, appearing like a
sugar tong. The position of the translocation breakpoint can be
gauged with respect to the high-resolution banded preparation
from the same carrier shown alongside the ideogram of the
derivative chromosome 1 (Fig. 2).

Table I. Size distribution of clones from the first and second microdissec¬
tion libraries'1

Insert size Number Number ofclones positive
(kb) ofclones for Cot-1 DNA

First library <0.2 266 12
<0.5 105 7

<1.0 52 12
>1.0 20 8

Total 443 39

Insert size Number Number of clones positive
(kb) ofclones for total human DNA

Second library <0.5 36 26

(304/672 clones) <2.0 62 34
<1.0 50 23
<3.0 88 65
2:4.0 68 36

Total 304 184

11 The repeal numbers are for hybridisation with Cot-1 DNA Ibr the first library
and total human DNA for the second. Two clones in the first library (with insert
lengths of 1.5 and 3 kb) and five clones in the second library (with insert lengths of 1.5
[three clones], 2, and 1 kb) hybridised with a.(GTfes dinucleotide repeat probe.

Microchne libraries
The first and second microdissection and microcloning

experiments yielded 443 and 672 recombinant clones, respec¬
tively. which were picked individually and screened for repeat
sequences.

All inserts were amplified directly by PCR. All the clones in
the first library and 304 of the 672 clones in the second library
were run against size markers to give an estimate of the distri¬
bution of insert sizes (Table I). The inserts in the first library
ranged in size from 200 bp to 3 kb. with an average of 300 bp.
and in the second library from 150 bp to 6.5 kb, with an average
of 1.5 kb. If redundancy and the possibility of chimeric clones
are ignored in the first instance, then the total area covered by
the first library is a minimum of 130 kb and by the subset of the
second library is a minimum of 450 kb. When the total number
of clones from the second library arc taken into account, then,
by extrapolation, the area covered is close to I Mb. Two clones
in the first library and five in the second hybridised with a

(GT)j5 dinucleotide repeat probe (see footnote to Table I).

Chromosomal and regional assignment ofindividual clones
A set of the repeat-free microdissection clones were hybrid¬

ised to Southern blots of a set of somatic cell hybrid DNAs that
define a series of intervals on chromosome 11. together with an
additional hybrid containing the derivative chromosome 1
(Fletcher et al., 1993). Figure 3 shows representative results
with a probe assignment to chromosomes I and 11. We chose
initially to analyse clones from the second library, with its larg¬
er average insert size. Of 86 repeat-free clones analysed, 49
were assigned to chromosome 11 and 37 to chromosome I. The
chromosome 11 hybrid panel (with the addition of a further
human chromosome 11 fragment-containing hybrid PJ48
[Evans ct al.. manuscript submitted for publication]) placed 10
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Fig. 2. The normal and derivative chromosomes l in ideogram format
(left) and in a high-resolution banded preparation from the translocation car¬
rier (right).

clones between the gene for tyrosinase and Dl 1S388, our pre¬
vious flanking markers. Eleven further clones mapped either in
an interval just proximal or just distal to Dl 1S388. The num¬
bers of clones assigned to either chromosome l or 11 were

approximately equal and, therefore, give independent confir¬
mation of the fidelity of the microdissection, while indicating
the utility of the inserts as molecular probes.

In situ hybridisation
Two FISH chromosome painting experiments were carried

out. All microdissection clones pertaining to each library were

pooled together and labelled with biotin during the PCR (see
above). The labelled clones from each library were separately
hybridised to metaphase spreads made from lymphoblastoid
cell lines derived from a second schizophrenic subject from the
same family who also carried the translocation. (Figure 4 shows
the result using the first library; the result using the second
library was very similar.) The fidelity of both the microdissec-

Fig. 3. Autoradiographs after hybridisation of a -,2P-Iabelled probe to fil¬
ter-bound DNA from human x rodent somatic hybrid cell lines, X-irradia-
tion hybrids, and hybrids containing defined translocations. M 1S7.4 contains
the derivative chromosome l segregated from a t(l;ll)(q42.2;q2l) carrier,
and CF52 contains a t(l I;I6)(q13;pl l) translocation breakpoint. E67.4 is a
HRASI-GMGT hybrid, and the WJX scries are radiation-reduced hybrids
derived from J I, a human chromosome I l-only hamster hybrid. All retain
one or more subfragmcnts of human chromosome 11, but only MIS7.4 also
contains a subfragment of human chromosome l. (a) Autoradiograph show¬
ing a l.2-kb single-copy clone that hybridises only with DNA from the
human chromosome i-containing cell line, (b) Autoradiograph showing a
2-kb single-copy clone that hybridises to DNA from several human chromo¬
some l l-containing cell lines. Full details of this mapping panel have been
given previously (Fletcher et al., 1993).

Fig. 4. In situ localisation ofpooled microdissection clones from the first
microdissection experiment (see text), hybridised to metaphases from a lym¬
phoblastoid cell line of a second translocation carrier (who also has schizo¬
phrenia). Hybridisation and detection are as described in the Materials and
methods. The yellow fluorescent signal is confined to the normal chromosome
11 and the two abnormal derivative chromosomes. The result from the second
microdissection experiment was very similar, with yellow fluorescence again
confined to the normal 11 and the two derivative chromosomes.
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tions to the breakpoint region was confirmed, with the fluores¬
cent signal almost entirely confined to the breakpoint region on
the derivative chromosome 1 and to the corresponding regions
of the normal chromosomes 1 and 11, at bands lq42.2 and
1 lq21. A very slight amount of fluorescence was also apparent
on chromosome 2q. The latter signal may have arisen by mis-
classification of the long arm of chromosome 2 as a derivative
chromosome 1 or, perhaps less likely, by cross-hybridisation of
the chromosome lq or 1 lq fragments.

Discussion

The results of the present study demonstrate that a direct
microdissection and microcloning method can be applied to
the analysis of karyotypic abnormalities, such as the reciprocal
translocation that we have shown in previous work (St. Clair et
al., 1990) to be associated with psychiatric illness. Transloca¬
tions or other structural chromosomal abnormalities that arc

visible under phase-contrast microscopy arc extremely useful
in identifying chromosomes in unstained mctaphase prepara¬
tions. If they can be shown to cosegregate with illness, as in the
present case, then it seems reasonable to assume that they may
disrupt a susceptibility gene, and the chromosomal abnormali¬
ties themselves become the immediate target of analysis.

Metaphase preparations from cultures of fresh blood from a
translocation carrier suffering from schizophrenia were there¬
fore used in two separate microdissection experiments. The
important features of the resulting microclone libraries are
their total length, their faithfulness to the derivative chromo¬
some 1, and that they provide a source ofclones that map closer
to the translocation breakpoint than the previously established
flanking markers, tyrosinase and D11S388. If the inserts from
all single-copy and repeat-containing clones from both experi¬
ments are pooled, then the total length of DNA approaches 1
Mb, representing nearly 1/30 of the area dissected, although
this figure could be decreased by redundancy and clones mis¬
takenly dissected from other sources than the translocation.The
fidelity of the libraries to the translocation breakpoints is
shown by the results of FISH, with very little fluorescence
appearing on the other chromosomes. However, there is still
the possibility that a significant number of clones that do not
map to the translocation region are not revealed by FISH. The
genetic distance, 7.8 cM, between the previously established
closest markers to the translocation represents a relatively large
physical distance of around 7.8 Mb. The preliminary mapping
results showing that the method provides markers closer to the
translocation breakpoint on chromosome 11 means that they
will be useful for positional cloning of the postulated aberrant
gene.

The reason for the shorter fragment lengths in the first
experiment is not fully clear, but it is possible that the longer
exposure time to acid fixative and the more prolonged air-dry¬
ing time may have played a part. The risk of acid-mediated
DNA depurination during this procedure has been suggested as
a possible variable in final insert size (Ponelies et al., 1989;
Weber et al., 1990; Lillington et al., 1992), as has the ageing of
preparations upon air drying (Lillington et al., 1992). The aver¬

age insert size of the second library is close to that of others
generated by the same method (Weith et al., 1987; Martinsson
etal., 1989; Weber etal., 1990; Tonjes et al., 1991).

The modified microdissection technique as applied here
yields much larger average insert sizes than methods that use
stained, banded chromosomes and PCR amplification prior to
cloning. Indeed, the clone size obtained by the method used
here is closer to the size expected by complete enzyme digestion
without degradation. The average size of inserts in the second
library is only marginally smaller than that expected (around
3.5 kb) for genuine TvcoRI fragments, suggesting that there is
minimal fragment degradation. The range of sizes of inserts is
wide, although the maximum insert size of 11 kb clonable in
the7.NMl 149 vector has not been obtained in any of the clones.
The clone yield of methods using PCR amplification prior to
cloning is higher, but due to the PCR technique, the mean
insert size is much smaller. Liidccke et al. (1989) obtained a
mean insert size of 150 bp after PCR amplification of clones
cut with Rsal (which should yield a mean size of 459 bp) and
attributed this to preferential amplification of small inserts.
Similarly, Buiting et al. (1990) obtained a mean insert size of
217 bp using the same method.

In addition to their relevance to the study of the transloca¬
tion associated with schizophrenia, the microdissection librar¬
ies may serve other functions. From the FISH painting it can be
estimated that the microclones are distributed over an interval
of about 30 cM. Thus, as well as targeting the breakpoint itself,
the microclones could assist in delineating other regions of neu-

rodevelopmental importance on chromosomes 1 and 11. For
instance, it has already been shown that OMP, a candidate for
one type of Usher syndrome, lies proximal to the breakpoint
(Evans et al., 1993), and it is of interest that the gene for Usher
syndrome type II is close to the lq breakpoint (Kimberling et
al., 1990). In this regard, it is of further interest that a family
has recently been identified in which various ophthalmic and
audiological features seem to coassociate with both schizophre¬
nia and borderline mental impairment (Sharp et al.. manu¬

script submitted for publication). Thus, physical mapping of
the area using the microclone markers should help define the
interrelations ofa number of important genes involved in brain
development and function.

The study of karyotypic abnormalities that cosegregate with
psychiatric disorders helps circumvent many of the problems
that have beset other approaches to gene identification in men¬
tal illness. Linkage analysis has not yielded consistent results,
either for manic depressive illness, with failure to replicate link¬
age reports on 1 lp found in an Amish pedigree (Egeland et al„
1987; Kelsoe et al., 1989), or for schizophrenia, with no linkage
to 5q ever being established after an initial, strongly positive
finding (Kennedy et al., 1988; Sherrington et al., 1988; Detera-
Wadleigh et al., 1989; St. Clair et al., 1989; Aschauer et al.,
1990; McGuffin et al., 1990). In fact, the small to moderate size
of the pedigrees used in most of these studies would make
detection of linkage difficult ifany degree ofheterogeneity were
present. The strong linkage to the karyotype abnormality in the
present pedigree thus assumes great importance, and might for
the first time provide an understanding of the genesis of a psy¬
chotic phenotype. Further, we would suggest that the advan-
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tages. as described above, of the present microdissection tech¬
nique as a means of studying the abnormality far outweigh the
disadvantages of requiring a source of fresh venous blood from
a carrier and the greater technical difficulty and labour-inten¬
sive nature of this strategy.

Finally, the microclone libraries will now be used in con¬

junction with other methods in the positional cloning of the
disrupted gene. Their regional localisation to somatic cell
hybrid panels will be established, they will be used to generate
polymorphic markers of known physical location for high-reso¬
lution linkage analysis, and directly as probes for long-range
physical mapping by PFGE analysis, and in the isolation of

YAC recombinant clones for the region. They will also serve as
a suitable templates for integration of cDNAs in the selective
search for candidate genes by coincident sequence cloning
(Brookes and Porteous, 1992).

Acknowledgements

The authors would like to thank Mrs. Catherine Davidson and Ms. Marie
Robertson for making the preparations for the phase-contrast microphoto-
graphs, and to Prof. H. John Evans, Director of the MRC Human Genetics
Unit, for his continuous support of this project.

References

Aschauer H, Aschauer-Trieber G, Isenbcrg KE, Todd
RD, Knesevich MA, Garver DL, Reich T, Clonin-
ger CR: No evidence for linkage between chromo¬
some 5 markers and schizophrenia. Hum Hered
40:109-115(1990).

Baron M: Albinism and schizophreniform psychosis: a
pedigree study. Am J Psychiat 133:1070-1073
(1976).

Brookes AJ, Porteous DJ: Coincident sequence cloning:
a new approach to genome analysis. Trends Bio-
tcchnol 10:40-44(1992).

Buiting K, Neumann M, Ludecke H-J, Senger G,
Claussen IJ, Antich J. Passarge E, Horsthemke B:
Microdissection of the Prader-Willi syndrome
chromosome region and identification of potential
gene sequences. Genomics 6:521-527 (1990).

Clarke DJ, Buckley ME: Familial association of albin¬
ism and schizophrenia. Br J Psychiat 155:551-553
(1989).

Detera-Wadleigh SD. Goldin LR, Sherrington R, Encio
I, DeMiguel C, Berrettini W. Gurling H. Gershon
ES: Exclusion of linkage to 5q 11-1-3 in families
with schizophrenia and other psychiatric disor¬
ders. Nature 340:391-393 (1989).

F.geland J A, Gerhard DS, Pauls DL, Sussex JN, Kidd
KK, Allen CR, Hostetter AM, Housman DE: Bipo¬
lar affective disorder linked to DNA markers on

chromosome 11. Nature 325:783-787 (1987).
Evans KL, Fantes J, Simpson C, Arvelier B, Muir W,

Fletcher J, Van Heyningen V, Steel KP, Brown
KA. Brown SDM. St. Clair D, Porteous DJ: Hu¬
man olfactory marker protein maps close to tyrosi¬
nase and is a candidate gene for Usher syndrome
type I. Hum molec Genet 2:115-118(1993).

Fantes JA. Bickmore WA, Fletcher JM, Ballesta F,
Hanson IM, van Heyningen V: Submicroscopic
deletions at the WAGR locus revealed by non¬
radioactive in situ hybridisation. Am J hum Genet
51:1286-1294(1992).

Fletcher JM. Evans K, Baillie D, Byrd P, Hanratty D,
Leach S, Julier C, Gosdcn JR. Muir W. Porteous
DJ, St. Clair D. Van Heyningen V: Schizophrenia-
associated chromosome 1 lq21 translocation: iden¬
tification of flanking markers and development of
chromosome 1 lq fragment hybrids as cloning and
mapping resources. Am J hum Genet 52:478-490
(1993).

Gosden CM, Davidson C, Robertson M: Lymphocyte
culture, in Roonev DE, Czepulkowski BH (eds):
Human Cytogenetics: A Practical Approach. 2nd
Edition. Vol 1. pp 31-54 (IRL Press, Oxford
1992).

Gottesman II. Shields J: Schizophrenia: The Epigcnctic
Puzzle (Cambridge University Press, Cambridge
1982).

Holland AJ, Gosdcn CM: A balanced chromosomal
translocation partially co-segregating with psychot¬
ic illness in a family. Psychiat Res 32:1-8 (1990).

Kelsoe JR. Ginns EI. Egeland J A, Gerhard DS. Gold¬
stein AM, Bale SJ, Pauls DL, Long RT, Kidd KK,
Conte G, Housman DE, Paul SM: Re-evaluation of
the linkage relationship between chromosome 11
loci and the gene for bipolar affective disorder in
the Old Order Amish. Nature 342:238-243
(1989).

Kendler KS, Gruenberg AM: An independent analysis
of the Copenhagen sample of the Danish adoption
study. VI. The pattern of psychiatric illness as
defined by DSM-1II in adoptees and relatives. Arch
Gen Psychiat 41:555-564(1984).

Kennedy JL, GuilTra LA, Moises HW, Cavalli-Sforza
LL, Paktis AJ, Kidd JR. Casiglione CM, Sjogren B.
Wetterberg L, Kidd KK: Evidence against linkage
of schizophrenia to markers on chromosome 5 in a
northern Swedish pedigree. Nature 336:167-179
(1988).

Kety S, Rosenthal D. Wender P, Schulsinger F: The
type and prevalence of mental illness in the biologi¬
cal and adoptive families of adopted schizophren¬
ics. in Rosenthal D, Kety S (eds): The Transmis¬
sion of Schizophrenia, pp 345-362 (Pergamon
Press, Oxford 1968).

Kimberling WJ, Weston MD, Moller C, Davenport SL,
Shugart YY, Priluck TA, Martini A, Milani M.
Smith RJ: Localization of the Usher syndrome
type II to chromosome lq. Genomics 7:245-249
(1990).

Lillington DM, Cotter FE. Riddle PN: Microdissection
of human mctaphase chromosomes, in Rooney
DE, Czepulkowski BH (eds): Human Cytogenetics:
A Practical Approach, Vol 2. pp 253-269 (IRL
Press. Oxford 1992).

I.iidecke H-J. Senger G, Claussen U, Horsemthke B:
Cloning defined regions of the human genome by
microdissection of banded chromosomes and

enzymatic amplification. Nature 338:348-350
(1989).

Martinsson T, Weith A, Cziepluch C, Schwab M: Chro¬
mosome I deletions in human neuroblastoma: gen¬
eration and fine mapping of microclones from the
distal lp region. Genes Chrom Cancer 1:67-78
(1989).

McGuffin P, Sargeanl M. Hctti G, Tidinarsh S. What-
ley S, Marchbanks RM: Exclusion of a schizophre¬
nia susceptibility gene from chromosome 5ql 1 ->
<113 region: new data and a reanalysis of previous
reports. Am J hum Genet 47:524-535 (1990).

Murray N: in Hendrix RW, Roberts JW, Stahl FW,
Weisberg RA (eds): Lambda II. pp 395-432 (Cold
Spring Harbor Laboratory Press, Cold Spring Har¬
bor 1983).

NIH/CF.PH Collaborative Mapping Group: A compre¬
hensive genetic linkage map of the human genome.
Science 258:67-87 (1992).

Pirotta V, Jackie H, Edstrom J-E: Microcloning of
microdissectcd chromosome fragments. Genet En¬
gineer 5:1-17 (1983).

Ponelies N. Bautz EK. Monayembashi S, Wolfrum J.
Greulich KO: Telomeric sequences derived from
laser-microdissected polytene chromosomes.
Chromosoma 98:351—357 (1989).

St. Clair D, Blackwood D, Muir W, Baillie D. Hubbard
A, Wright A, Evans I IJ: No linkage to chromosome
5qll ->ql3 markers to schizophrenia in Scottish
families. Nature 339:305-309 (1989).

St. Clair D, Blackwood D, Muir W, Carothers A, Walk¬
er M, Spowart G, Gosdcn C, Evans HJ: Associa¬
tion within a family of a balanced autosomal trans¬
location with major mental illness. Lancet 336:13-
16(1990).

Scalenghe F, Turco E, Edstrom JE, Pirrotta V, Melli M:
Microdissection and cloning of DNA from a spe¬
cific region of Drosophila rnelanogas'er polytene
chromosomes. Chromosoma 82:205-216(1981).

Senger G, Ludecke H-J, Horsenithke B, Claussen U:
Microdissection of banded human chromosomes.
Hum Genet 84:507-511 (1990).

Sherrington R, Brynjolfsson J, Petursson H. Potter M.
Dudleston K, Barraclough B, Wasmuth J. Dobbs
M, Gurling II: Localization ofa susceptibility locus
for schizophrenia on chromosome 5. Nature 336:
164-167(1988).

Smith M, Wasmuth J. MePherson JD. Wagner G.
Grandy D. Civclli O, Potkin S, Litt M: Cosegrega-
tion of an Ilq22.3-9p22 translocation with affec¬
tive disorder: proximity of the dopamine D2 recep¬
tor gene relative to the translocation breakpoint.
Am J hum Genet 45:A220 (1989).

Tonjcs R, Wcith A, Rinchik EM. Winkling H. Carn-
wath JW. Kaliner B, Paul D: Microclones derived
from mouse chromosome 7 C-D bands map within
the proximal region of the cl4CoS deletion in albi¬
no mutant mice. Genomics 10:686-691 (1991).

Weber J, Wcith A, Kaiser R, Grzeschik K-H, Olek K:
Microdissection and microcloning of human chro¬
mosome 7q22-32 region. Somat Cell molec Genet
16:123-128(1990).

Wcith A: The analysis of disease-specific chromosomal
rearrangements with microcloned DNA markers,
in Adolph K (cd): Methods in Molecular Genetics.
Vol 5, Part C (Academic Press. London 1994. in
press).

Weith A. Winkling H. Brackmann B. Boldyreff B,
Traut W: Microclones from a mouse germ line
HSR detect amplification and complex rearrange¬
ments of DNA sequences. EMBO J 6:1295-1300
(1987).

40 Cytogenet Cell Genet. Vol. 70,1995



'SmP ® 1996 Nature Publishing Group http://www.nature.com/naturegenetics
letters

Edinburgh
University, Dept. of
Psychiatry, Royal
Edinburgh Hospital,
Morningside Park,
Edinburgh EH10
5HF, UK
2MRCHuman
Genetics Unit,
Western General
Hospital, Crewe
Road, Edinburgh,
UK

Correspondence
should be addressed
toD.H.R.B.

A locus for bipolar affective
disorder on chromosome 4p
Douglas H.R. Blackwood1'2, Lin He2,
Stewart W. Morris2, Alan McLean2,
Claire Whitton2, Marian Thomson2,
Maura T. Walker1, Kirstie Woodburn1,
Cliff M. Sharp1, Allan F. Wright2,
Yoshiro Shibasaki2, David M. St. Clair1,2,
David J. Porteous2 & Walter J. Muir1,2

The main clinical feature of bipolar affective dis¬
order is a change of mood to depression or ela¬
tion. Unipolar disorder, also termed major
depressive disorder, describes the occurrence of
depression alone without episodes of elevated
mood. Little is understood about the underlying
causes of these common and severe illnesses
which have estimated lifetime prevalences in the
region of 0.8% for bipolar and 6% for unipolar
disorder1. Strong support for a genetic aetiology
is found in the familial nature of the condition, the
increased concordance of monozygotic over
dizygotic twins2 and adoption studies showing
increased rates of illness in children of affected
parents3. However, linkage studies have met with
mixed success. An initial report of linkage on the
short arm of chromosome 11 (ref. 4) was revised5
and remains unreplicated. Reports proposing
cosegregation of genes found on the X chromo¬
some with bipolar illness6 have not been support¬
ed by others7. More recently bipolar disorder has
been reported to be linked with markers on chro¬
mosomes 18, 21, 16 and a region on the X chro¬
mosome8"10 different from those previously
suggested11. We have carried out a linkage study
in twelve bipolar families. In a single family a
genome search employing 193 markers indicated
linkage on chromosome 4p where the marker
D4S394 generated a two-point lod score of 4.1
under a dominant model of inheritance. Three
point analyses with neighbouring markers gave a
maximum lod score of 4.8. Eleven other bipolar
families were typed using D4S394 and in all fami¬
lies combined there was evidence of linkage with
heterogeneity with a maximum two-point lod
score of 4.1 (6 = 0, a = 0.35).

In family 22 (Fig. 1) clinical and genotype data have
been obtained from 120 individuals, including 11 with
bipolar 1 or bipolar 2 disorder and 16 with recurrent
unipolar depression. A genome-wide search was per¬
formed using 106 di- or tetranucleotide microsatellite
markers and 87 markers from several candidate
regions (Fig. 2); these included the breakpoints of
translocations t(l;ll)(q 42.2;q21)12 and t(9;ll)
(q22.3;p22)13; HLA, chromosome lip (ref. 4), and
regions on chromosomes 18 (ref. 8), 21 (ref. 9) and 16
(ref. 10). Where lod scores >1 were found, linkage was
not supported using neighbouring markers or under
the assumptions of a broader diagnostic model. The
exception was the finding of a lod score of 1.7 at
D4S230 which was followed up and supported by find¬

ing positive lod scores using several other markers on
chromosome 4p. However linkage to markers on chro¬
mosomes 1 lp and 18p was not excluded.

Seventeen markers mapping to chromosome 4p were
used and 2-point lod scores were calculated under two
models of inheritance (See methods; Table 1, which also
includes, in parenthesis, the results of 'affecteds only'
analyses). Eleven markers gave positive lod scores at
0.05 or zero recombination fractions. The highest lod
score was with D4S394 (Zmax = 4.09 at 8 = 0) under the
assumptions of a narrow diagnostic model with little
change when the phenotype was defined more broadly
(Zmax = 3.95 at 8 = 0). 'Affecteds only' analysis yielded
lod scores >3 with both models. D4S1582, which maps
approximately 7 centiMorgans (cM) from D4S394, gave
a lod score of 3.5, and D4S1605, D4S1599 and D4S403
all give lod scores >2 under the narrow model and with
the 'affecteds only' analyses. In all analyses lod scores
were greater when the phenotype was defined narrowly.
The positive lod scores were robust to changes in allele
frequencies since D4S394 gave a Zmax = 4.03 at 0 = 0
when all alleles of the marker were given the same fre¬
quency. Sensitivity analysis was carried out by calculat¬
ing two point lod scores after removing affected
individuals one at a time from the analysis. The range of
lod scores were 3.29-4.08 at 9 = 0.

Model-free analyses carried out using the extended
relative pair analysis (ERPA)14 showed a significant
increase in allele sharing for D4S394 (x2 = 8.5, P <
0.01) and D4S1582 (x2 = 5.4, P < 0.02). These P values,
however, do not reach a level appropriate for sugges¬
tive linkage15.

A series of three point analyses gave a maximum lod
score of 4.8 in the region D4S431-D4S403. Haplotypes
involving the seven markers in that region (Fig. 1) are
consistent with a haplotype in the founder (individual
2) being transmitted to afr 11 affected individuals with
bipolar 1 and 2 disorder and to 14/16 cases of recurrent
unipolar disorder. In two branches of the family that
did not inherit this haplotype (descendents of individ¬
uals 7 and 11) 29 'at risk' relatives were interviewed and
no case of bipolar disorder was detected. In contrast,
bipolar and recurrent unipolar disorder were diag¬
nosed in all branches which had this transmitted hap¬
lotype. However, individuals 63 and 143 each had early
onset recurrent unipolar disorder, but did not inherit
the haplotype common to other affected individuals.

A further 11 families were typed for D4S394 (Fig. 3);
a total of 40 cases of bipolar 1, bipolar 2 or schizoaffec¬
tive disorder and 17 cases of recurrent unipolar disor¬
der were recorded. Linkage analysis, assuming
homogeneity in the whole group of twelve families,
gave a combined maximum lod score of 2.9 at 0 = 0.1
with the narrow phenotype, and 3.3 at 0 = 0.2 with the
broader phenotype. Families 12, 24 and 59 showed
positive lod scores under both diagnostic models. Test¬
ing for non allelic heterogeneity using the Admixture
test with the programme HOMOG16 provided support
for linkage with heterogeneity under model I (x2 =
18.8; df= 2; likelihood ratio = 1.19 x 104) and model 2
(X2 = 17.6; df = 2; likelihood ratio = 6.6 x 103) — in
this test a likelihood ratio above 1:2000 is taken as sup¬
port for the hypothesis tested. The conditional proba¬
bilities that families 12, 24 and 59 showed linkage
assuming heterogeneity were 0.62, 0.93 and 0.67
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Fig. 1 Family 22 examined for linkage between chromosome 4p markers and bipolar disorder. All the living individuals shown have been interviewed by a
psychiatrist. The pedigree structure permits the inference of alleles in the older generations and the data are compatible with the transmission of a haplotype
from individual 2 to all 11 cases of bipolar disorder and 14/16 cases of recurrent major depressive disorder.

respectively. Assuming heterogeneity, maximum lod
scores were 4.1 at 6 = 0 and a = 0.35 under model 1
and 3.7 at 0 = 0.05 and a = 0.3 under model 2. The
results of the Admixture tests therefore support the
hypothesis that in 30-35% of these families, bipolar
disorder is linked to D4S394.

Cytogenics using high resolution banding (850 band
stage) of two subjects from family 22 with bipolar dis¬
order revealed no karyotype rearrangements on chro¬
mosome 4.

Among the candidate genes mapped to chromosome
4pl6 are two of particular interest for affective disorders;
the dopamine D5 receptor (DRD5)17 and the alpha 2c

adrenergic receptor (ADRA2Qls. In family 22 the poly¬
morphism at die ADRA2C locus was homozygous in
several key individuals rendering the family relatively
uninformative for linkage. A polymorphism mapped
close to DRD5 was typed and the 2-point lod scores
(Table 1) were positive for model 1 (Zmax = 1.1 at 0 = 0)
but not model 2 (ZmaI = -0.9 at 0 = 0). We compared
the sequence of the DRD5 coding region in individual 45
with a population control using the 'HOT technique', a
highly reliable method of mutation detection19, and
found no evidence for a mutation in DRD5 in this indi¬
vidual, although this does not exclude the possibility of
mutations in associated control regions. The GABA
receptors GABRA2 and GABRB1, which map to chro¬
mosome 4pl3-pl2 are candidate genes for psychiatric
illness but linkage to GABRB1 was excluded in family 22.
Wolfram Syndrome which has been mapped to the 5 cM
interval between D4S431 and D4S4394 (ref. 20) is
reported to carry a predisposition to psychiatric illness,
including depression and suicide attempts, but appar¬
ently not to bipolar disorder21. Linkage to this chromo¬
some 4 region was excluded in some families in this
study and there are several other reports excluding link¬
age to this region in bipolar illness22,23,24.

Fig. 2 Illustration of the results of a genome scan with family 22
using 193 markers. Two point lod scores were computed under
model 1 (the phenotype including cases of bipolar 1 and bipolar
2 disorder), assuming dominant inheritance. Lod scores are on
the vertical axis. For each marker showing lod > 0 the maximum
lod score over all recombination fractions is depicted. Negative
lod scores are not plotted but the position of all markers is indi¬
cated on horizonatal axis. Chromosomal size has been made
roughly proportional to genetic length.
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Table 1 TWo-point tod scores for bipolar disorder and chromosome 4p markers in family 22
Locus Recombination fraction

0.00 0.05 0.10 0.20 0.30
Model 1

D4S43 -1.94 (-1.79) -0.33 (-0.5) -0.02 (-0.18) 0.09 (-0.03) 0.01 (-0.04)
D4S412 -1.92 (-1.73) -0.29 (-0.44) 0.12 (-0.06) 0.31 (0.18) 0.24 (0.18)
AFM046xh1 0.16 (0.41) 1.48 (1.35) 1.64 (1.46) 1.42 (1.24) 0.94 (0.79)
HOX7 -1.25 (-0.4) -0.47 (0.13) -0.11 (0.34) 0.19 (0.44) 0.22 (0.35)
D4S431 0.96 (1.39) 1.92 (1.98) 1.9 (1.92) 1.53 (1.5) 1 (0.96)
GATA22G05 1.4 (1.54) 1.96 (1.82) 1.86 (1.7) 1.35 (1.2) 0.72 (0.62)
D4S394 4.09 (3.9) 3.69 (3.49) 3.27 (3.07) 2.38 (2.19) 1.42 (1.27)
D4S1582 3.47 (3.5) 3.11 (3.08) 2.72 (2.66) 1.88 (1.79) 1.02 (0.95)
D4S1605 2.87 (2.83) 2.55 (2.48) 2.21 (2.12) 1.47 (1.36) 0.7 (0.62)
D4S1599 2.27 (2.55) 2.12 (2.31) 1.91 (2.04) 1.41 (1.45) 0.82 (0.82)
D4S403 3.3 (2.78) 3.01 (2.52) 2.7 (2.26) 2.03 (1.7) 1.33 (1.12)
D4S1602 1.5 (1.17) 1.32 (1.01) 1.14 (0.85) 0.78 (0.54) 0.42 (0.28)
DRD5 1.09 (0.9) 0.95 (0.78) 0.81 (0.67) 0.54 (0.46) 0.31 (0.27)
D4S391 -0.95 (-0.48) -0.15 (0.1) 0.07 (0.24) 0.15 (0.24) 0.09 (0.13)
D4S230 1.66 (1.82) 1.44 (1.58) 0.77 (0.83) 0.24 (0.25) -0.26 (-0.26)
D4S428 -1.44 (-1.14) -0.68 (-0.59) -0.28 (-0.27) 0.08 (0.06) 0.16 (0.14)
GABRB1 -3.03 (-2.43) -1.6 (-1.29) -1.08 (-0.85) -0.49 (-0.37) -0.16 (-0.11)

Model 2
D4s43 -0.57 (-0.54) 0.32 (-0.15) 0.57 (0.04) 0.59 (0.17) 0.38 (0.14)
04s412 -1.19 (-1.02) 0.01 (-0.45) 0.33 (-0.19) 0.49 (0.05) 0.4 (0.1)
AFM046xh1 2.2 (2.38) 2.99 (2.26) 3.1 (2.07) 2.72 (1.52) 1.9 (0.88)
H0X7 -1.16 (0.67) -0.69 (0.76) -0.4 (0.77) -0.01 (0.66) 0.16 (0.45)
D4S431 0.6 (1.46) 1.66 (1.65) 1.88 (1.6) 1.76 (1.23) 1.27 (0.75)
GATA22G05 0.48 (1.14) 1.74 (1.33) 2.01 (1.32) 1.84 (1.05) 1.23 (0.65)
D4S394 3.95 (3.18) 4.01 (2.96) 3.83 (2.65) 3.1 (1.89) 2.05 (1.08)
D4S1582 1.57 (1.86) 1.99 (1.8) 2.03 (1.61) 1.64 (1.12) 0.97 (0.61)
D4S1605 1.56 (1.57) 2.01 (1.54) 2.12 (1.39) 1.82 (0.94) 1.11 (0.46)
D4S1599 0.94 (1.89) 1.54 (1.81) 1.76 (1.62) 1.64 (1-11) 1.1 (0.58)
D4S403 2.07 (1.14) 1.92 (1.11) 1.75 (1.05) 1.37 (0.85) 0.92 (0.59)
D4S1602 0.18 (0.08) 0.46 (0.17) 0.55 (0.19) 0.48 (0.13) 0.29 (0.04)
DRD5 -0.88 (0.61) 0.33 (0.58) 0.47 (0.54) 0.46 (0.43) 0.34 (0.3)
D4S391 -2.02 (-0.18) -1.03 (0.03) -0.6 (0.1) -0.19 (0.09) -0.05 (0.04)
D4S230 1.24 (1.43) 1.35 (1.33) 0.76 (0.45) 0.46 (0.08) 0 (-0.28)
D4S428 -2.52 (-1.54) -1.63 (-1.12) -1.12 (-0.83) -0.5 (-0.44) -0.19 (-0.2)
GABRB1 -3.11 (-1.24) -2.1 (-0.88) -1.37 (-0.6) -0.52 (-0.22) -0.14 (-0.05)

'Affecteds only' results are in parentheses.

Linkage was detected over a relatively large genetic
distance in family 22 and poor resolution is one of the
limitations of linkage analysis applied to single large
families where the number of meioses to examine is
relatively small. Construction of a haplotype with seven
linked markers confirms the reliability of the genotyp-
ing and leads to a narrowing of the region of interest.
Further refinement by linkage disequilibrium studies
may sufficiently narrow the region for physical map¬
ping to proceed towards the identification of a single
gene with functional variants which could account for
the clinical presentation ofbipolar disorder.

Methods
Clinical description of families. Bipolar families were ascer¬
tained through contact with general practitioners and local
hospitals on the basis of large family size and more than one
family member with bipolar 1 illness. Families were visited at
their home by a psychiatrist and social worker and further
information was obtained from hospital case notes and general
practitioners. In tracing members of these families we had
access to birth, marriage and death certificates held at Register
House, Edinburgh, where records for Scotland have been held
since around 1840. Each individual was interviewed using the
Schedule for Affective Disorders and Schizophrenia (Lifetime
Version)25. In Family 22, seven relatives were diagnosed bipolar
1 disorder, four had bipolar 2 disorder (and also met the crite¬
ria for recurrent major depressive disorder) and 16 had recur¬
rent (unipolar) major depressive disorder (Fig. 1). TWelve
individuals received other psychiatric diagnoses including
minor depression (5), generalised anxiety (3), single episode
major depression (2) and alcoholism (2). Partners were inter¬
viewed and their family history obtained to detect possible bi-
lineal descent of affective disorders. Diagnoses in spouses
included one case of bipolar 1 disorder (this couple had no
children), one case of recurrent unipolar depression and two
cases of minor depression. These had unaffected offspring.
Diagnoses were reached by consensus between three psychia-

Fig. 3 Eleven families with bipolar disorder, recurrent (unipolar)
major depressive disorder and schizoaffective disorder used in
linkage analysis with the marker D4S394. The same procedures
were followed for diagnosis, genotyping and data analysis as for
Family 22.
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trists based on research diagnostic criteria. Many relatives have
been visited twice — and some three times — in the course of
five years permitting detection of new episodes of illness and
improving diagnostic accuracy.

Genotyping. Fifty-eight di- and 48 tetranucleotide repeats
were part of a fluorescein labelled screening set (version 3a) of
135 markers with average heterozygosity of 79% and spacing of
40 cM (Pharmacia-LKB). In addition, a further 87 markers
were used to examine linkage on chromosome 4p and specifi¬
cally at several candidate regions. Primers for chromosome 4p
markers were from published data: D4S412, AFM046xhl,
D4S431, D4S394, D4S1582, D4S1605, D4S1599, D4S403,
D4S1602, D4S391, D4S428 (ref. 26), HOX7, D4S230,
GABRB1 (ref. 27), GATA22g05 (ref. 28), DRD5 (ref. 17) and
ADRA2C (ref. 18). DNA was extracted from whole blood using
standard methods. PCR amplification and gel analysis of
microsatellites was performed as described29. An automated
laser fluorescence (ALF) sequencer (Pharmacia) in conjunc¬
tion with Fragment Manager software was used to detect and
size the PCR products. The Automated Linkage Preprocessor
(ALP) program was used for the computer analysis of the
wave-form generated by the fluorescein labelled markers after
electrophoretic separation30.

Linkage analysis. Analysis was carried out using MLINK from
the LINKAGE package16. Allele frequencies were calculated
from family 22 data using ILINK. LINKMAP was used to con¬
struct a series of sequential 3-point analyses across the markers
GATA22G05/D4S394/D4S15821D4S1605/D4S1599!D4S403. Sex
specific recombination varies along 4pl6 and published sex
averaged distances were used as follows: GATA22G05-D4S394
(2.6 cM), D4S394-D4S1582 (7 cM), D4S1582, D4S1605,
D4S1599 (no crossovers), D4S1599-D4S403 (3 cM)28. These
markers were also ordered using CRIMAP31 and the location
of DRD5 in relation to these markers was also examined. Dis¬
tances derived using CRIMAP did not differ substantially from
published figures and three-point analyses gave almost the
same results with both sets of marker distances. Non-paramet¬
ric analysis used the Extended Relative Pair Analysis (ERPA)14.
The test for locus heterogeneity based on the Admixture Test
(A TEST) used HOMOG16. Analyses were done under two def-
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initions of the disease phenotype: Model 1 (narrow definition
of the phenotype) included only bipolar 1 and bipolar 2 disor¬
der, cases of recurrent and single episode unipolar depression
and all other psychiatric diagnoses were coded as 'unknown'.
All bipolar 2 cases also met the criteria for recurrent major
depressive disorder. Model 2 (broad definition) the phenotype
included bipolar 1, bipolar 2 and the 16 cases of recurrent
(unipolar) major depressive disorder with minor psychiatric
diagnoses coded 'unknown'. Only a dominant mode of inheri¬
tance was considered for this pedigree because neither recessive
nor X linked seemed plausible given the family structure. The
disease gene frequency was assumed to be 0.007 (model 1) and
0.03 (model 2), values which are compatible with the assump¬
tion of a lifetime risk of 0.005 for bipolar disorder and 0.05 for
major depressive disorder. A phenocopy rate of 0.1 was used in
model 1 and 0.5 for model 2. Age dependant penetrances were
calculated in family 22 in four age bands (<20 years, 20-30
years, 31-40 years and >40 years) by counting offspring of
affected parents/carriers16. Under model 1 penetrances were
4.6%, 19.5%, 23% and 29%, and under model 2 were 25%,
39%, 61% and 75% in the four age bands. Haplotypes involv¬
ing the markers D4S431JGATA22G05/D4S394/D4S1582/
D4S1605/D4S1599/D4S403 were determined by inspection of
the data. (The results in Fig. 1 were then confirmed using Sim-
cross32.) The structure of the family permitted the inference of
haplotypes in the older generations. Individuals with apparent
double crossovers were retyped; genotyping in the laboratory
was done without prior knowledge of the phenotype.
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<Pfropfschlzophrenle, revisited

Schizophrenia in people with mild learning disability
G. A. DOODY, E.C. JOHNSTONE, T. L. SANDERSON,
D. G. CUNNINGHAM OWENS and W. J. MUIR

Background It is reported that people
with mild learning disability have a higher
point prevalence ofschizophrenia than the
normal population, the reasons for which
are unclear.

Method Thirty-nine subjects with mild
learning disability and schizophrenia, 34
control subjects with schizophrenia and 28
control subjects with mild learning
disability were seen. Interviews with
relatives and carers were also conducted.

Assessments were made ofclinical

variables, psychopathology, neurological
'soft'signs, IQ, memory and family history.
Blood was taken for karyotypic analysis
from comorbid subjects.

Results The comorbid group had more

negative symptoms, episodic memory

deficits, soft neurological signs, epilepsy
and receive more community supports
than control subjects with schizophrenia.
Comorbid subjects had a tendency to
belong to multiply affected families and
show high rates ofchromosomal variants
on routine karyotypic testing.

Conclusions Future workon the

generality ofschizophrenia should include
people with premorbid learning disability,
as a discrete subtype from whom valuable
genetic aetiological clues may be obtained.

In 1919 Kraepelin estimated that around
7% of all cases of dementia praecox arose
in individuals with premorbid cognitive
impairment. He termed this 'pfropfschizo-
phrenie'. Few studies in the past 25 years
have attempted to take a holistic approach
to the biological origins of schizophrenia in
subjects with learning disability (Reid,
1972; Heaton-Ward, 1977; Hucker et al,
1979). However, epidemiological studies
consistently demonstrate that people with
mild learning disability have higher rates of
mental illness than those seen in the normal

population (Penrose, 1938; Heaton-Ward,
1977; Corbett, 1979). Turner (1989),
following a review of the literature, reports
the point prevalence of schizophrenia in
people with mild learning disabilities to be
three times (approximately 3%) that of the
normal population (1%). Given the raised
point prevalence of schizophrenia in people
with mild learning disability, it may be
possible to obtain clues as to the biological
basis of the generality of schizophrenia by
study of this population.

METHOD

The Information and Statistics Division of
the Scottish Health Service has detailed
records of all psychiatric admissions in
Scotland from 1970 (Kendrick & Clark,
1993). Individuals with at least one in¬
patient admission in either Lothian or Fife
between 1970 and 1993, with discharge
diagnoses of mild learning disability and
schizophrenia or paranoid state (ICD-8 and
9; World Health Organization, 1967,1978)
were identified from this database (n=248).
Subjects aged under 16 years or greater than
65 years at the time of the study were
excluded. Research Diagnostic Criteria
(RDC; Spitzer et al, 1975) for schizophrenia
were applied to case records to establish
eligibility. Evidence of remedial education
was taken as confirmation of the existence
of premorbid cognitive impairment and was

a prerequisite to inclusion. Subjects with a
documented premorbid IQ below 50 or
above 70 were excluded. Individuals be¬
lieved to have Down's syndrome were
excluded from the cohort as cognitive
testing was to form an integral component
of the study protocol and these people are
known to be at increased risk of developing
Alzheimer's disease (Heston, 1982).

Two control subjects were selected for
every index subject completing the proto¬
col. The first control subject with a history
of mild learning disability of undetermined
aetiology, a documented IQ between 50
and 70 and no known history of psychosis
or current antipsychotic usage, was re¬
cruited using the Lothian Psychiatric Case
Register (LPCR) in conjunction with active
community learning disability nursing case
lists. The second control subject with a

history of schizophrenia conforming to
RDC, but no evidence of premorbid cogni¬
tive impairment, was also recruited by
reference to the LPCR. Both sets of control

subjects comprised individuals matched for
gender and within five years of age to the
index comorbid subject. For all subjects
permission to contact the subject was first
obtained from their psychiatrist (if applic¬
able) and general practitioner.

Case records were reviewed to provide
socio-demographic and clinical information
for each subject. The diagnostic validity of
the Schizophrenia and Affective Disorders
Schedule-Lifetime version (SADS-L; End-
icott & Spitzer, 1978) for schizophrenia in
people with mild learning disability has
been shown to be acceptable for research
purposes (Meadows et al, 1991). The
SADS-L and Positive and Negative Syn¬
drome Scale (PANSS; Kay et al, 1987) were
administered to all subjects. RDC, DSM-
III—R (American Psychiatric Association,
1987) and St Louis Criteria (Feighner et
al, 1972) for schizophrenia were applied to
all comorbid subjects and the control
subjects with schizophrenia.

All subjects were asked to complete the
Quick IQ Test (Ammons & Ammons,
1962) and the Rivermead Behavioural
Memory Test (RBMT; Wilson et al,
1985). A National Adult Reading Test
(NART; Nelson & O'Connell, 1978) was

given to the control subjects with schizo¬
phrenia, to confirm a premorbid IQ within
the normal range. Each subject was then
neurologically assessed using the Neuro¬
logical Evaluation Scale (NES; Buchanan &
Heinrichs, 1989). A family history of
learning disability or psychosis was sought
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labia I Mean (s.d.) ages of onset of psychoses

Variable Total Males Females

Age at first symptoms

Comorbid group (n=38) 24.4(10.2) 23.8 (9.9) 25.1(10.7)
Schizophrenia group (n=32) 22.8 (5.1) 21.9 (4.0) 23.9 (6.3)

Age at first consultation
Comorbid group (n=38) 23.7(10.2) 22.9(10.3) 24.6(10.4)
Schizophrenia group (n=32) 22.8 (6.0) 21.4 (5.6) 24.6 (6.3)

Age at first antipsychotic administration
Comorbid group (n=36) 28.1 (9.4) 27.7 (8.6) 28.4(10.3)
Schizophrenia group (n=26) 24.8 (5.4) 23.4 (4.3) 27.5 (6.5)

Age at first admission
Comorbid group (n=39) 25.2(11.3) 23.5(10.7) 27.1(11.9)
Schizophrenia group (n=33) 26.5 (7.5) 24.8 (6.7) 28.7 (8.2)

Age at first diagnosis
Comorbid group (n=36) 30.0 (9.5) 30.4 (8.1) 29.5(11.2)
Schizophrenia group (n=32) 27.8 (7.8) 26.2 (7.9) 29.8 (7.3)

Time interval (symptoms to diagnosis)
Comorbid group (n=36) 4.9 (7.3) S.9 (8.7) 3.8 (5.4)
Schizophrenia group (n—32) 5.0 (5.6) 4.3 (5.7) 5.9 (5.4)

P=NS between comorbid and schizophrenia groups on all variables, by t-test.

by meeting with a relative (where possible),
questioning the subject and reviewing case
records. Comorbid subjects were asked to

provide a blood sample for karyotypic
analysis. Ratings of movement disorders
and adaptive behaviour were also made,
but are not reported here. Data were

analysed using SPSS, release 7.5.1.

RESULTS

Sample acquisition
The total sample comprised 39 subjects
with the comorbid state (mild learning
disability and schizophrenia), 34 control
subjects with schizophrenia and 28 control
subjects with mild learning disabilities.
Fifty-four per cent of comorbid individuals
approached participated in the study, com¬

pared with 64% of subjects with schizo¬
phrenia and 93% of those with learning
disabilities. The nature of the population
required up to eight visits per individual to
complete the protocol.

Age, IQ and soclo-demographic
variables

The mean age of the index subjects (48.6
years) was not significantly different from
control groups (48.6, schizophrenia only
group; 47.2, learning disability only group).

There were no significant gender differ¬
ences between groups, male subjects con¬
stituted between 54% and 57% of all

groups. The mean Quick IQ score of
comorbid subjects was not significantly
different to that of control subjects with
learning disabilities (60.5 and 64.3, respec¬

tively; t-test P=0.560). In the control group
with schizophrenia the NART scores

(mean=lll.l, s.d.=10.8, range=85-128)
suggest that no subject had a premorbid IQ
within the mild learning disability range
(50-70).

It was not possible to ascertain paternal
occupation in 8.8% of subjects with schi¬
zophrenia and approximately one-third of
comorbid and learning disability group
subjects. Where paternal occupation was
known, most subjects with comorbidity
(22/26) and learning disabilities (16/18)
were from classes III, IV and V and subjects
with schizophrenia (28/31) from classes I, II
and III (HMSO, 1980). The majority of all
subjects were single and not living in
hospital accommodation. Almost half
(48.8%) of the comorbid subjects, 28.6%
of subjects with learning disabilities and
8.8% of subjects with schizophrenia were

living in non-hospital supported accommo¬
dation. Many subjects with schizophrenia
lived alone (44.1%), contrasting with only
12.8% of comorbid subjects and 17.9% of

subjects with learning disabilities. There
was a significant difference in the living
circumstances of the comorbid subjects
compared with the subjects in the schizo¬
phrenia control group (y2=25.6, d.f.=5,
P< 0.001), and a trend for the living
circumstances of comorbid subjects to be
different from those of learning disability
control subjects (xJ=10.8, d.f.=5,
P=0.055). None of the comorbid subjects
had been in non-supported employment in
the preceding five years, relative to 28.6%
of subjects with learning disabilities and
8.8% of subjects with schizophrenia.

Age of onset of psychosis
There are no significant differences be¬
tween groups (t-test) in any of the five ages
considered (Table 1). When groups are split
by gender the general trend is for all ages of
onset of psychosis under study to be slightly
earlier in men than women, however,
analysis both between groups and within
groups shows no significant effect of gender
(r-test).

Service utilisation

Current

At the time of study, 28.2% (n=l 1) of index
comorbid subjects and of 17.6% («=6) of
control subjects with schizophrenia were
hospital in-patients. Considering only the
58 subjects in these groups living in the
community, only one (a control with
schizophrenia) was managed under the
Mental Health (Scotland) Act 1984. More
subjects with comorbidity than schizo¬
phrenia alone, received services from
community psychiatric nurses (53.6 v.
17.8%; P=0.005) and social workers
(32.1 v. 10.7%; P=0.05). There were no
differences between these two groups in the
number of subjects attending day hospitals,
day centres, receiving voluntary agency care
or home help.

Lifetime
There was a significant difference in the
mean numbers of lifetime hospitalisations
between comorbid subjects and control
subjects with schizophrenia (6.87,
s.d.=4.7; 9.85, s.d.=6.73, respectively;
Mann-Whitney [/-test P=0.034). How¬
ever, comorbid subjects had not spent any
less time in in-patient care than the control
subjects with schizophrenia and therefore
had fewer admissions, but for longer
periods, than those with schizophrenia.
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TkWe 2 Put medical history

Condition Comorbid group Schizophrenia group Learning disability group

(n=39)n(%) (n=34) n (X) (n=28)n(X)

History of epilepsy 17(43.6)' 1 (2.9) 9(32.2)
Aetiology of epilepsy
Idiopathic II (28.2) 1(29) 5(17.9)
Febrile convulsions 2(5.1) 1 (3.6)
Trauma 2(5.1) 2(7.1)
Medication 1 (2.6)
Unable to ascertain 1 (2-6) 1 (3.6)

Frequency of seizures

Daily
> 2/week
Weekly 2(7.1)
2-4/month 1 (2.6) 1 (3.6)
Monthly 1 (2.6) 1 (3.6)
< 12/year 1(2.6) 2(7.1)
Yearly
< yearly 1(2.6) 1 (2.9)
None for > 5 years 13(33.3)' 2(7.1)
Unable to ascertain I (3.6)

History of meningitis 2(5.1) 0 3(10.7)
History ofencephalitis 1(2.6) 0 0

History of head injury 2(5.1) 0 1 (3.6)

1. P < 0.0001 v. schizophrenia group, by y2 test.
2. P=0.0I3 v. learning disability group, by y2 test.

Medication

The mean present chlorpromazine equiva¬
lent doses of antipsychotic medication were
not significantly different between the
comorbid group and the schizophrenia
control group (583 mg, s.d.=660; 748 mg,
s.d.=735, respectively). There were no
differences between these groups in the
numbers of subjects receiving depot anti¬
psychotic preparations, antidepressants,
lithium or antimuscarinic medication at

the time of the study. Similarly, there were
no differences between groups in the
number of subjects who had ever received
the novel antipsychotics clozapine or ris¬
peridone.

Past medical history
Comorbid subjects were more likely to
have a history of epilepsy than the control
subjects with schizophrenia (y2=16.2,
d.f.=l, P < 0.001), but not than the control
subjects with learning disability (see Table
2). Comorbid subjects were more likely to
have been seizure-free in the past five years
than control subjects with learning disabil¬
ities (x2=6.1, d.f.=l, P=0.013). There were

no differences in the age of first onset of
epilepsy between these two groups.

Focusing on the comorbid subjects,
there were no differences between those

subjects with and without epilepsy when
the number of psychiatric hospital admis¬
sions, total time in hospital, or mean ages
of onset, consultation, admission, diagnosis
of schizophrenia and first antipsychotic
administration were considered. No differ¬
ences were seen in this group between
people with a history of epilepsy and people
without, in terms of acts of deliberate self-
harm or those charged with offences.

Five comorbid subjects and four control
subjects with learning disabilities had a

history of either meningitis, encephalitis, or
head injury associated with loss of con¬
sciousness. None of the control subjects
with schizophrenia had a history of any of
these conditions.

Forensic history
There were no significant between-group
differences in the number of offences

(alleged or convicted), or the number of
subjects ever charged with an offence

(comorbid group n=13, learning disability
group n=6, schizophrenia group n=13).
Nine comorbid subjects, five control sub¬
jects with learning disabilities and eight
control subjects with schizophrenia had
had psychiatric court reports. Two comor¬
bid subjects, two control subjects with
learning disabilities and four subjects with
schizophrenia had been in prison. These
differences between groups do not reach
statistical significance.

Substance and alcohol misuse

None of the control subjects with learning
disabilities, three comorbid subjects and
five control subjects with schizophrenia had
a history of drug misuse. Similarly, none of
the learning disability group, three comor¬

bidity group subjects and four of the
schizophrenia group subjects met RDC for
alcohol dependency syndrome. These dif¬
ferences do not reach statistical signifi¬
cance.

Deliberate self-harm

Only one control subject with learning
disability (4%) had ever engaged in delib¬
erate self-harm relative to six (18.2%)
comorbid subjects and 18 (52.9%) control
subjects with schizophrenia (comorbid v.

schizophrenia y2=11.6, d.f.=l, P=0.001).

Application of RDC, Feighner and
DSM-III-R criteria for

schizophrenia
All comorbidity and schizophrenia group
subjects met at least one of these three
criteria for schizophrenia. Thirty-seven of
the comorbidity group and all schizophre¬
nia group subjects fulfilled RDC, St Louis
Criteria (definite and probable) and DSM-
III-R criteria.

PANSS

The results of the PANSS, RBMT and NES
are presented in Table 3. Significant differ¬
ences exist between the three subject groups
in all four major categories of the PANSS,
that is, negative, positive, general and total
symptoms. The comorbid group had sig¬
nificantly more negative symptoms, but
showed no differences in positive, general
or total symptom profiles compared with
the schizophrenia control group. The mild
learning disability control group showed
significantly fewer symptoms in all four
categories relative to the other two groups.
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Rivermead Behavioural Memory
Test

A degree of memory impairment was

present in all three groups relative to a
normal population (17-21 poor memory,
10-16 moderate impairment, 0-9 severe

impairment; Wilson et al, 1985). Statisti¬
cally significant differences exist between
the three groups. The comorbidity group

subjects performed significantly worse than
either of the two control groups. The
control group with mild learning disability
performed worse than the schizophrenia
control group. Spearman's two-tailed cor¬
relations show significant positive correla¬
tions between Quick 1Q and Rivermead
standardised profile scores in all three
groups.

Neurological Evaluation Scale
There were significant differences between
the mean overall scores for the three

groups. The comorbidity group and the
mild learning disability control group both
showed more neurological soft signs than
the schizophrenia control group. There
were no significant correlations between
NES overall scores and Quick IQ in any of
the three groups.

Family history
Schizophrenia
Twenty (57%) of the 35 subjects in the
comorbidity group, where a reliable family
history was ascertained, had at least one
first- or second-degree relative with a

history of schizophrenia (see Fig. 1). This
compares with 12 (39%) of 31 subjects in
the schizophrenia control group (Fisher's
exact test two-tailed; P<0.15) and 2 (9%)

of 23 subjects in the learning disabil¬
ity control group (Fisher's exact test;
PcO.OOl).

Learning disability
Fifteen (43%) of 35 subjects in the comor¬

bidity group had first- or second-degree
relatives with learning disabilities (six with
learning disability alone and nine from
multiply affected families). This compared
with two (7%) of 31 subjects in the
schizophrenia control group (Fisher's exact
test P=0.001) and 12 (53%) of 23 subjects
in the learning disability control group
(Fisher's exact test P=0.59).

Learning disability and schizophrenia
In the comorbidity group nine subjects
(26% of the total number from whom a

family history is available) were from
multiply affected families in which first-
or second-degree relatives (up to a max¬
imum of 10) were affected by one of three
conditions - schizophrenia without learn¬
ing disability, learning disability without
schizophrenia or schizophrenia and learn¬
ing disability (the comorbid state). This
contrasts with only two subjects out of 31
(7%), with such family histories in the
schizophrenia control group (Fisher's exact
test P=0.049), and one subject out of 23
(4.5%) in the learning disability group
(Fisher's exact test P=0.07).

When the multiply affected families
were excluded from the analysis the per¬

centage of subjects with a family history of
schizophrenia alone in first- and second-
degree relatives was remarkably constant
between the comorbidity group and schizo¬

phrenia control group (31 and 32%,
respectively).

A highly significant difference was seen
between subjects with no family history of
either learning disabilities or schizophrenia
in the comorbid group (9/35) and the
schizophrenia control group (19/31;
Fisher's exact test P=0.006).

Karyotyping
Blood samples for karyotypic analysis were
obtained from 29 subjects in the comorbid
group. Four of these subjects were found to
have a chromosomal heterochromatic var¬

iant, three of these had a family history of
schizophrenia in first- or second-degree
relatives and one of these was from a

multiply affected family, as described
above. Two other subjects were found to
have definite chromosomal abnormalities,
one of these had a family history of
schizophrenia.

Chromosomal variants

Three G-band variants were found, they
comprised additional, presumed satellite,
material. One subject had 15ps+, another
21ps+, and a third had 21ps+ and 22ps+.
The rates with which these variants occur

are population-dependent, however, rea¬
sonable estimates of their occurrence in
the general population are; on chromosome
15, 3.1%, and on chromosome 21 and 22
around 2.5% for each (Lubs & Ruddle,
1970).

A fourth subject showed C-band var¬
iants on both chromosomes 9 (9qh+ and
inv9(pllql3)). The estimated frequency of
9qh+ in a Scottish newborn population is
0.5-7%, depending on size, and of total

Table 3 Positive and Negative Syndrome Scale (PANSS), Rivermead Behavioural MemoryTest (RBMT) and Neurological Evaluation Scale (NES) results

Variable Schizophrenia and mild learning disability Schizophrenia Mild learning disability
mean (95% CI) mean (95% CI) mean (95% CI)

PANSS n=39 n=32 n=24

Positive symptoms (normal range 7—49) 12,6(10.8-14.4) 14.0(12.0-16.0) 7.6** (7.1-8.0)
Negative symptoms (normal range 7-49) 23.3** (20.5-26.2) 18.3** (15.3—21.3) 9.2** (8.0-10.3)
General symptoms (normal range 16-112) 30.8(27.1-34.4) 27.9(25.1-30.7) 19.1** (17.6-20.6)
Total symptoms (normal range 30-210) 66.3 (59.0-73.5) 60.2(53.5-66.8) 35.5** (33.0-37.9)

RBMT 3 II n=34 n=27

Standardised profile score total (normal range 0-24) 10.2* (8.7-11.8) 18.4** (17.0-19.8) 126* (I0.5-I4.7)
NES n=37 n=34 n—28

Total score (normal range 0-64) 20.8(18.2-23.3) 8.4** (6.6-10.3) 18.3 (15.3-21.3)

One-way ANOVAwkh post-hoc LSD.
*P<0.05;**P<0.01 relative to both other groups.
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and partial inversions of chromosome 9
heterochromatin, 0.7 and 3.7%, respec¬

tively (Buckton et al, 1976).

Chromosomal abnormalities

Two subjects had chromosomal abnormal¬
ities. The first had a complex re-arrange-
ment involving a chromosome inversion
and a balanced reciprocal translocation
between chromosomes 2 and 11. Fluores¬
cence in situ hybridisation studies are

underway to define break points. The
patient had a family history of schizophre¬
nia. Reciprocal translocations occur in
around 0.1% of the population.

The second subject has a gender chro¬
mosome abnormality, 47; XXX (trisomy X
syndrome), the expected frequency of this
occurring in newborn females is 1/1000.
This subject did not have a family history of
schizophrenia.

DISCUSSION

The present study was designed to evaluate
people with comorbid schizophrenia and
mild learning disability, relative to age- and
gender-matched control groups. The index
population had a high rate of non-partici¬
pation relative to the learning disability
group but not to the schizophrenia control
group. Although this raises the possibility
of ascertainment bias, there were a diversity
of reasons for non-participation (e.g. sub¬
ject untraceable, seen but refused, medical/
carer refusal, deceased) and this suggests
relative preservation of heterogeneity in
both comorbidity and schizophrenia con¬
trol groups.

Service utilisation

Many of the comorbid subjects had had
contact with both general adult psychiatry
and learning disability service providers.
This had arisen as the comorbid diagnosis
of mild learning disability and schizophre¬
nia fell within the remit of both services at

differing chronological points in both the
subject's history and the evolution of
modern-day service provision.

The increased level of community sup¬

port provided to the comorbid group does
not appear to be a function of more
extensive forensic, self-harm, drug and
alcohol histories, current detention under
the Mental Health Act or additional psy¬
chiatric diagnoses, relative to the schizo¬
phrenia control group.

The combination of an increased need
for community support and the pattern of
fewer, yet longer admissions in the comor¬
bid group, may be indicative of a different
or more treatment-resistant form of illness,
or alternatively be a consequence of poor
continuity of care, differing policies be¬
tween service providers, or simply the need
for complex packages of care to be pro¬
vided for longer periods of time among this
group.

Past medical history
A history of epilepsy is present more

commonly in both comorbidity group and
learning disability group subjects than
those with schizophrenia alone. A third of
the comorbid group (n=13) had a history
of epilepsy, but no seizures in the past five
years, relative to 7.1% («=2) of the
learning disability group (P=0.013). This
is perhaps surprising given that none of the
learning disability group was receiving
epileptogenic antipsychotic medication.

As the learning disability group also
derives from a population which has been,
or is in contact with hospital services, this
finding is unlikely to be the result of the
comorbid group having greater contact
with services, with the consequence that
their epilepsy is better controlled. Alterna¬
tively, the finding may represent a selection
bias, the learning disability control group

being in contact with services as a con¬

sequence of intractable epilepsy.
The phenomenon of 'forced normal¬

isation' has been described in relation to the

schizophreniform psychoses of epilepsy
(Trimble, 1996), whereby a reduction in
seizure activity following the introduction
of anticonvulsant agents is associated with
an exacerbation of psychotic symptomatol¬
ogy. It is possible that such a mechanism
may be of aetiological significance in the
comorbid population, where cerebral dys¬
function as evidenced by epilepsy, contri¬
butes to the combined conditions of
learning disability and schizophrenia.

Family history, chromosomal
variance and chromosomal
abnormalities

Comorbid subjects were more likely to
have a family history of learning disability,
or to come from multiply affected families
than the control subject, with schizophre¬
nia. There is also a high rate of chromo¬
somal variants detected in people from the
comorbid group with a family history of

schizophrenia. This suggests that a highly
familial form of schizophrenia may be
occurring in the comorbid group, the
phenotypic appearance of which is variable
in affected relatives. It is tentatively sug¬

gested that this may be consistent with
either an autosomal dominant mode of
inheritance with variable gene expression,
or a non-Mendelian anticipatory effect.

Two chromosomal abnormalities were

detected in comorbid subjects, a reciprocal
translocation and a trisomy X syndrome.
The latter is reported to be associated with
schizophrenia (DeLisi et al, 1994).

Mechanisms

Five possible mechanisms addressing the
reasons for an increased point prevalence of
schizophrenia in people with mild learning
disability might be postulated.

Chance co-occurrence

This implies that when schizophrenia and
mild learning disability co-occur in the
same individual they do so by chance alone.
The two conditions are otherwise unrelated
to each other.

Kallman et al (1941) found no increase
in learning disability in the relatives of
people with schizophrenia and no increase
in schizophrenia in the relatives of people
with learning disability. This was consid¬
ered to be evidence that the comorbid state

represented a chance co-occurrence of two
distinct entities, as opposed to a separate
condition with a hereditary component.
However, unlike the present study, pro¬
bands with the comorbid state were not

selected. Our study concurs with the work
of Kallman when the family history of
subjects with schizophrenia and subjects
with mild learning disability are consid¬
ered. Yet, when comorbid probands are
considered both schizophrenia and learning
disability, in addition to the comorbid
condition, occur commonly in first- and
second-degree relatives. This finding and
the existence of the multiply affected
families described above would seem to

indicate that a chance co-occurrence of the
two conditions is unlikely to be the sole
mechanism operating in these comorbid
cases.

Common aetiology
The causes of both schizophrenia and
learning disability are uncertain, although
it is widely considered that the basis of each

ISO



•FF*OPFSCHIZOrH*iNlf KEVISITiD

of these lies in some form of brain

pathology, the nature of which is, as yet,
obscure in most cases. This mechanism

suggests it is possible that this common

pathology may be more extensive than has
previously been appreciated.

It is favoured by the histories of
meningitis, encephalitis and epilepsy ob¬
tained from comorbid subjects and by their
excess of neurological 'soft' signs. The
findings relating to epilepsy may be indica¬
tive of an infective, traumatic or genetic
link between schizophrenia and mild learn¬
ing disability.

An epiphenomenon
This mechanism suggests that a deficit in
one area of adaptive functioning in an
individual with learning disability may
result in increased susceptibility to develop
impairments associated with schizophrenia.
This would essentially be analogous to the
situation concerning deafness and paranoid
psychosis. It is established that people with
deafness are more susceptible to develop
paranoid psychoses (Cooper et al, 1974)
and it is suggested that the underlying
mechanism is the overload upon compre¬
hension imparted by partially heard stimuli.
If adaptive capacity is compromised (as may
be the case in some individuals with learning
disability), then such processes may readily
become 'overloaded' and themselves be¬
come prone to malfunction. In some cir¬
cumstances, this may result in the evolution
of symptoms associated with schizophrenia.

This is perhaps the most difficult
mechanism to address from the available
data. Neuropsychological assessment of the
comorbidity and learning disability group is
limited by the necessity of comparison with
the schizophrenia group. There are few
neuropsychological tests that are thought to
be independent of IQ. The results of the
RBMT indicate that the comorbid group
show memory impairment relative to both
control groups. Given that both control
groups were also impaired in this task, the
results may indicate that the comorbidity
group may demonstrate an additive effect
consequent upon the impairment produced
by each individual condition. This study per
se provides no direct evidence for the
confirmation or rejection of the epiphenom¬
enon mechanism.

A 'severe' schizophrenia
It has long been established that in patients
with schizophrenia there is a relationship

between pre-psychotic IQ and disease
prognosis (Offord Sc Cross, 1971).

Many studies of schizophrenia exclude
people with premorbid learning disability.
It is possible that in some of these people,
the primary pathology has always been that
of schizophrenia, but that this has not been
considered in childhood, when learning
disability is diagnosed, as psychotic symp¬
toms are not manifest until early adult¬
hood.

It is of interest that the four measures of
age of onset of psychosis in this study are

comparable in the comorbidity group and
the schizophrenia control group. There are
no group differences seen between gender
and age of onset - although the general
trend is for men to become ill at an earlier

age, this effect is not significant. It has been
suggested that the onset of schizophrenia
may be earlier in people with impaired
premorbid IQ and that this may be
suggestive of a more malignant form of
schizophrenia (DeQuardo et al, 1994). It
does not appear that this is true of the
comorbid subjects in this study.

It is possible that the phenomenon of
'diagnostic overshadowing' (Reiss & Szysz-
ko, 1983), may be operating in the comor¬
bid population, that is, there is a delay in
the recognition of psychosis in people with
pre-existing cognitive impairment as symp¬
toms are initially attributed to behavioural
difficulties, rather than illness per se.

However, it has been shown that the time
interval from the onset of initial symptoms
to a formal diagnosis of schizophrenia
being made is no different in the comorbid¬
ity group and the schizophrenia control
group.

In terms of some of the main outcome

parameters this study addressed, for in¬
stance, total time in hospital, offending
behaviour, current chlorpromazine equiva¬
lent medication, deliberate self-harm at¬

tempts, there is no evidence that the
comorbid group were more impaired than
the schizophrenia control group. However,
the comorbid group had more negative
symptomatology, memory impairment,
neurological soft signs, epilepsy and re¬
ceived greater amounts of community
support, relative to the schizophrenia con¬
trol group.

The finding of multiply affected fam¬
ilies among comorbid probands has raised
the possibility of an anticipatory mode of
inheritance, with the most severe form of
illness manifesting as the comorbid condi¬
tion. If this is the case, then characterising

the features of the illness in these individ¬
uals may help to characterise the nature of
severe schizophrenia, which may be of
genetic aetiology.

A 'de novo'condition

None of the last three hypotheses precludes
the possibility that schizophrenia, as it
occurs in people with premorbid cognitive
impairment, may be a de novo condition,
that is, a disorder separate from the
generality of schizophrenia and learning
disability which has not yet been described.

The core features of schizophrenia
appeared to be the same in both the
comorbid group and the schizophrenia
control group. There were no major differ¬
ences in age of onset or subsequent clinical
course in terms of admission history,
between the two groups. The finding of
multiply affected families in the comorbid
group was of interest when considering the
possibility of a de novo disease. However,
in view of the constancy of other features of
the syndrome there does not appear to be
sufficient evidence from this study to
suggest a de novo disease may be present.

IMPLICATIONS

This study has shown that biological and
psychological markers may distinguish,
quantitatively, but not qualitatively, people
with a premorbid IQ in the mildly learning
disabled range who develop schizophrenia,
from those people with schizophrenia
alone. Comorbid subjects have more nega¬
tive symptoms, episodic memory deficits
and soft neurological signs than people
with schizophrenia and a normal premor¬
bid IQ. Comorbid subjects also have a

tendency to belong to multiply affected
families and show high rates of chromoso¬
mal variants on routine karyotypic testing.

In terms of the five mechanisms that
this paper has considered to account for an

excess of schizophrenia in people with mild
learning disability, it is recognised that the
mechanisms are not mutually exclusive.
However, in some people with mild learn¬
ing disability, schizophrenia will occur by
coincidence. In other people, a severe form
of schizophrenia may occur, where schizo¬
phrenia and learning disability arise to¬
gether from a common genetic aetiology.

There is evidence that the comorbid

group have a familial loading for schizo¬
phrenia that is at least as great as the
control group with schizophrenia, and for

■ SI
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learning disability that is at least as great as
the control group with learning disability.
Assuming that there is an excess incidence
of the comorbid condition, these familial
findings in the comorbid group cannot be
considered independent.

Further study of people with pfropfschi-
zophrenie might lead to a greater under¬
standing of the nature of the genetic
predisposition to psychosis and thus enable
the identification of people with learning
disability who subsequently develop schizo¬
phrenia before the onset of psychotic
symptomatology.

Although it remains true that the
inclusion of such people in general studies
of schizophrenia can produce skewed re¬
sults, as this study has shown, there is a
need for this subtype to be included in
comparative studies with separate statisti¬
cal analyses. These findings suggest that
commonly used research methods may have
caused the most severe cases of schizophre¬
nia to be positively excluded from many
studies. Such a restriction of the concept of
schizophrenia may have limited our under¬
standing of the disorder.
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A balanced (1;11)(q42.1;q14.3) translocation segregates
with schizophrenia and related psychiatric disorders in a
large Scottish family (maximum LOD = 6.0). We hypoth¬
esize that the translocation is the causative event and
that it directly disrupts gene function. We previously
reported a dearth of genes in the breakpoint region of
chromosome 11 and it is therefore unlikely that the
expression of any genes on this chromosome has been
affected by the translocation. By contrast, the corre¬
sponding region on chromosome 1 is gene dense and,
not one, but two novel genes are directly disrupted by
the translocation. These genes have been provisionally
named Disrupted-ln-Schizophrenia 1 and 2 (DISC1 and
DISC2). DISC1 encodes a large protein with no signifi¬
cant sequence homology to other known proteins. It is
predicted to consist of a globular N-terminal domain(s)
and helical C-terminal domain which has the potential to
form a coiled-coil by interaction with another, as yet,
unidentified protein(s). Similar structures are thought to
be present in a variety of unrelated proteins that are
known to function in the nervous system. The putative
structure of the protein encoded by DISC1 is therefore
compatible with a role in the nervous system. DISC2
apparently specifies a non-coding RNA molecule that is
antisense to DISC1, an arrangement that has been
observed at other loci where it is thought that the anti-
sense RNA is involved in regulating expression of the
sense gene. Altogether, these observations indicate that
DISC1 and DISC2 should be considered formal candi¬
date genes for susceptibility to psychiatric illness.

INTRODUCTION

Schizophrenia is a serious and debilitating disease affecting
-1% of the population worldwide. There is compelling

DDBJ/EMBL/GenBank accession nos AF222980-AF222987

evidence from family, twin and adoption studies for a signifi¬
cant genetic basis to the disease (1). This has initiated searches
directed at identification of the genetic component using
methods such as linkage analysis, association studies of candi¬
date genes and mapping of cytogenetic abnormalities in
psychiatric patients, procedures which have been applied
successfully to monogenic disorders. Psychiatric illnesses are
more complex, however, and apparently result from the
combined effects of multiple genes, with inheritance compli¬
cated by environmental factors (1). Consequently no genes
involved in the aetiology of such illnesses have yet been defin¬
itively identified.

We are studying a large Scottish family (2) in which a
balanced translocation segregates with major mental illness
(maximum LOD = 6.0; D.H.R. Blackwood, A. Fordyce, M.
Walker, E. Drysdale, J.K. Millar, D.M. St Clair, D.J. Porteus
and W.J. Muir, manuscript in preparation), based on the
hypothesis that the rearrangement has directly disrupted gene
function, leading to psychosis. This family may be atypical due
to the wide spectrum of disorders present (schizophrenia,
schizoaffective disorder, bipolar affective disorder, unipolar
affective disorder and adolescent conduct disorder). However,
it is likely that identification of the genetic factor(s) involved in
the aetiology of disease in these patients would facilitate
discovery and understanding of the underlying genetic defects
in unrelated psychotic individuals.

RESULTS

To clone the chromosome 1 breakpoint, a 2.5 kb £coRI frag¬
ment from chromosome 11, containing the site of the break¬
point (3), was used to screen an EcoRI genomic library
constructed from a translocation cell line. A 2.7 kb EcoKl frag¬
ment, corresponding to the translocation fragment from the
derived 1 chromosome was obtained (Fig. 1A). This fragment
was used to rescreen the same library, yielding a 7.3 kb clone,
containing the site of the chromosome 1 breakpoint (Fig. 1A).
The derived 11 fragment was obtained using the polymerase

"To whom correspondence should be addressed at: Medical Genetics Section, Department of Medical Sciences, The University of Edinburgh, Western General
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Figure 1. (A) Southern blot of ZscoRI digested DNA probed with the 2.7 kb EcoRl derived 1 fragment. Lane 1, control human DNA; lane 2, genomic DNA from
the translocation cell line MAFLI; lane 3, genomic DNA from the somatic cell hybrid MIS7.4, carrying the derived 1 translocation chromosome; lane 4: ICRF yeast
artificial chromosome (YAC) y901 D0485 DNA. This YAC spans the chromosome 11 breakpoint of the translocation (28). Arrows indicate the positions of the
7.3 kb normal chromosome 1, 2.7 kb derived 1 and 2.5 kb normal chromosome 11 hybridization signals (A, B and C, respectively). (B) Alignment of sequence
immediately flanking the breakpoints from the normal chromosome 1, derived 1, derived 11 and normal chromosome 11 [1, der (1), der (11) and 11, respectively].
The breakpoint sequence and minor rearrangement were confirmed by genomic sequence analysis of two other translocation carriers (data not shown). The position
of the breakpoint was also confirmed by PCR and DNA sequence analysis on genomic DNA from MIS7.4 and MIS39, cell lines carrying the derived 1 and derived
11 chromosomes respectively (data not shown).

chain reaction (PCR). Alignment of breakpoint sequence from
all four fragments (chromosome 11, chromosome 1, derived
11, derived 1, GenBank accession nos AF222984, AF222983,
AF222986 and AF222985, respectively) (Fig. IB) shows that
the translocation resulted in replacement of TCAG with AA on
the derived 11 chromosome, and that, consequently, no major
rearrangement of sequence accompanied the translocation
event.

Sequence analysis provided no evidence for the presence of
any transcripts within the sequence surrounding the chromo¬
some 11 breakpoint. However, the chromosome 1 breakpoint
fragment sequence includes three expressed sequence tags
(ESTs: AA249072, W04811 and D78808) and an exon from a

messenger RNA, AB007926 (Fig. 2).

We have provisionally named the anonymous mRNA
AB007926 DISCI (Disrupted-In-Schizophrenia 1), because
analysis of the chromosome 1 breakpoint sequence indicates
that the gene is directly disrupted by the translocation, which
takes place within an intron (Fig. 2). Furthermore, this analysis
indicates that the direction of transcription is proximal to
distal.

Using a combination of cDNA library screening and RACE
(rapid amplification of cDNA ends), we obtained 6913 nt of
cDNA sequence transcribed from the DISCI gene (accession no.
AF222980), which matched AB007926 (99.985%) over 6833 nt,
and extended 14 nt further 5'. Four different 5' RACE products,
our longest cDNA clone and AB007926 all terminate within 14
nt, suggesting that this is the true 5' end of the transcript. Further¬
more, Nucleotide Identifiy X (NIX, http://menu.hgmp.mrc.ac.uk/
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Figure 2. Map of the 7.3 kb EcoRl chromosome 1 breakpoint fragment. Breakpoint sequence was analysed using BLASTN (27) at the National Center for Biotech¬
nology Information (http://www.ncbi.nlm.nih.gov/) and the suite of gene recognition and analysis programmes encompassed by NIX. Only 103 nt of the total 350 in
EST D78808 are contained within the chromosome 1 breakpoint sequence. The remaining sequence is identical to several other ESTs (UniGene cluster Hs.31446,
http://www.ncbi.nlm.nih.gov/UniGene/index.html), none of which contain any chromosome 1 breakpoint sequence or are even present on chromosome 1, as judged
by a lack of hybridization to genomic DNA from the chromosome 1 human/mouse hybrid cell line A9(Neo-l)-4 (data not shown). The messenger RNA sequence in
AB007926 consists of 6833 nt of a brain-expressed transcript (29) positioned on chromosome 1 by Gene Map '98 (http://www.ncbi.nlm.nih.gov/genemap/). 191 nt of
this transcript are contained within the 7.3 kb of chromosome 1 breakpoint sequence. NIX identified one putative exon with consensus splice sites on the forward strand
of the chromosome 1 breakpoint sequence. This exon contains 189 nt of the sequence match to mRNA AB007926. The sequence of a marker, D1S1621, is also
contained within the chromosome 1 breakpoint fragment. The extent to which D1SC2 continues centromeric and telomeric from the chromosome 1 breakpoint frag¬
ment is indicated.

menu-bin/Nix/Nix.pl ) analysis of 2.4 kb of genomic sequence
encompassing the 5' end of DISCI identified a 758 nt putative
CpG island (70% GC) containing 120 nt from the 5' end of the
transcript, and two potential promoters 55 and 359 nt upstream.
The first ATG in DISCI is located at position 54 and is not part of
a strong translation initiation consensus (4). The predicted coding
sequence, starting at the first ATG, consists of 2565 nt, with a stop
codon at position 2616. The 3' untranslated region (UTR) is 4294
nt extending to a poly(A) tail. A consensus polyadenylation signal
is located at position 6892,16 nt upstream of the poly(A) tail. The
gene is tagged at the 3' end by UniGene cluster Hs.26985.

Sixty-six nucleotides (2295-2360) are not contained within
the putative coding sequence of AB007926. This deletion
corresponds to a common alternative splicing event (Fig. 3,
Table 1). DISCI is present as a major transcript of -7.5 kb
(Fig. 4A and B) in all adult tissues examined. The size discrep¬
ancy between the sequence we have obtained and the tran¬
scripts detectable on northern blots may be due to
polyadenylation. DISCI was not detected on northern blots of
fetal tissues (data not shown), although reverse transcription
(RT)-PCR experiments indicate that fetal transcripts do exist
(Table 1).

The open reading frame (ORF) in DISCI encodes a putative
protein of 854 amino acids. Protein structure prediction
programmes (http://dodo.cpmc.columbia.edu/predictprotein/ )
suggest that DISCI can be divided into two distinct regions of
secondary structure (Fig. 5A). The N-terminal region (amino
acids 1-347) is predicted to consist of one or more globular
domains. The C-terminal region is predicted to consist entirely
of a-helix interspersed with several short loops, and contains
regions with the potential to form coiled-coils, structures that
arise when the helical stretches of separate proteins interact.
Alternative splicing introduces an additional loop into the C-
terminal domain.

BLAST 2.0 and FASTA 3 searches of the SWall database
(SwissProt plus TREMBL) at the European Bioinformatics

12 3 4

Figure 3. RT-PCR analysis of DISCI in human fetal brain using the distal
primer pair (Table 1). Position 2295, at which the 66 bp deletion starts, corre¬
sponds approximately to a splice donor site within the cDNA (AGgtattg
instead of the consensus AGgtaagt). Position 2360, where the deletion ends, is
known to be a splice donor (J.K. Millar, S. Christie, D. Lawson, D. Hsiao-Wei
Loh, B. Arveiler and D.J. Porteus, manuscript in preparation). A product of
270 bp indicates upstream donor site usage. A product of 336 bp indicates
downstream donor site usage. Lane 1, 8.3 weeks; lane 2, 10.3 weeks. Arrows
indicate the 336 and 270 bp alternatively spliced products (A and B, respec¬
tively).

Institute (http://www2.ebi.ac.uk/) reveal matches (-21 % iden¬
tity, 41% similarity across 500 amino acids) between the a-
helical region of DISCI, particularly around the stretches of
coiled-coil, and the known or predicted coiled-coil domains of
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Figure 4. Clontech human multiple tissue northern blots probed with DISCI (nucleotides 958-1983) and DISC2 (nucleotides 8488-9300). Each lane contains
-2 pg of poly(A)+ RNA. Positions of size markers are indicated. (A) Adult human multiple tissue northern probed with DISCI. Lanes 1-8: heart, brain, placenta,
lung, liver, skeletal muscle, kidney and pancreas. (B) Adult human brain multiple tissue northern probed with DISCI. Lanes 1-8: amygdala, caudate nucleus, cor¬
pus callosum, hippocampus, whole brain, substantia nigra, subthalamic nucleus and thalamus. An additional Filter with RNA from cerebellum, cerebral cortex,
medulla, spinal cord, occipital pole, frontal lobe, temporal lobe and putamen was probed and produced similar results (data not shown). (C) Adult human multiple
tissue northern probed with DISC2. Lanes 1-8: heart, brain, placenta, lung, liver, skeletal muscle, kidney and pancreas. All four heart transcripts are apparently
derived from DISC2 because no other sites in the human genome to which D/SC2-derived sequences hybridize have been detected (data not shown).

Table 1. RT-PCR analysis of DISCI and DISC2

Sample Age (weeks) DISCI DISC2

proximal distal proximal distal

Brain 8.3 + + (2) + +

10.3 + + (2) + +

13.3 + + (2) + +

Heart 8.8 + + (2) + +

9.1 + + (2) + +

9.3 + + (2) + +

Kidney 10.0 + + (2) - +

Spleen 14.8 + + (2) + -

Limb 10.3 + + (2) - -

Approximate ages of gestation are given in weeks. 2, two bands obtained
using one primer pair indicating alternative splicing; +, transcript detected; -,
transcript not detected.

several other proteins. These similarities are likely to result
from biased sequence composition imposed by coiled-coil
structure and therefore probably reflect structural resem¬
blances between the proteins.

DISC2 (accession no. AF222981) was identified from the
ESTs at the chromosome 1 breakpoint (Fig. 2) and extended by
cDNA library screening, RACE and RT-PCR. This identified
15 178 nt of contiguous genomic sequence which is known to
be transcribed. The transcript 3' end is tagged by Unigene
cluster Hs.96883. There are two consensus polyadenylation

signals at positions 15 072 and 15 161, 107 and 18 nt upstream
of the poly(A) tail.

The 5' end of the transcript has not yet been located, but
DISC2 so far consists of a single large exon encompassing the
translocation breakpoint and the 189 nt exon of DISCI.
Sequence analysis indicates that the direction of transcription
is distal to proximal. DISC2 therefore overlaps with DISCI,
but is transcribed in the opposite orientation. DISC2 transcripts
are most abundant in heart where species of >9.5 kb, and of ~6,
3 and 2.5 kb are present (Fig. 4C). RT-PCR indicates that
DISC2 is also transcribed in several fetal tissues (Table 1)
although transcripts were not detectable on northern blots (data
not shown).

No significant ORF has been identified within 15 178 nt of
the DISC2 transcript. The longest ORF deduced to be present
encodes 57 amino acids, while the start codon of this ORF is
not in a good context (4), suggesting that the sequence lacks
any protein coding potential. Furthermore, a survey of the
EMBL database (ftp://ftp.ebi.ac.uk/pub/databases/embl/
release/) indicates that the longest known 3' UTR in a human
gene is 9280 nt (doublecortin), while the average length is
2131.83 nt ± 1368.09 (based on 861 full-length 3' UTR
sequences). Therefore, if DISC2 is a protein-coding gene, it
possesses a 3' UTR in excess of 15 kb, substantially outside the
size range of other known 3' UTRs. In addition, DISC2
possesses certain similarities to the 17 572 nt non-coding
mRNA-like transcript NTT (5), as summarized (Fig. 5B).
These observations suggest that DISC2 is a non-coding
structural RNA gene, although final confirmation awaits iden¬
tification of the transcript 5' end.
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Figure 5. (A) Predicted protein sequence of DISCI translated from the first ATG. Light underlining, alternatively spliced amino acids; bold underlining, stretches with
coiled-coil forming potential; light shaded box, putative globular domain(s); vertical line, position of the translocation breakpoint (B) Feature-based comparison of DISC2
and NTT transcripts. Simple repeat and interspersed repeat features were annotated based on RepeatMasker (http://ftp.genome.washington.edu/cgi-bin/RepeatMasker)
analysis of each transcript. The direct repeat features were identified using Dotmatrix anaysis (30). Both transcripts and the annotated features are drawn to scale. The
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DISCUSSION

We have cloned and sequenced the breakpoints of a
(1;11)(q42.1;ql4.3) translocation linked to schizophrenia and
related psychosis (2), and identified two novel genes, DISCI and
DISC2, both disrupted by the translocation. One or both of the
disrupted alleles may be responsible for the psychiatric disorders
suffered by carriers of the translocation. Furthermore, these genes
may also be involved in the mental illness of patients unrelated
to the family segregating the translocation. However, no
independent evidence for a locus in this region of the genome
has yet been presented, although recent reports of suggestive
linkage to lq32 and lq32—41 in patients suffering from bipolar
disorder and schizophrenia, respectively (6,7), are intriguing.

DISCI protein matches are essentially restricted to structural
similarities to myosins, structural proteins and proteins that are
involved in motility and/or transport (particularly microtubule
binding proteins). In the context of psychiatric illness, it is
interesting to note that many of these proteins (dynactin, D-
CLIP-190, citron, post-synaptic density proteins, FEZ1 and
hyaluronan receptor, for example) are implicated in processes
such as axon guidance, synaptogenesis, functioning of the
synapse and intracellular transport along axons and dendrites
(8-15). It is an intriguing possibility that the function of DISCI
is similar, suggesting a role in development of the nervous
system and/or neuronal activity, and therefore adding further to
the evidence pointing towards involvement in the aetiology of
mental illness.



1420 Human Molecular Genetics, 2000, Vol. 9, No. 9

By analogy to many other examples of mammalian genes
with endogenous antisense RNA transcripts (16-18), DISC2
presents an attractive mechanism by which DISCI expression
may be regulated. There is evidence that antisense RNAs affect
expression of the sense gene (i) in the nucleus at the levels of
transcription, RNA processing or export from the nucleus, or
(ii) in the cytoplasm by influencing RNA stability or transla¬
tion. Similarly, DISC2 might act at one of these levels to influ¬
ence expression of DISCI.

In translocation carriers, transcription of both DISCI and
DISC2 is predicted to occur from their endogenous promoters
on the derived chromosomes, unless unidentified transcription
signals of major effect are removed or inactivated by the
rearrangement. This contention is supported by preliminary
experiments which detect transcription of DISCI from the
derived 1 chromosome (data not shown). It is unlikely that
corresponding truncated transcripts lacking a 5' end would be
produced as well, because the breakpoint region of chromo¬
some 11 is apparently transcriptionally inactive (3,19).

Several scenarios resulting from production of 3' truncated
DISCI and DISC2 transcripts could be envisaged, but three are
most obvious. First, truncated DISCI protein may be produced.
It would lack the C-terminal 257 amino acids, including one of
the regions of most strongly predicted coiled-coil forming
potential. This would be expected to reduce the overall coiled-
coil forming potential and stability as a multimer, while
retaining the unidentified function of the globular N-terminus.
Production of a partially active protein could conceivably result
in a dominant-negative effect. Second, truncated DISC2
transcripts would retain complementarity to the normal full-length
DISCI transcripts. However, DISC2 truncation could affect
events following interaction between truncated DISC2 and
normal DISCI transcripts. Therefore, if DISC2 does regulate
expression of DISCI it is possible that this mechanism would be
negatively affected, resulting in dysregulation of both the non-
translocated and translocated alleles, and a pleiotropy of
dominant-negative effects. Third, irrespective of the putative
regulatory role of DISC2 on DISCI, the gene product may have
independent (regulatory) functions affected by truncation.

We propose that alteration of DISCI and/or DISC2 activity,
by truncation and/or by abnormal regulation of expression, is
causally linked to the psychiatric illness in translocation
carriers. Dysregulation of the novel functions of DISCI and
DISC2 in the absence of a translocation event may play a more
general role in susceptibility to psychiatric illness.

MATERIALS AND METHODS

Cell culture

The lymphoblastoid cell line MAFLI from an individual
bearing the t( 1; 1 l)(q42.1 ;q 14.3) translocation, somatic cell
hybrids MIS7.4 and MIS39 bearing the derived 1 or derived 11
translocation chromosomes respectively, and their culture
conditions, have been described previously (20). On the
derived chromosome 1, DNA has been lost from lq42.1-qter
and replaced with chromosome 11 material from 1 lql4.3-qter.
The derived 11 chromosome is the reciprocal translocated
chromosome. The cell line A9(Neo-l)-4, a mouse A9 hybrid
cell line carrying human chromosome 1, and its culture
requirements, have been reported previously (21).

DNA preparation
Human and X genomic DNA was prepared by standard
methods (22). Plasmid and cosmid DNA was prepared using
Qiagen (Crawley, UK) plasmid midi kits.

RNA extraction and cDNA synthesis
Human fetal tissues were obtained from the United Kingdom
Medical Research Council Tissue Bank. Total RNA was

extracted using RNazol B (Biogenesis, Poole, UK) according
to the manufacturer's instructions. First strand cDNA synthesis
was carried out on DNase I-treated RNA using the random
hexamer primer from the SUPERSCRIPT Preamplification
System (Gibco BRL, Paisley, UK) according to the manufac¬
turer's instructions. One microlitre of the resulting cDNA was
used in standard PCRs.

Genomic library construction and screening
Genomic DNA from the translocation cell line MAFLI was

digested with UcoRI, ligated into EcoRI-digested and dephos-
phorylated XZAPII (Stratagene, Cambridge, UK), and pack¬
aged using Gigapack Gold II packaging extract (Stratagene)
according to the manufacturer's instructions. Bacteriophage
were plated using Escherichia coli XLl-Blue MRF' and the
library of clones screened using standard methods. Excision of
clones from the X vector was carried out as advised by the
manufacturer, releasing genomic fragments cloned into pBlue-
script SK(-). The library was screened using a 2.15 kb repeat-
free Hindlll-EcoRl sub-fragment of the 2.5 kb fscoRI frag¬
ment containing the chromosome 11 breakpoint (3), followed
by the 2.7 kb derived 1 fragment.

cDNA library screening
5'-STRETCH PLUS cDNA libraries of 20-26 week fetal brain
and 20-25 week fetal heart, constructed in bacteriophage
XgtlO and gtll, respectively, were obtained from Clontech
(Basingstoke, UK) and screened according to the manufac¬
turer's instructions. Inserts were obtained from pure clones
using two methods. First, cDNAs were amplified by PCR,
turbocloned (23) and sequenced. In order to amplify cDNA
inserts from X vectors, a single plaque was picked into 25 |ll of
distilled water, 1-5 pi were then added to a PCR and the cDNA
insert amplified using vector-based primers. XgtlO-specific
primers, agcaagttcagcctggttaagt and gggaccttctttatgagtatt
(annealing at 68°C) and Xgtl 1-specific primers gaaggcacat-
ggctgaatatcgacggtttc and gacaccagaccaactggtaatggtagcgac
(annealing at 56°C) were used to amplify inserts from the fetal
brain and fetal heart cDNA libraries, respectively. Due to the
probable introduction of sequence alterations during PCR,
several subclones were sequenced. Alternatively, X DNA was
digested with £coRI to release the cDNA insert which was
then subcloned into £coRI-digested pBluescript SK(-) (Strata¬
gene).

DNA sequencing
In order to sequence the derived 11 PCR product, it was
excised from a 0.8% low melting point agarose gel, dialysed in
distilled water for 30 min, melted at 65°C and an appropriate
quantity of melted gel slice added to the sequencing reaction.
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Direct cosmid sequencing utilized 0.5-1 |lg of cosmid DNA,
with 60 ng of primer and ABI PRISM BigDye terminator cycle
sequencing ready reaction kits (PE Applied Biosystems,
Warrington, UK). Plasmid DNA sequencing reactions were
performed using ABI PRISM dye terminator or dRhodamine
terminator cycle sequencing ready reaction kits and 20 ng of
primer. Products were separated on an ABI 373 or 377 DNA
sequencer (PE Applied Biosystems), according to the manu¬
facturer's instructions. Resulting sequence was analysed using
the GCG package of sequence analysis software (Wisconsin
package version 9.1, Genetics Computer Group, Madison,
WI). Sequence contigs were constructed using the Phred,
Phrap and Consed software, version 6.0 (24-26).

BLASTN (27) searches using chromosome 11 breakpoint
sequence identified only sequence matches to two bacterial
artificial chromosome (BAC) end clones (accession nos

AQ748746 and AQ105798). Searches using chromosome 1
breakpoint sequence identified sequence matches to a triplet
repeat D1S1621 (accession nos G09671, G09453 and
G07779), three BAC end clones (accession nos AQ112950,
AQ078498 and B40542) as well as the mRNA and EST
matches.

Sequencing of cosmid ICRFcll2I0142Q6
This cosmid spans the chromosome 1 breakpoint (J.K. Millar,
S. Christie, D. Lawson, D. Hsiao-Wei Loh, B. Arveiler and
D.J. Porteus, manuscript in preparation). It was obtained by
screening a chromosome 1 cosmid library provided by the
Resource Centre/Primary Database (RZPD) of the German
Human Genome Project at the Max-Planck-Institute for
Molecular Genetics (http://www.rzpd.de). The probe used was
the 2.7 kb derived 1 fragment. Cosmid DNA was treated with
Plasmid-Safe ATP-dependent DNase (Epicentre Technol¬
ogies, CAMBIO, Cambridge, UK) to remove contaminating
E.coli DNA according to the manufacturer's instructions.
Cosmid DNA was partially digested with SukIIIA, and the
resulting restriction fragments size-fractionated on a 0.8%
agarose gel. Fragments of -900 bp were excised from the gel
and subcloned into pBluescript SK(-) (Stratagene). Subclones
were picked randomly and sequenced using vector-based
primers flanking the cloning site (caggaaacagctatgac and
gtaaaacgacggccagt). Contig overlaps were established by
designing primers from the ends of the contigs and subsequent
direct cosmid sequencing. This process was repeated to
generate the sequence of ICRFcl 1210142Q6 as two ordered
contigs (GenBank accession no. AF222987).

PCRs

Unless otherwise stated, PCR was carried out using AmpliTaq
DNA polymerase (Perkin Elmer Biosystems, Foster City, CA).
Each 50 pi reaction contained 1 U of enzyme, 300 ng of each
primer, 200 mM of each dNTP, 1.5 mM MgClj, 50 mM KC1
and 10 mM Tris-HCl pH 8.3. All reactions utilized 35 cycles
with a denaturation step of 30 s at 94°C, an annealing step of 1
min at a temperature appropriate for the primers used, and a
synthesis step at 72°C, based on the assumption that 1 min is
required to synthesize 1 kb of DNA.

The 1.4 kb derived 11 breakpoint PCR product was ampli¬
fied (annealing at 60°C) using one primer specific for chromo¬
some 11 (ggctggatattgcccttgagccataatt) and one primer

specific for chromosome 1 (agaacagaggagggacgatgatgac).
MIS39 genomic DNA was used as template.

Analysis of DISCI expression by RT-PCR was performed
using proximal primers ggaaggagcaggaggcagcccaggcgga and
gcacgctgcaggtggtaagcaatc (152 bp product) with the Advan-
tage-GC cDNA PCR kit (Clontech) and cycling conditions as
recommended by the manufacturer. Distal primers ggaagctt-
gtcgattgcttatcc and agatcttcatcatgactgtggattgc designed from
DISCI were also utilized for RT-PCR (270 and 336 bp prod¬
ucts, annealing at 64°C). Analysis of DISC2 expression by
RT-PCR utilized proximal primers cccaagccttatccctcaggatcaa
and atcaggcagaatatgccacagcgtg (250 bp product, annealing at
65°C) and distal primers gagacgacaagtcacagacttggag and
gctctcaggcataagacactgtgac (486 bp product, annealing at
68°C). In the latter three cases, an initial hot start step was
carried out.

Hybridization
Standard procedures were used for Southern blotting and
hybridization (22). Double-stranded probes were labelled with
[oc-32P]dCTP by random priming using High Prime
(Boehringer Mannheim, Lewes, UK) and purified using Amer-
sham Pharmacia Biotech (Little Chalfont, UK) NICK columns.
The oligonucleotide probe was labelled with [y-32P]dATP
using T4 polynucleotide kinase and hybridized to filters at
58°C.

Sequencing of DISCI
A 694 nt probe containing the 189 nt exon of AB007926
(contained within the 7.3 kb chromosome 1 breakpoint frag¬
ment) was prepared by PCR using the chromosome 1 break¬
point fragment as template and primers ccatttctggacgg-
ctaaagacc and gcaracactttggctaaggcggc (annealing at 58°C).
This probe and subsequent rounds of cDNA library
rescreening generated several overlapping clones from the
fetal brain and fetal heart cDNA libraries spanning 6913 nt of
the transcript. 5' RACE products were obtained from DISCI
using the Advantage-GC cDNA PCR kit (Clontech) and
cycling conditions as recommended by the manufacturer, with
human 20-25 week fetal brain Marathon-Ready cDNA (Clon¬
tech) as template (gene-specific primer 1, gagtcaaggccacact-
gtctggc; gene-specific primer 2, gcacgctgcaggtggtaagcaatc).
Genomic sequence (2.4 kb) encompassing the 5' end of DISCI
was obtained as follows. An oligonucleotide (ggaaggagcag¬
gaggcagcccaggcgga) designed from the 5' end of DISCI was

hybridized to a genomic Pstl fragment of -2.4 kb. Pstl frag¬
ments of this size were isolated from a PAC, 135-G6,
containing the 5' end of DISCI, (J.K. Millar, S. Christie, D.
Lawson, D. Hsiao-Wei Loh, B. Arveiler and D.J. Porteus,
manuscript in preparation), subcloned into pBluescript SK(-)
(Stratagene) using standard methods (22) and sequenced
(GenBank accession no. AF222982).

Identification of DISC2 transcribed sequence

Probes corresponding to ESTs AA249072 and W04811 were
used to screen fetal heart and fetal brain cDNA libraries. A
555 nt probe for EST AA249072 was prepared using the
chromosome 1 breakpoint fragment as template and primers
gctgtcaattaagcagtaacagtgc and catctctgaaacagggatgtgtcc
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(annealing at 58°C). The cDNA corresponding to EST
W04811 was excised from modified pT7T3 (Pharmacia) by
double-digestion with Notl and ficoRI. Further cDNA clones
were identified using cDNAs corresponding to ESTs from
Unigene cluster Hs.96883 to rescreen the fetal heart cDNA
library (these ESTs were identified from sequencing of cosmid
ICRFcl 12i0142Q6). DISC2 was extended proximal and distal
from the cDNA clones isolated by cDNA library screening
using 5' and 3' RACE with human adult heart Marathon-Ready
cDNA (Clontech) as template, and Expand LT (Boehringer
Mannheim) with cycling conditions as recommended by the
manufacturer. Gene-specific primers 1 and 2 were gcttgtgcttat-
tctctttgggta, and accatcgtcactgtttctcctgct, gctttggcactttggtt-
ggctgta and tctttcacctcctcctcctccttctt, gccacccatgcccagct-
cactttta and gctctggcacatatttaaagaaagtatccc, tatttttccaggttctttc-
cccag and tttcccttcttctctccacaacgt. Gaps were filled by specula¬
tive RT-PCR performed using primers designed along the
length of the sequence of cosmid ICRFcl 1210142Q6, and 10.0
or 13.6 week (gestational age) human fetal heart cDNA as

template. Primer pairs (in order, proximal to distal along the
cosmid sequence) were gtgggtaagggtattgtt and cacagagtttca-
gagttc, tgaggattgggcaggtgaaaggga and gctgactttacccactctgt-
tcca, ttggaacagagtgggtaa and cagtgcccttggtaaaac, cttgggga-
catttttggcagg and tcaaatctggttcctatcagcc, tctcagaagacgctggt-
tcagtgc and gtgaagtgacaatgatgagattc, cccttaagttggct-
taacagctcag and tgtttcccacactctcaaccctag, atttgaggtgagttggctt-
taggtg and tccttttctatcaccgtattgttct, aggtgcttgagttgtctgagttggat
and tgaaaaactgctgcgtaaatctgagg, ggacagccctcagatttacgcagcag
and acaaaatcttgctgcttggtattctc, ctaagtgagaataccaagcagcaaga
and tcccttctctctctttttgcttcctc, actggtgagagaggaagcaaaaagag and
tgtcccggctctccatttcctccctc, cttttattggcagggagagggaggaa and
aaccccgatgacatgcaatttaccta, cagaagaaaatgccaatgtcaagtgt and
caagccctaattcacctcgacagttt, aaactgtcgaggtgaattagggcttg and
gccacatagcaccgcaacactcatct, ccagatgagtgttgcggtgctatgtg and
aggcaaaaatggctgaagggaaataa, gattatttcccttcagccatttttgc and
ttgtggaaaggatggatgggtgggtg. RT-PCR products were obtained
from DISC2 using Expand LT (Boehringer Mannheim) with
cycling conditions as recommended by the manufacturer. The
combination of cDNA library screening, RACE and RT-PCR
identified 15 178 nt of contiguous genomic sequence which is
transcribed. Within this genomic sequence, nucleotides 8213—
12 161 and 14 181-14 780 correspond to cDNA clones, nucle¬
otides 6245-8436 and 14 594-15 178 correspond to RACE
products and nucleotides 1-6470 and 12 027-14 189 corre¬
spond to RT-PCR products. The 5' end of the transcript, which
is located distal to cosmid ICRFcl 12I0142Q6, has not yet been
identified due to the lack of further genomic sequence for the
design of primers and speculative RT-PCR.

Human 3' UTR length analysis
3' UTRs were determined for the KIAA subset of mRNA

sequences, based on coding sequence annotations. 3' ends of
the determined UTRs were checked for the presence of a
consensus poly(A) signal (AATAAA) within 400 nt of the
presumed end. UTRs failing to meet this criterion were
excluded from further analysis. Sequence coordinates for full-
length 3' UTRs were determined and poly(A) signals detected
using in-house software.

Northern blot analysis
A probe corresponding to nucleotides 958-1983 of DISCI was
obtained by excising one of the DISCI fetal brain library
cDNA clones using EcoRI. The cDNA clone corresponding to
EST W04811 was used to identify DISC2 transcripts. Northern
blots were obtained from Clontech.
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Schizophrenia and Affective Disorders—Cosegregation with a
Translocation at Chromosome 1q42 That Directly Disrupts Brain-Expressed
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A family with a (I;ll)(q42;ql4.3) translocation significantly linked to a clinical phenotype that includes schizo¬
phrenia and affective disorders is described. This translocation generates a LOD score of 3.6 when the disease
phenotype is restricted to schizophrenia, of 4.S when the disease phenotype is restricted to affective disorders, of
7.1 when relatives with recurrent major depression, with bipolar disorder, or with schizophrenia are all classed as
affected. This evidence for linkage is among the strongest reported for a psychiatric disorder. Family members
showed no distinctive features by which the psychiatric phenotype could be distinguished from unrelated cases of
either schizophrenia or affective disorders, and no physical, neurological, or dysmorphic conditions co-occurred
with psychiatric symptoms. Translocation carriers and noncarriers had the same mean intelligence quotient. Trans¬
location carriers were similar to subjects with schizophrenia and different from noncarriers and controls, in showing
a significant reduction in the amplitude of the P300 event-related potential (ERP). Furthermore, P300 amplitude
reduction and latency prolongation were measured in some carriers of the translocation who had no psychiatric
symptoms—a pattern found in other families with multiple members with schizophrenia, in which amplitude of
and latency of P300 appear to be trait markers of risk. The results of karyotypic, clinical, and ERP investigations
of this family suggest that the recently described genes DISCI and DISC2, which are directly disrupted by the
breakpoint on chromosome 1, may have a role in the development of a disease phenotype that includes schizophrenia
as well as unipolar and bipolar affective disorders.

Schizophrenia (M1M 181500), bipolar disorder (M1M
125480), and recurrent major depression (i.e., unipolar
disorder) are among the most prevalent causes of dis¬
ability worldwide (Lopez and Murray 1998). Family
and twin research has established the importance of
inherited factors, and several chromosomal regions
likely to harbor susceptibility genes have been identified
during 10 years of extensive linkage and association
studies (Potash and DePaulo 2000; Riley and McGuffin
2000). At several chromosomal locations—including
13q, 18p, and 22q—linkage has been reported to both
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schizophrenia and bipolar disorder, raising the possi¬
bility that some genetic risk factors contribute to a

range of psychotic symptoms and give rise to pheno-
types that cross the traditional diagnostic boundaries
of schizophrenia and of affective disorders (Wildenauer
et al. 1999; Berrettini 2000). However, it is not clear,
given the large number of linkage reports for both dis¬
orders, that the number of regions with positive results
with regard to schizophrenia and bipolar disorder ex¬
ceeds chance expectation. Whereas most family and
twin studies do not support coaggregation of these dis¬
orders, some family studies have reported overlap of
predisposition to schizophrenia and affective disorders
(Maier et al. 1993). We describe the clinical phenotypes
found in a large family in which a balanced translo¬
cation—(I;ll)(q42;ql4.3)—that disrupts two novel
brain-expressed genes cosegregates with major psychi¬
atric disorders. Clinical diagnoses in family members
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Figure 1 Part of the family with a (I;ll)(q42;ql4.3) translocation. Karyotype analysis has been performed on 87 members of this family,
and clinical psychiatric data were obtained from 69 of those family members. Shown are 58 of the family members for whom carrier status is
known and whose psychiatric phenotype has been defined through follow-up by direct interview, general-practice contact, or hospital case-note

were based on DSM-IV criteria derived from a standard
interview and from a case-note review. The phenotype
was also investigated in a subgroup of family members,
by measurement of intelligence quotient (IQ) and the
auditory P300 event-related potential (ERP), which has
been shown to be abnormal in patients with schizo¬
phrenia and in their unaffected relatives and is a pu¬
tative trait marker of risk for schizophrenia (Black¬
wood et al. 1991; Sham et al. 1994; Weisbrod et al.
1999).

This family was first ascertained by Jacobs et al.
(1970), who reported the translocation in the proposi¬
tus, who had adolescent conduct disorder, and in mem¬
bers of four generations of the propositus's extended
family. Follow-up of the family over 20 years revealed
an increased incidence of major psychiatric disorders,
including schizophrenia and recurrent major depression,
among relatives with the translocation and found no
cases of these disorders in relatives with a normal kar¬
yotype (St. Clair et al. 1990). It was proposed that dis¬
ruption of one or more genes at or near one of the
translocation breakpoints increased the risk of devel¬
opment of psychosis in this family. Over the past 10
years, members of this family have been systematically
followed up by direct interview, regular contact with
general practitioners, or hospital case-note review. The

study has been approved by the local Ethics of Research
Committee, and family members have given informed,
written consent. Interviews were conducted by experi¬
enced psychiatrists (D.H.R.B., W.J.M., and D.St.C.) us¬
ing the Schedule for Affective Disorders and Schizophre¬
nia L (Endicott and Spitzer 1978); consensus diagnoses
blind to carrier status and based on DSM-IV criteria are

shown in figure 1. Of the 87 members of the family who
were karyotyped, 37 carried the translocation. Of the
50 noncarriers, 18 were married-in relatives. Living rel¬
atives were interviewed directly by a psychiatrist, and
deceased members were included in the analysis if ad¬
equate hospital and general-practice case records were
available. A psychiatric diagnosis was reached for 29
carriers, 38 noncarriers, and the 2 founders (who were
not karyotyped).

Figure 1 shows the family members for whom psy¬
chiatric assessment was possible and for whom karyo¬
type status was available. To preserve the anonymity of
family members, 11 individuals with a normal karyotype
and without a psychiatric diagnosis (all were siblings of
carriers) have been omitted from the figure but were
included in the linkage analysis.

Nine new cases of major psychiatric disorder have
been diagnosed during the follow-up period over the
past 10 years. Of note is a relative (IV:17) with bipolar
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disorder whose child (V:10) developed a chronic schiz¬
ophrenic disorder. For the 29 subjects with the trans¬
location, the following diagnoses were made: schizo¬
phrenia (in 7 cases), bipolar disorder (in 1 case),
recurrent major depression (in 10 cases), adolescent con-
duct-and-emotional disorder (in 2 cases), and minor de¬
pression (in 1 case). The propositus and two siblings
were the only members of the extended pedigree who
were diagnosed with severe adolescent conduct-and-
emotional disorder, and, because one of these siblings
had a normal karyotype, adolescent disorder appears to
be unrelated to the translocation. No major psychiatric
disorder was diagnosed in 38 relatives with a normal
karyotype. In this group, psychiatric diagnoses were as
follows: adolescent conduct-and-emotional disorder (in
one case), minor depression (in three cases), and alco¬
holism (in one case). A maximum LOD score of 7.1
confirmed close linkage of the translocation to the clin¬
ical phenotype that included schizophrenia, bipolar dis¬
order, and recurrent major depression (table 1). Linkage
between the translocation and major affective disorder
(LOD score 4.5) was also confirmed in an analysis in
which only the cases of recurrent major depression and
the single case of bipolar disorder were coded as affected
and in which the seven cases of schizophrenia were
coded as unknown. Linkage with schizophrenia alone
was also significant (LOD score 3.6) in an analysis that
included the seven cases of schizophrenia and that coded
other disorders as unknown. These are among the high¬
est LOD scores reported, to date, for linkage to either
schizophrenia or affective disorders.

Single-family studies are important for the identifica¬
tion of the group of psychoses in which single-gene loci
may have a major effect on illness risk. However, findings
may be unique to one family, and, because the translo¬
cation is rare, it is important to investigate possible phe¬
notype differences between members of this family and
unrelated individuals with either schizophrenia or affec¬
tive disorders. Direct interviews as well as hospital and
general-practice case-note reviews confirmed that the
translocation was not associated with any physical or neu¬
rological illnesses, developmental abnormalities, or dys-
morphisms, and the IQs of the family members, measured
by the National Adult Reading Test, were within the nor¬
mal range. There was no difference in the mean IQ of 12
relatives with the translocation (mean IQ 100.3) and 8
relatives with a normal karyotype (mean IQ 100.5). Dur¬
ing the follow-up period, the auditory P300 ERP of 12
relatives with the translocation, 10 noncarriers, 20 un¬
related subjects with schizophrenia, and 26 controls—all
of age 18-60 years—was recorded, to compare the phe-
notypes in members of this family and unrelated subjects.
Prolonged latency of and reduced amplitude of P300 ERP,
which have consistently been found in patients with
schizophrenia and in their relatives, are thought to indi-
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Table 1

Linkage of t(1;!1) to Schizophrenia and Affective Disorders

Gene
LOD Score at t) =

Phenotype" Frequency*1 Penetrance 0 .05 .1 .2

Model 1 .004 .2 3.6 3.3 3.0 2.3

Model 2 .03 .3 4.5 4.0 3.6 2.7
Model 3 .03 .5 7.1 6.6 5.9 4.6

Model 4 .1 .6 1.9 2.5 2.6 2.4

a Linkage analysis was performed by MLINK, under the assumption
of dominant inheritance, for four definitions of the disease phenotype
(Terwilliger and Ott 1994): model 1 = 7 cases of schizophrenia (all
other diagnoses coded as unknown); model 2 = 11 cases of recurrent
major depression and 1 case of bipolar disorder (schizophrenia and
other diagnoses coded as unknown); model 3 = schizophrenia, re¬
current major depression, and bipolar disorder; model 4 = all diag¬
noses, including alcoholism, minor depression, anxiety, and adolescent
conduct-and-emotional disorder.

b Gene frequencies were compatible with the assumption of a life¬
time risk of .006 for schizophrenia or of .05 for major affective dis¬
orders; the translocation was assumed to be rare in the population,
with frequency .00001.

cate deficits in the speed and the efficiency of the pro¬
cessing of stimuli in short-term memory and may be con¬
sidered trait markers of risk (Schreiber et al. 1992;
Blackwood 2000). Changes in the latency and the am¬

plitude of P300 are also found in patients with bipolar
disorder (Muir et al. 1991), but there are differences be¬
tween patients with schizophrenia and patients with af¬
fective disorders, in the topography of the amplitude re¬
duction (Salisbury et al. 1999). P300 is normal in
recurrent major depression, although, in families with
multiple members with schizophrenia, relatives who have
recurrent major depression may show the same P300 ab¬
normalities as do their relatives with schizophrenia
(Blackwood et al. 1991). As described by Souza et al.
(1995), recordings were made from three midline sites
(frontal, central, and parietal [Pz]) and left and right tem¬
poral sites (T3 and T4) by use of linked ear electrodes as
a reference while subjects performed a two-tone-discrimi¬
nation task. The electroencephalogram was amplified by
10,000 x and had a bandwidth of 0.16-30 Hz ( — 3 dB),
and data were sampled at a rate of 250 Hz by an analog-
to-digital converter with 12-bit resolution. The data
sweep was 244 ms prestimulus and 752 ms poststimulus.
Tone pips of 20 ms duration at 1,000 Hz (frequent) and
1,500 Hz (rare), with a probability (frequent:rare) of 10:
1, were delivered binaurally at 75 dB (sound-pressure
level) and interstimulus interval of 1.1 s. Subjects were
instructed to count silently the high-pitched tones. The
P300 latency (in ms) was measured via the least-mean-
squares (LMS) method (Glabus et al. 1994), and ampli¬
tude (in /xV) was defined as the highest point in a pre¬
defined window (280-550 ms). The Pz site was chosen
for all analyses. Table 2 shows that translocation carriers
were similar to patients with schizophrenia but differed
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Table 2

P300 Latency and P300 Amplitude in the Family with the
Translocation, in Patients with Schizophrenia, and in Controls

Mean (SD) of P300

Latency Amplitude
Group (ms) </*V)
Relatives:

With translocation (n = 12) 366.2 (41.8) 6.8 (3.4)
With normal karyotype (« = 10) 338.3 (34.5) 12.1 (3.5)

Patients with schizophrenia (n = 20) 391.3 (47.2) 7.2 (4.0)
Controls (n = 26) 354.8 (26.5) 11.0 (3.1)

NOTE.—Results were determined by multivariate analysis of vari¬
ance. There was a group effect for latency (F = 5.62, df = 3, P =
.002) and for amplitude (F = 8.62, df = 3, P = .0001). Scheffe post
hoc comparisons of means showed significant differences between
groups, in P300 latency (controls < patients with schizophrenia,
P = .02; relatives with a normal karyotype < patients with schizo¬
phrenia, P = .007) and in P300 amplitude (controls > patients with
schizophrenia, P = .007; controls > relatives with the translocation,
P = .01; relatives with a normal karyotype > patients with schizo¬
phrenia, P = .007; relatives with a normal karyotype > relatives with
the translocation, P = .009).

significantly from noncarriers and controls, in measures
of P300 amplitude and of P300 latency. Analysis of P300
amplitude showed the following: controls > patients with
schizophrenia, P = .007; controls > relatives with the
translocation,? = .01; relatives with a normal karyotype
> patients with schizophrenia, P = .007; and relatives
with a normal karyotype > relatives with the transloca¬
tion, P = .009. Analysis of P300 latency showed the fol¬
lowing: controls < patients with schizophrenia, P = .02;
and relatives with a normal karyotype < patients with
schizophrenia, P = .007. P300 amplitudes <2 SD below
the control mean were recorded in 7 of the 12 relatives
with the translocation, and the diagnoses for these 7 sub¬
jects were depression (in three cases), schizophrenia (in
two cases), and no symptoms (in two cases). Similarly,
for P300 latency, the two translocation carriers with la¬
tency >2 SD above the control mean were a relative with
no psychiatric diagnosis and a relative with schizophrenia.
Significant changes in the amplitude and the latency of
P300 in translocation carriers were therefore not restricted
to subjects with a psychiatric diagnosis. The findings are
consistent with previous findings in other families with
multiple members with schizophrenia, in which the am¬
plitude of and the latency of P300 appear to be trait
markers of risk, rather than state markers reflecting the
presence of symptoms (Blackwood et al. 1991; Sham et
al. 1994).

We have described elsewhere two genes, disrupted in
schizophrenia 1 (DISCI [MIM 605210]) and disrupted
in schizophrenia 2 (DISC2), that are directly disrupted
by the breakpoint on chromosome 1, and a third gene,
translin-associated factor X (TSNAX [MIM 602964]),
that is in very close proximity (Millar et al. 2000). These

and other functionally related genes are strong candi¬
dates for a role in the development of psychiatric dis¬
orders. There are no genes close to the breakpoint on

llql4.3, making this the less-likely site for genes con¬
tributing to psychosis in the family, although we cannot
entirely rule out the possibility that translocation has
long-range positional effects on gene expression.

Single large families with multiple affected members
have important advantages for the study of genetically
complex disorders such as the major psychoses, when
substantial locus heterogeneity is probable. A disadvan¬
tage is that findings may be either rare or unique to one
family and, thus, not relevant to the disease itself. There
are, however, independent reports of suggestive linkage,
for both schizophrenia and bipolar disorder, with mark¬
ers mapped close to the breakpoint on lq42. The strong¬
est independent support for linkage to the lq42 break¬
point region is from two studies of Finnish families with
schizophrenia. A genomewide scan of 134 affected sib¬
ling pairs with schizophrenia revealed a maximum LOD
score of 2.6 with the marker D1S439, which lies <500
kb from the translocation breakpoint (Ekelund et al.
2000). In a second study, of 20 families with schizo¬
phrenia that are from an isolated Finnish subpopulation,
Hovatta et al. (1999) reported a maximum LOD score
of 3.7 at lq32-41, and there is overlap of the regions
showing linkage in these two Finnish populations. Link¬
age between the microsatellite D1S103, which maps <1
Mb from the breakpoint, and bipolar disorder has been
reported in two separate studies: Gejman et al. (1993)
found suggestive linkage (LOD score 2.4) with D1S103
in 1 of 19 families with bipolar disorder, and LaBuda
et al. (1996) reported increased allele sharing (P <
.0001), under one weighting function, in Old Order
Amish families with bipolar disorder. Detera-Wadleigh
et al. (1999), reported, in a genomewide scan of 22 fam¬
ilies with bipolar disorder, elevated identical-by-descent
sharing (maximum LOD score 2.3) in a 30-cM region
spanning Iq25-q42 and extending to the breakpoint re¬
gion; it is noteworthy that, in 15 of these 22 families
with bipolar disorder, at least one individual was diag¬
nosed with either schizophrenia or schizoaffective dis¬
order. The breakpoint on lq42 is ~60 cM from the locus
on Iq21-q22, where linkage to schizophrenia has also
been reported (Brzustowicz et al. 2000; Gurling et al.
2001), and this breakpoint appears to be a separate locus
related to schizophrenia.

Some genetic risk factors for psychoses may contribute
to a range of symptoms that cross traditional diagnostic
boundaries, and the locus identified by the breakpoint on
lq42 appears to be implicated in families with either
schizophrenia or bipolar disorder. The range of diagnoses
recorded in the family with the translocation is found in
other extended families with schizophrenia (St. Clair et
al. 1989). Similarly, the observation that, in the family
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with the translocation, P300 amplitude and P300 latency
are abnormal in individuals with psychoses and in their
asymptomatic relatives is similar to the pattern of P300
changes in other families with multiple members with
schizophrenia and may provide clues to the biological
basis for the varied clinical presentations in these families.
For example, reduction of P300 amplitude in patients
with schizophrenia and in their relatives has been cor¬
related with reduced regional perfusion, as measured by
single-proton-emission computed tomography, in left-
frontal regions (Blackwood et al. 1999) and with re¬
duced gray-matter volume of the left-superior temporal
gyrus, as measured by positron-emission tomography
(O'Donnell et al. 1999). Genetic markers combined with
other investigative approaches—-including neurophy¬
siology, brain imaging, and neuropsychology—may help
to define subtypes of the psychoses.
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Disruption of a Brain Transcription Factor,
NPAS3, Is Associated With Schizophrenia
and Learning Disability
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A mother and daughter diagnosed with schizo¬
phrenia and schizophrenia co-morbid with mild
learning disability, respectively, possess a bal¬
anced reciprocal translocation t(9,14)(q34.2;ql3).
Fluorescence in situ hybridization (FISH) with
YAC, BAC, and cosmid probes indicate that the
chromosome 14ql3 breakpoint disrupts a large
gene, NPAS3, encoding a CNS expressed tran¬
scription factor of the basic helix-loop-helix PAS
(bHLH-PAS) gene family. By analogy with other
members of the bHLH-PAS family, the putative
truncated protein generated from the disrupted
gene locus may have a dominant negative effect.
The 14ql3 region was previously identified by a
linkage study of an inherited neurodegenerative
condition, idiopathic basal ganglia calcification
(IBGC or Fahr syndrome, OMEM:213600/606656),
which is often co-morbid with psychosis. Sequen¬
cing of the gene in a third patient diagnosed with
IBGC, schizophrenia, and mild learning disability
did not reveal functional mutations.
© 2005 Wiley-Liss, Inc.

KEY WORDS: chromosome aberration; Fahr
syndrome; fluorescence in situ
hybridization (FISH)

INTRODUCTION

Schizophrenia is a disorder with a lifetime prevalence of0.5-
1% in the general population. Numerous twin and family
studies have demonstrated that it has a heritable genetic
component of between 50% and 80%. However, there are
several poorly characterized features of this component which
have hindered the identification of causative gene mutations.
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These include the possibility of heterogeneity and epistasis,
the number of gene mutations thought to be involved, the
penetrance and expressivity of their action and lastly, their
prevalence in different ethnic groups. Multiple independent
replications of linkage results appear to offer some hope of
determining the chromosomal regions containing genes of
major effect [Berrettini, 2000]. Subsequently, association and
mutation-detection approaches will be required to confirm
candidate genes.

The cloning of breakpoints in patients with chromosome
abnormalities (translocations, inversions, etc.) has proved
instrumental in the identification of many disease genes
(e.g., Duchenne muscular dystrophy, retinoblastoma, Wilms'
tumor, familial polyposis coli, fragile-X syndrome, polycystic
kidney disease, many leukemias and, very recently, a candi¬
date speech and language disorder gene [Lai et al., 2001]).
Such studies assume that the chromosomal breakpoints
give rise to the clinical symptoms either by directly disrupting
gene sequences or by perturbing gene expression (through the
separation of the gene from sequences regulating expres¬
sion or through heterochromatinization [Kleinjan and van
Heyningen, 1998]). DISC1/DISC2 [Millar et al., 2000, 2001],
and DIBD1 (ALG9) [Baysal et ah, 2002] have already been
identified as candidate genes for major psychiatric illness
through a cytogenetic approach. We are carrying out a
systematic analysis of karyotypically abnormal patients with
psychiatric disorders in order to identify further candidate
susceptibility genes.

We describe here the characterization of one such chromo¬
some aberration: a balanced reciprocal translocation between
chromosomes 9 and 14, t(9;14)(q34.2;ql3) in a mother with
schizophrenia and her daughter with schizophrenia co-morbid
with mild learning disability (see Fig. 1). A brain transcription
factor gene, NPAS3, is shown to be disrupted by the transloca¬
tion at 14ql3. It is assumed that the disruption of this gene is
responsible for the psychotic symptoms exhibited by the
mother and daughter. We also propose that the gene disruption
may act to cause the clinical phenotype through the generation
of a dominant negative truncated protein rather than by simple
reduction in transcript/protein levels. Recent linkage evidence
has also suggested that this chromosomal region houses a
gene responsible for idiopathic basal ganglia calcification
(IBGC or Fahr's disease [Geschwind et al., 1999]). IBGC is a
rare central nervous system disorder in which calcium phos¬
phate is deposited extracellularly in specific regions of the
brain; primarily the basal forebrain and cerebellum. This
principally manifests itself through the onset ofmotor deficits,
cognitive impairments and, in some instances, psychiatric
disorders [Cummings et al., 1983; Chabot et al., 2001; Ilievski
et al., 2002]. It is with the last ofthese in mind that we have also

© 2005 Wiley-Liss, Inc.
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9q34

Pig. 1. Ideogram representation of the reciprocal translocation
t(9;14)(q34.11;ql3.1) observed in the proband and proband's mother.

investigatedNPAS3 as a candidate gene for IBGC. Sequencing
of the NPAS3 gene for mutations was carried out in an in¬
dependent, bona fide, case of IBGC co-morbid with schizo¬
phrenia and mild-learning disability not associated with an
abnormal karyotype.

MATERIALS AND METHODS

Patient Details

A small family segregating a t(9;14) translocation was
identified previously and a cell line was established, with
consent, from a carrier parent. Diagnosis on the parent was
established by an experienced psychiatrist (W.M.) using
SADS-L, and hospital case note review. The parent met full
DSM-IV criteria for schizophrenia. The parent had a note
history ofmild learning disability, but this was not detected at
personal interview. No other cases of the translocation were
detected in this family and no other subjects with mental
illness or learning disability known. Diagnosis on the carrier
adult child was based on clinical note review and PASS-
ADD structured assessment. The patient had severe learning
disability (US/Can mental retardation) and a clinical diagnosis
of unspecified functional psychosis was established. This
psychosis was responsive to standard neuroleptic medication
(depot and oral) and the patient showed evidence of severe
agitated outbursts, with behavioral evidence of visual and
auditory hallucinations. Another sibling was known to be a
carrier of the translocation but was not accessible to study.
The father, a non-carrier, was assessed using SADS-L and note

review and found to have DSM-IV bipolar I disorder. Thus,
there is a possible complication about inheritance of psychotic
illness from both sides of this family.

A third independent patient with mild learning disability
and clinical evidence of IBGC and CAT scan findings of
cerebral calcification was identified and gave consent to the
study. There was no family history of cognitive or psychiatric
disorder from the history from the patient. The patient was
interviewed using SADS-L and made DSM-IV criteria for
schizophrenia.

Lymphocyte Extraction and Metaphase
Chromosome Preparation

Lymphocytes were extracted from 7 ml of patient blood
(for storage and generation of EBV-transformed cell lines)
using density gradient separation (Histopaque-1077, Sigma-
Aldrich Company Ltd., Poole, Dorset, UK). In order to generate
metaphase-arrested chromosomes for cytogenetic analysis,
0.8 ml of patient blood were cultured for 71 hr in medium
containing phytohemagglutinin (Peripheral Blood Medium,
Sigma). The short-term cultures were treated with colcemid for
1 hr followed by a conventional fixing procedure. Fixed
chromosomes were dropped onto microscope slides and stored
for 1 week prior to use in fluorescence in situ hybridization
(FISH) experiments.

Selection of YAC and BAC Clones
for Fish Probe Synthesis

YAC clones were selected from the Whitehead/MIT maps of
the cytogenetic interval within which the 14ql3 breakpoint
was adjudged to lie; accessed through the Genome Database
(http://gdbwww.gdb.org/). YACs were obtained from the
HGMP Resource Centre, Cambridge, UK. DNA was prepared
from these clones by standard methods and amplified by
PCR using primers designed against the consensus sequence
elements within the archetypalA/u repeat [Breen et al., 1992],
This "Alu-PCR" gives a representative spread ofnon-repetitive
sequence over the full length of the YAC and yields a better
FISH probe synthesis than native YAC DNA. Alu-PCR was
performed using the Expand Long Template PCR kit (Roche
Diagnostics Ltd., Sussex, UK). Markers present within the
breakpoint YACs were identified from the Whitehead Institute
map. These were placed within a BAC contig on the UCSC
GoldenPath Human Genome Browser (http://genome. cse.
ucsc.edu/cgi-bin/hgGateway?org=human) database and BAC
clone order was verified by consultation of the Washington
University FPC database (http://www. genome.wustl.edu/
gse/human/ Mapping/index.shtml). RPCI BAC clones were
purchased from BACPAC Resources, Children's Hospital,
Oakland, CA and subsequently taken through FISH analysis
as detailed below.

FISH Protocol

Pooled Alu-PCR, purified BAC, or cosmid DNA was labeled
with digoxigenin or biotin by nick translation and hybridized
to metaphase spreads and visualized using standard FISH
methods. Slides were counterstained with DAPI in Vectashield
antifade solution (Vector Laboratories Ltd., Peterborough,
UK). A Zeiss Axioskop 2 fluorescence microscope with a chroma
number 83000 multi-spectral filter set was used to examine
slides. Images were captured using Digital Scientific Smart-
Capture 2.1 software. Visualization of the hybridized probe
signal indicated whether the probe was located centromeric or
telomeric to the breakpoint. This dictated the choice of further
DNA probes for FISH. The process continued until a probe
signal was split into three distinct signals (e.g., on normal
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chromosome 14, derived chromosome 14, and derived chromo¬
some 9) indicating that it spanned the breakpoint.

Fine FISH Mapping of the Breakpoint
With Cosmid Clones

PCR products corresponding to regions in or near NPAS3
exons 4, 5, and 6 were obtained using the following primers
under standard PCR conditions (exon 4-i ACAACCATTCTGG-
GAACAGC, exon 4-ii GTGTAGGGAAAGCCATCCAA, exon 5-i
TCTTTTTCCTGCAGTCCCTG, exon 5-ii CTCCAAATGAC-
TCCTGCCAT, exon 6-i GCCTCTGCCATAGATTTTGC, exon
6-ii TTCCTTCCCACCCTTTCTCT). Probes were created by
random-primed labeling of PCR products with radioactive
dCTP; these were used to screen a LANL chromosome 14-
specific cosmid library (LA14NC01 obtained from the UK
HGMP Resource Centre, Cambridge, UK) using standard
hybridization conditions. DNA from positive clones was pre¬
pared by a standard alkaline lysis protocol and taken through
FISH analysis as above.

Sequence Analysis of Image Clones and PCR
Products in Normal and Patient Samples

PCR primers (available upon request) were designed to
amplify each individual exon (or part thereof, in the case of
exon 12) and some flanking intronic sequence from patient
genomic DNA. Direct sequencing of these PCR products
(dRhodamine sequencing kit, Applied Biosystems, Warring¬
ton, UK) enabled the identification of polymorphisms within
the gene. All PCR was carried out with conventional conditions
and reagents (SigmaTaq) except for exon 12 PCR which
required the use of the PCR Enhance kit (Invitrogen Ltd.,
Paisley, UK) with a 56°C annealingtemperature because ofthe
high C/G content of the sequence (see below).

RESULTS

FISH analysis of the proband and mother gave identical
results (data not shown). All of the presented FISH results are
from the analysis of metaphase spreads from short-term
culture of blood from the proband. FISH identified two CEPH
MEGA YAC clones (962_a_7 and 723_g_6) spanning the
chromosome 9q34.2 breakpoint. This suggested that the
9q34.2 breakpoint falls within a ~5 Mb window delimited by
the markers NIB1468 and NIB1442. Subsequent FISH hybri¬
dizations have shown the breakpoint to lie within a ~250 kb
window delimited by BACs RPll-55c4 and RPll-206h24. A
cluster of ESTs maps within this region (e.g., acc. BC038559)
but this appears to be Alu subfamily SX repeat derived se¬
quences (acc. P39195).

From the initial G-banding karyotype data CEPH MEGA
YAC clones were selected from the 14ql3 region and used for
FISH. Markers known to be within the breakpoint-spanning
YAC clone (964_f_6) were used to place the breakpoint in the
BAC DNA clone contig map generated by the Human Genome
Project. A breakpoint-spanning BAC clone (RPCI-11 BAC
1078il4, acc. AL161851) was identified by further FISH
screening (Fig. 2).

EST sequences were examined in the genomic DNA flanking
the breakpoint in order to identify potential transcripts in the
locality. A number of ESTs were identified which had been
annotated as containinghomologous sequence to the conserved
"PAS" domain present in a large number of genes [Gu et al.,
2000]. A search of such genes revealed that the most closely
related gene encoded a mouse brain-expressed transcript,
neuronal PAS domain protein 3 (Npas3, also known as Mop6,
acc. AF173871). Nucleotide homology to mouse Npas3 cDNA
within human genomic DNA BAC clone sequences at 14ql3
using the BLAST algorithm identified 13 exons corresponding
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Fig. 2. Genomic arrangement of the NPAS3 gene on chromosome 14.
The exon positions of the alternative splice forms are shown approximately
to scale and with respect to the breakpoint. Additional features shown
include proposed CpG islands, functional protein domains encoded by
particular exons, and the BAC and cosmid clones used in fluorescence in situ
hybridization (FISH)-based breakpoint mapping. The pointers above the

BAC clones

(RPCI-11)
protein domains indicate the locations of truncations (natural or otherwise)
present in other members of the bHLH-PAS family of transcription factors.
Pointer 'a' shows the location of the SIM1 gene disruption described in the
text and pointer 'b' shows the position of truncations in bHLH-PAS genes
with demonstrated dominant-negative activity.
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to the human orthologue of Npas3 (NPAS3) distributed over
a genomic region of approximately 860 kb (Fig. 2). This
places it among the largest gene loci in the human genome.
Full length NPAS3 cDNA sequences have since been submitted
by two other groups with accession numbers AB054575 and
AF164438, although these show differences to the mouse
sequence in the 5' exons [Zhou et al., 1997; Brunskill et al.,
1999], This is due to the presence of two alternative transcrip¬
tion start sites associated with their own CpG islands in both
human and mouse. This alternative splicing was confirmed
in human by analysis of published EST sequences (e.g.,
AI360153) coupled with further sequencing of corresponding
IMAGE clones (data not shown). These splice variants are
highlighted in Figures 2 and 4.

The ratio of probe signals on the derived chromosomes 9
and 14 from the breakpoint-spanning BAC probe, RPCI-11
1078il4, indicated that the breakpoint was located at the
centromeric end of the BAC. This is the location of exon 5.
Exons 4-, 5-, and 6-containing cosmids were isolated (see
"Materials and Methods" and Fig. 2) and used as FISH probes
to refine the breakpoint location. The results indicated that
the breakpoint was located between exons 4 and 6. Three
exon 5-containing cosmids (LA14123-C4, LA14104-B10, and
LA1478-B11) were used in FISH experiments. The first and
second of these clearly spanned the breakpoint (see Figs. 2
and 3). The third gave definite signals on the derived chromo¬
some 9 and the normal chromosome 14 (data not shown). These
cosmid FISH data indicate that the breakpoint lies within a
40 kb window (the size of cosmid inserts) which includes, but
is most likely upstream of, exon 5 of NPAS3. A breakpoint in
this region would indicate that any truncated protein product
from a derived chromosome 14 transcript would possess the
basic helix-loop-helix (bHLH) domain but not the full PAS or
transcription activation domains. During the preparation of
this article, we have learned that another laboratory has
independently characterized the disruption in NPAS3 from the
same cell lines [Kamnasaran et al., 2003].

* * A* > .

*
. rL *- * " nco a.*

V\

'*
.

DER 9.- '

j# 45

NPAS3 Mutation Screening—A
Candidate Gene for IBGC

A large family with IBGC segregating in an apparently
autosomal dominant fashion has recently been the subject of a
published genome-wide linkage scan to assess chromosomal
regions potentially harboring the causative gene [Geschwind
et al., 1999]. A marker with a multi-point LOD score peak of
3.7 was identified on chromosome 14 (D14S306). Haplotype
analysis defined a minimal region containing the candidate
IBGC gene. This extended from marker D14S596 through
D14S1014, D14S75, D14S306, and D14S288 to D14S259
(cytogenetic range 14ql2 to 14q21.3). NPAS3 lies within the
haplotype region, in the interval between D14S596 and
D14S1014. IBGC can be associated with psychotic symptoms;
two members of the published linkage pedigree had panic
attacks and psychosis as symptoms in addition to the stereo¬
typical motor deficits. We tested NPAS3 as a candidate causa¬
tive gene for this condition. In our study, the proband's clinical
symptoms precluded the use of brain imaging procedures
to test for the diagnostic calcification of brain subregions.
However, neither the proband nor the proband's mother
exhibited motor deficits typical of IBGC. A third, unrelated,
patient diagnosed with IBGC, learning disability and schizo¬
phrenia was screened for mutations in NPAS3. PCR primers
(details available on request) were used to sequence the 13
exons of NPAS3 for polymorphisms. Neither coding sequence
changes nor splice donor/acceptor site mutations were identi¬
fied in this patient.

DISCUSSION

A FISH-based approach has shown that a gene, NPAS3, is
disrupted by a chromosomal rearrangement present in a
mother and daughter who suffer from schizophrenia and
schizophrenia with mild learning disability, respectively.
Although the proband's father was diagnosed with bipolar I
disorder, we postulate that the co-segregation of the chromo¬
some abnormality with a diagnosis of schizophrenia in the
mother and daughter strongly suggests that the deficit in
NPAS3 function is causative.

bHLH domains are found in a wide range of proteins, some
of which play critical roles in the development and function
of the nervous system (e.g., the NeuroD gene). A subset of
these proteins also contain PAS domains (so-called because
the original proteins identified with the domain were the
circadian rhythm gene, Period, the toxin metabolic pathway
protein, aryl hydrocarbon receptor nuclear transporter, and
the Drosophila neurogenesis protein, single-minded). The
function of the PAS domain is not fully understood but
protein-protein interaction, ligand binding, and dimerization
are roles suggested in the literature.
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Fig. 3. Identification ofabreakpoint-spanning cosmid clone usingFISH.
A probe derived from cosmid LA14123-C4 was hybridized to patient
metaphase chromosomes and detected with Avidin-Texas Red (red).
Chromosomes were counterstained with DAPI (blue). Probe signals can be
seen on the normal chromosome 14, the derived chromosome 14, and the
derived chromosome 9.

Recent Human Evolution of the NPAS3
Gene—Implications for Disease

An alignment of the cognate human and mouse NPAS3
proteins reveals near identity over the N-terminal half of the
protein but increased divergence at the C-terminal end. This
divergence is particularly evident for two stretches where five
and seven amino acids, respectively, have been gained in the
human orthologue (Fig. 4). These correspond to expansions
within two poly-glycine tracts present within exon 12 (of 11 and
10 residues, respectively). Such tracts can be indicative of
slipped strand mispairing whereby trinucleotide repeats are
aberrantly expanded or deleted. Where they occur in coding
sequence, increases in the number of trinucleotide repeats can
have a pathological effect on protein function (e.g., Huntington
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CgcagaGCGCCaGOGGTGGaGaTGaCOGTGGCGGCGGGctgc*
mil I Mil
cgcagGGCCAGGGAOGCAGCftGCGGIGGCGGGGGAaCGctgca

J)
Human NPAS3 PRDKHKSHGOGOGGOGGGAOGOSPfl&SNS
House Npaa3 PRDKHPGGGAGFGGGG PGASKS

caccoeGCOAACGOGOGCOGGOGCSOGGGCGOaGOOaaOGGCaCOaaGOnCGaCGGCCCcagC
nun ii i

CaCCCCGGGGCCCGGGGCXXGaAGTGGCOGGGlU'GGC cctggt

Fig. 4. Features of NPAS3 protein sequence (a) N-terminal region of
NPAS3 (spliceform incorporating exons lb-3-4 etc.). Underlined residues
are specific to this spliceform. b: N-terminal region of NPAS3 (spliceform
incorporating exons la-2-3-4 etc.). c: Exon 12 possible triplet repeat motif
tract 1: human and mouse amino acid alignment and corresponding nucleic
acid sequence alignment. Shading indicates sequence flanking repeat tract,
d: Exon 12 possible triplet repeat motif tract 2.

disease and spinocerebellar ataxia 1). Another feature ofsuch
repeats is their unstable nature between generations: a
lowering of the age of onset of a disease from generation to
generation (anticipation) can often be directly linked to an
increase in the number of repeat units. The IBGC family des¬
cribed in the linkage paper exhibited anticipation [Geschwind
et al., 1999]. Examination of the underlying nucleic acid se¬
quence of the tracts shows imperfect triplet repeats (Fig. 4)
possibly indicating third base position mutation subsequent to
expansion.

Therefore, it is not clear at present whether these repeat
tracts have the capability of pathogenic expansion. Exon 12
(coding for the C-terminus of the protein) is also noteworthy
because of the extremely high density of CpG dinucleotides
(in humans and mouse); a feature that is very sharply
associated with exonic sequence (data not shown). This "CpG
island" is unusual because it is both entirely transcribed and
also located at the 3' rather than 5' end of the gene. The
significance of this in terms ofpotential transcriptional control
by methylation or susceptibility to mutation is as yet unknown.
However, the high level ofG and C bases creates a constraint on
amino acid composition such that alanine, glycine, histidine,
and proline are over-represented. This may explain the
presence and expansion of the poly-glycine tracts in NPAS3.

Expression and Function of NPAS3
The expression of NPAS3 fits well with its proposed

causative role in psychiatric illness in the proband and mother.
NPAS3 was originally cloned in the mouse [Brunskill et al.,
1999] on the basis of its sequence homology with other PAS
domain proteins. Its expression has been characterized in the
developing mouse embryo where high levels are seen in the
neural tube, neuroepithelium and, later, the neopallial layer of
the cortex. Non-neural expression was also observed in the
heart, limb, and kidney. Protein sequence comparison between
NPAS3 and other members of the NPAS subfamily show that
homologies are largely restricted to the N-terminal end of the
protein; the location of the basic helix-loop-helix and PAS
domains. The greatest homology is with NPAS1, then NPAS2
and other PAS domain-containing proteins (data not shown).

In the mouse, Npasl (human chromosomal location, 19ql3)
is expressed in deep pyramidal cortex cells, hippocampus and
amygdala [Zhou et al., 1997], Npas2 (human chromosomal
location, 2ql3) is expressed in the cortex, hippocampus, and
thalamus. Lower levels were also seen in spinal cord, intestine,
and uterus.

The expression patterns of the NPAS gene family suggest a
role in the regulation of brain gene transcription during
development through to adulthood. Npas2 was deleted in mice
by homologous recombination [Garcia et al., 2000] leading to
deficits in cued and contextual memory. Also, Npas2 appears to
have a role in regulating the circadian rhythm pathway in
certain brain regions in response to cellular energy state and/or
diffusable gas levels [Reick et al., 2001; Rutter et al., 2001;
Dioum et al., 2002].

Proposed Dominant Negative
Activity of the Disrupted Allele

The position of the breakpoint within the NPAS3 gene raises
the possibility that a truncated protein could be produced with
dominant negative activity. Members of the bHLH-PAS
protein family must form homo- or hetero-dimeric complexes
before they can act to regulate transcription. Should a
truncated protein be produced from the derived chromosome
14, it would contain the bHLH domain, thought to be necessary
for the dimerization/DNA binding function, without the
complete PAS and transcriptional activation domains. Such a
truncated protein might sequester potential dimerization
partners into non-functional complexes. There are several
endogenous and pathological precedents to this type of domi¬
nant negative inhibition (see Fig. 2). A number of alternatively
spliced bHLH-PAS genes such as ARNT2X and HIF-lalpha or
artificially truncated transgenes produce transcripts lacking
sequences encoding the C-terminal transactivation domain
[Maemura et al., 1999; Hsu et al., 2001; Chun et al., 2002]
and the resulting proteins have been shown to have dominant
negative activities. The inhibitory PAS domain gene, IPAS,
encodes a bHLH-PAS protein lacking an activation domain and
it, too, shows dominant negative regulation of another bHLH-
PAS protein, HIF [Makino et al., 2001]. Finally, a patient with
early-onset obesity was shown to have a chromosomal trans¬
location disrupting a hypothalamus expressed bHLH-PAS
gene, single-minded (SIM1), in a directly analogous position
(see Fig. 2) to the disruption in NPAS3 described above [Holder
et al., 2000].

As well as a putative role in psychiatric illness, we screened
NPAS3 for mutations in an individual with IBGC co-morbid
with schizophrenia and learning disability. No mutations were
detected within the coding regions or splice sites of the gene.
However, IBGC has not conclusively been demonstrated to be a

monogenic condition: it would be interesting to screen NPAS3
in pedigrees where a chromosome 14 linkage has been con¬
firmed. In addition, the existence of mutations in this patient
within NPAS3 gene regulatory sequences cannot be ruled out.

To date, few reports of suggestive linkage of psychiatric
illness to the breakpoint regions at 9q34 and 14ql3 have been
described [Detera-Wadleigh et al., 1997; Bailer et al., 2000;
Paunio et al., 2001; Chiu et al., 2002; Lewis et al., 2003],
However, a recent meta-analysis ofgenome-wide linkage scans
for bipolar affective disorder has shown a modest trend for
replication at the 14ql3.1-q24.1: the NPAS3 gene location
[Segurado et al., 2003].

We anticipate that the characterization of wild-type and
truncated NPAS3 protein action, the identification of dimer¬
ization partners and the downstream targets for transcrip¬
tional control will open up new avenues of research into the
aetiology and pathology of schizophrenia at the molecular
level.



DATABASES AVAILABLE FOR LINKING

NPAS3 Gene and Schizophrenia 31

Name Database identifier Website address

The Genome Database (GDB)

Protein Databank (PDB)

Genbank

Online Mendelian Inheritance in
Man (OMIM)

Molecular Modeling Database
(MMDB)

Entrez genomes

Entrez proteins

European Molecular Biology
Laboratory (EMBL)

Accession number, name/symbol: PAX1, database
identifier: 132398

PDB ID, name/symbol: Ferredoxin-
Nadp + Reductase, database identifier: lb2r

Accession number, name/symbol:X53958,
database identifier: 18588

MIM number, name/symbol: adenosine kinase,
database identifier: 102750

MMDB ID, name/symbol: bacteriophage T7 DNA,
database identifier: 7450

Accession number, name/symbol: Salmonella typhi
plasmid R27, database identifier: NC 002305

Accession number, name/symbol: hsdR protein,
database identifier: 4467404

Accession number, name/symbol: mouse alpha-
amylase-1 gene, database identifier: J00353

http:/gdbwww.gdb.org/

http://www.rcsb.org/pdb/

http://www.ncbi.nlm.nih.gov/Genbank/
index.html

http://www.ncbi.nlm.nih.gov/omim/

http://www.ncbi.nlm.nih.gov/Structure/
MMDB/mmdb.shtml

http://www.ncbi.nlm.nih.gov:80/entrez/
query.fcgi?db=Genome

http://www.ncbi.nlm.nih.gov:80/entrez/
query.fcgi?db=Protein

http://www.ebi.ac.uk/embl/index.html
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together with growth retardation and neurologi¬
cal abnormalities. This is consistent with the

expression pattern of Gtf2irdl in the developing
brain and craniofacial areas (23) and its ability
to regulate expression of goosecoid (Gsc) and
Hoxc8, genes that control craniofacial and skel¬
etal development (3, 4). Grc-null mice die soon
after birth with craniofacial defects, rib fusions,
and sternum abnormalities (24); Hoxc8 EE"'"
mice, where temporal regulation of Hoxc8 is
altered but not abolished, have skeletal patholo¬
gies and signs of neurological dysfunction (25).
We used a short interfering RNA (siRNA) that
knocks down levels of endogenous GTF2IRD1
by ~60% to show regulation of GSC by
GTF2IRD1 in human embryonic kidney (HEK)
293T cells. In cotransfection experiments, the
GTF2IRD1 siRNA reduced expression of a
pGL3-GSCprom luciferase reporter construct
(Fig. 4), suggesting that GTF2IRD1 influences
gene transcription at endogenous levels. To
date, few upstream regulators of Gsc have been
defined in vivo, even though its developmental
importance in Drosophila and humans is well
established. Misregulation of GSC expression
due to absence or lower levels of GTF2IRD1

probably contributes to the craniofacial pathol¬
ogies seen in WBS and Gtf2irdl-null mice.

Of the other genes deleted in HR, CYLN2
probably contributes to, but is not solely respon¬
sible for, the neurological phenotype in WBS.
Although no human case of isolated haploinsuf-
ficiency for CYLN2 has been reported, Cyln2~'~
and Cyln2+'~ mice present with mild structural
brain abnormalities, hippocampal dysfunction,
and deficits in motor coordination, alongside
mild growth deficiency but no craniofacial
defects (26). However, haploinsufficiency for
CYLN2 and GTF2IRD1 alone cannot explain
all the clinical features of WBS, because HR
displays a milder clinical profile. The more
pronounced facial and cognitive/behavioral
phenotypes associated with the larger dele¬
tion implicate other telomeric genes in these
features, specifically GTF2I, which lies distal
to GTF2IRD1 and is deleted in classic WBS
cases. GTF2I and GTF2IRD1 share many
structural properties and are likely to have
overlapping functions; indeed, both have been
shown to regulate gene activity through a
common DNA element, DICE (27). This work
introduces members of the TFII-I gene family
as critical regulators of craniofacial and
neurological development.

Our findings allow us to compile a picture
of the molecular pathology of WBS, a clas¬
sical human microdeletion syndrome. No
single gene is responsible for the craniofacial
or cognitive features of WBS. We suggest that
cumulative dosage of 7F7/-/-family genes ex¬
plains the main phenotypes. Gtf2irdl-null
mice and classic WBS individuals have two

functioning copies (in trans and cis, respec¬
tively), whereas HR has three functioning
genes of the GTF2IRD1IGTF2I cluster and

shows milder WBS phenotypes. Whether one
gene has more effect than the other or
whether the effects are additive or multiplica¬
tive remains to be determined. Haploinsuffi¬
ciency for other genes in the WBS critical
region explains the vascular features and may
contribute to the full syndrome, but it is not the
main cause. Because adjacent duplicated but
diverged genes are common in the human
genome, such cumulative dosage effects may
underlie the pathology of other chromosomal
syndromes where members of different gene
families are deleted or duplicated.
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chromosomal translocation t(l;l I)(q42;ql4)
cosegregating with schizophrenia (7 cases),
bipolar affective disorder (1 case), and re¬
lated affective disorders (10 cases) in a large
Scottish family [maximum logarithm of the
odds ratio for linkage (lod score) = 7.1] (2, 3).
Translocation carriers, even without a major

DISCI and PDE4B Are Interacting
Genetic Factors in Schizophrenia

That Regulate cAMP Signaling
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The disrupted in schizophrenia 7 (DISC1) gene is a candidate susceptibility
factor for schizophrenia, but its mechanistic role in the disorder is unknown.
Here we report that the gene encoding phosphodiesterase 4B (PDE4B) is dis¬
rupted by a balanced translocation in a subject diagnosed with schizophrenia
and a relative with chronic psychiatric illness. The PDEs inactivate adenosine
3',5'-monophosphate (cAMP), a second messenger implicated in learning,
memory, and mood. We show that DISC1 interacts with the UCR2 domain of
PDE4B and that elevation of cellular cAMP leads to dissociation of PDE4B from
DISC1 and an increase in PDE4B activity. We propose a mechanistic model
whereby DISCI sequesters PDE4B in resting cells and releases it in an activated
state in response to elevated cAMP.
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Fig. 1. Structure and expression of the PDE4B gene in psychiatric patients. (A)
Genomic organization of PDE4B, showing positions of exons (vertical lines),
alternative transcript forms, a scale bar, and bacterial artificial chromosomes
(BACs; closed boxes) used as FISH probes to define the translocation break¬
point (dashed vertical line). Only the PDE4B1 form is directly disrupted. (B and
C) FISH with probes synthesized from BACs RP11-433N2 and RP11-442I11,
respectively, on t(1;16) patient metaphase spreads. Arrows mark the normal
and derived chromosomes. (D) PDE4B1 expression in lymphoblastoid cells,
with (T) or without (N) the t(1;16), and with glyceraldehyde-3-phosphate
dehydrogenase (GAPDh) loading controls. (E) DISC1 expression in lympho¬
blastoid cells, with (T) or without (N) the t(1;11), and with GAPDH loading
controls. Markers are indicated in kilodaltons.
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psychiatric diagnosis, have reduced amplitudes
of the P300 event-related potential, consistent
with an underlying cognitive defect (5). A
number of independent genetic linkage and
association studies provide confirmatory evi¬
dence for involvement of the DISCI locus in

schizophrenia, schizoaffective disorder, and
bipolar affective disorder (1-4). DISCI is ex¬
pressed in regions of the brain implicated in
the genesis of psychiatric symptoms (5-7) and
binds diverse proteins in the central nervous
system, including the neurodevelopmental
proteins FEZ1 (8) and NUDEL (9, 10).

In ongoing studies of psychiatric patients
with chromosomal abnormalities, we identified
a proband with schizophrenia who carried a
balanced t(l;16)(p31.2;q21) translocation. The
subject had a history of repeated psychotic
episodes with auditory hallucinations and de¬
lusions and was treated with standard anti¬

psychotic medications. A cousin of the proband
who also carried the translocation had a psy¬
chotic illness with prolonged hospital admission
but was not available for interview (II). Using
fluorescence in situ hybridization (FISH) (II),
we showed that the translocation breakpoint on
chromosome 16 lies within an intron of the
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Fig. 2. Human DISC1 binds the PDE4B UCR2 domain in transfected cells. (A) Domain organization of
type 4 phosphodiesterases. The common structure of core regions forming the UCR1/UCR2 module
and the catalytic domain are indicated. Each PDE4 isoform contains a unique N terminus. (B) HEK293
cells were cotransfected with DISC1 and PDE4 expression vectors. FLAG epitope-tagged immuno-
precipitates from lysates prepared from HEK293 cells cotransfected with either empty vector or
FLAG-DISC1 and PDE4B1-B3 plasmids, probed by Western blot analysis with antibodies against FLAG
and pan-PDE4B. Markers are indicated in kilodaltons. (C) FLAG-tagged immunoprecipitates from
HEK293 cells cotransfected with DISCI and the indicated FLAG-PDE4B1 constructs (top) probed by
Western analysis with the R47 antibody to detect total DISC1 and PDE4B1-associated DISC1. For a
schematic representation of PDE4B1 constructs and expression of the corresponding FLAG-tagged
PDE4B1 proteins, see fig. S6. (D) Glutathione S-transferase (GST) pull-downs from lysates of HEK293
cells cotransfected with empty FLAG vector or FLAG-DISC1 and GST or GST-UCR2 plasmids, probed
with antibody against FLAG to detect total DISC1 and DISCI that specifically interacts with the UCR2
domain. (E) Mapping the PDE4B binding site on DISC1. 35S-labeled NA DISC1 fragments (depicted in
fig. S8) and FLAG-tagged, unlabeled PDE4B3 were synthesized by in vitro transcription-translation,
mixed, and incubated for 3 hours in a binding reaction before immunoprecipitation with antibody
against FLAG. Input DISCI and PDE4B3-bound DISC1 were detected by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by autoradiography. Equal capture of FLAG-tagged PDE4B3 was
determined by Western analysis with antibody against FLAG (lower). Input signal represents 1/50 of
total binding reaction. Markers are indicated in kilodaltons.
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Cadherin 8 (CDH8) gene (fig. SI) and that
the 1 p31.2 translocation breakpoint disrupts
the B1 isoform of the phosphodiesterase 4B
(PDE4B) gene (Fig. 1, A to C). CDH8 is a cell
adhesion molecule that potentially has a
neuronal fiinction (11), but we focused on
PDE4B for the following reasons: (i) PDE
action is the sole means of inactivating intra¬
cellular adenosine 3',5'-monophosphate (cAMP),

a key second messenger involved in learning,
memory, and mood (12-14). (ii) Mutations in
the fruit fly Drosophila dunce gene, which
encodes an ortholog of mammalian PDE4,
cause learning and memory deficits (13). (iii)
Mice deficient in PDE4D behave as if they are
taking antidepressants (15). (iv) Rolipram, an
antidepressant, is a selective inhibitor of PDE4
(16). And (v), most intriguingly, we found
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Fig. 3. Interaction of endogenous DISC1 and PDE4B in human SH-SY5Y cells. (A) Control
immunoglobulin IgG and DISCI immunoprecipitates (R47) from lysates of SH-SY5Y cell were probed
by Western blot analysis to detect DISCI (R47) and PDE4B1 (top), and PDE4B immunoprecipitates
(pan-PDE4B) from SH-SY5Y cell extracts were probed for PDE4B (pan-PDE4B) and DISCI (bottom).
The DISC1 71-kD isoform is indicated with an arrow. (B) Protein extracts from SH-SY5Y subcellular
fractions were probed by Western analysis with antibodies against DISCI, PDE4B1, and cytochrome c
(as labeled). PI, nuclear fraction plus whole-cell debris; P2, predominantly mitochondrial; P3, other
membrane elements; C, cytosolic. The DISC1 71-kD isoform is indicated with an arrow. (C)
Immunofluorescence in SH-SY5Y human neuroblastoma cells. (Left) DISC1 (R47 antibody); middle,
PDE4B (antibody against pan-PDE4B); (right) merged signal plus DAPI (nuclear DNA) stain (See also
fig. S11). (D) Confocal immunofluorescence in differentiated SH-SY5Y human neuroblastoma cells,
left to right as in (C). (Inset) Highlighted region enlarged 2.5 times. (E) Immunofluorescence in
hippocampal primary cells, neuron and undifferentiated cell, left to right as in (C), except (left), DISC1
(C2 antibody) (See also fig. S11). Neurons were identified by using an antibody against NeuN.
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PDE4B (but not CDH8) to interact robustly
with DISCI in a large-scale yeast two-hybrid
screen using full-length DISCI as bait (9).

To determine the effect of the t( 1; 16) and
t(1; 11) translocations on PDE4B and DISCI
expression respectively, we analyzed patient-
derived lymphoblastoid cell lines. Cell lines
derived from family members with or without
the t( 1; 16) translocation revealed that PDE4B1
protein expression was reduced by ~50% in
the presence of the t( 1; 16) translocation (Fig.
ID; fig. S2). In the case of the t(l; 11) trans¬
location, we demonstrated transcription of
DISCI from the derived chromosome 1 (fig.
S3 A). However, DISCI transcript levels are re¬
duced overall, and when we used antibody R47,
which is specific for an epitope within the N
tenninus of DISCI (7), we found no evidence
[fig. S3, B to D, and (//)] for a putative C-
terminally truncated protein (8, 9). Expression
of all DISCI species was consistently reduced
to about half normal levels in each of five

t( 1; 11) cell lines from different individuals (Fig.
IE; fig. S2). These are the same DISCI species
that are detectable in human brain tissue (7),
which indicates that proportionate reduction of
DISCI expression in brain is the most likely
consequence of inheriting the translocation.
The reduction in DISCI is specific, as we see
no change in the relative level of TRAX,
which maps immediately 5' of DISCI (fig. S4,
A and B). HaploinsufAciency for DISCI in the
t( 1; 11) translocation cases and for PDE4B in
the t(1; 16) translocation cases is therefore the
most likely mechanistic explanation for suscep¬
tibility to schizophrenia in these individuals.

PDE4 isoforms are classified as long, short,
or supershort (17), depending on the presence
of conserved regulatory regions (UCR1 and
UCR2) linked to the catalytic unit (Fig. 2A).
Long isoforms uniquely express UCR1, whose
phosphorylation by protein kinase A (PKA) trig¬
gers a conformational change in the UCR1 and
2 module, leading to increased catalytic activity
(17). To determine which of the many known
PDE4 isoforms could interact with DISCI, we
transfected expression constructs into HEK293
cells (11). We analyzed the long PDE4B1 and
PDE4B3 isoforms, which each contain UCR1,
as well as the short PDE4B2 isofomi, which
does not. All three of these human isoforms co-

immunoprecipitate with DISCI (Fig. 2B), which
shows that binding is not specific to one par¬
ticular isoform. Indeed, DISCI binds represent¬
ative long isoforms from all four PDE4 genes
(fig. S5). Removal of UCR2 abolished PDE4B1
binding to DISCI (Fig. 2C; fig. S6). Moreover,
the UCR2 domain alone was capable of binding
DISCI (Fig. 2D), which suggests that UCR2 is
a specific DISCI interaction domain.

To identify the site of PDE4 binding on
DISCI, we performed binding assays after
expression of DISCI and PDE4B by in vitro
transcription-translation. Full-length DISCI
(1 to 854), a C-terminal truncated DISCI (1 to
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Fig. 4. Effects of cAMP on DISC1 and PDE4B. SH-SY5Y
cells were mock-treated or treated with (A) IBMX and
forskolin, (B) 8-bromo-cAMP, (C) IBMX and forskolin
with or without H89 for 30 min. Immunoprecipitates
from a PDE4B-specific antibody were prepared and
analyzed by Western blot analysis with the antibodies
against PDE4B or the R47 antibody for DISCI. The
DISC1 71-kD isoform is indicated with an arrow. (D)
Relative coimmunoprecipitation of DISC1 in treated „ «m s 60 mm m go 100_j <•■■■» a-puCRi
versus untreated cells (plotted as means + SEM of at * "
least three independent tests). (E and F) SH-SY5Y cells
were either untreated (Ctr) or challenged for 30 min
with a mixture of either IBMX and forskolin or IBMX and
forskolin plus H89. Immunoprecipitates from PDE4B-
specific antibody were prepared from lysates for either
(E) PDE4 activity assays by measurement of cAMP hydrolyzing activity, or (F) Western blot analysis with a PDE4B-specific antibody or with an antiserum
specific for the single PKA phosphorylation site in UCR1. Methods for obtaining these data are available online [refs. S8, S9, S13, S14, and S21 in (77)].
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597), and the N-terminal "head" domain of
DISCI (1 to 358) were tested for their ability to
bind 35S-labeled PDE4B3 in vitro. All three

V5-tagged DISCI protein fragments efficiently
coimmunoprecipitated PDE4B3 (fig. S7),
which indicated that PDE4B binding to DISCI
is direct and that the DISCI N-terminal domain
is required for the interaction. We next gen¬
erated a series of constructs that progressively
delete amino acids from the N terminus of
DISCI (Fig. 2E; fig. S8) and showed that ami¬
no acids 219 to 283 are required for binding to
PDE4B. DISCI binding was restored by amino
acids 180 to 250 (fig. S9).

To determine whether and where endogenous
DISCI and PDE4B interact, we performed co¬
immunoprecipitation and colocalization studies
using conventional and confocal microscopy in
the human neuroblastoma-derived cell lines
SH-SY5Y and LAN5 and in primary rat hippo-
campal cells. DISCI antiserum (R47) coprecip-
itates PDE4B1 from SH-SY5Y extracts (Fig.
3A, top), whereas pan-PDE4B, an antibody that
recognizes all PDE4B isoforms, specifically
coimmunoprecipitates the 71-kD DISCI isoform
(Fig. 3A, bottom). Thus, isoform PDE4B1 as¬
sociates with the 71-kD isoform of DISCI. In
cell fractionation studies, the PDE4B1 isoform
was most abundant in the mitochondria-enriched
fraction P2 (Fig. 3B), as was the 71-kD isoform
of DISCI, which is also predominantly mito¬
chondrial (7). PDE4B partially colocalizes with
DISC 1 in the mitochondria of SH-SY5Y (Fig.
3, C and D; fig. S10 and SI 1) and LAN5 (fig.
S10) cells. In rat hippocampal primary cultures,
DISCI and PDE4B expression overlap substan¬
tially in both neurons and proliferating non-
neuronal cells (Fig. 3E; fig. S10 and Sll).

To further investigate DISC1-PDE4 binding,
we determined the effect of elevated cAMP.

Overexpression studies show that long PDE4
isoforms are activated by PKA in response to

increased intracellular cAMP and, thereby,
provide part of the cellular desensitization sys¬
tem for cAMP signaling (18, 19). PKA phos¬
phorylation of UCR1 induces conformational
changes that concomitantly affect enzymatic
activity and the interaction between UCR1 and
UCR2 (20). To increase cAMP production
and simultaneously to block its hydrolysis,
SH-SY5Y cells were treated with forskolin plus
the nonspecific phosphodiesterase inhibitor 3-
isobutyl-l-methylxanthine (IBMX). This dra¬
matically decreased the amount of DISCI
coprecipitating with PDE4B (Fig. 4, A and D).
When cAMP levels were raised by using the
cell permeable cAMP analog 8-bromo-cAMP,
we similarly observed a reduction in PDE4B-
DISCI binding (Fig. 4, B and D). The action
of forskolin plus IBMX was ablated when we
added the PKA-specific inhibitor H89 (Fig. 4,
C and D). These data indicate that the in¬
teraction between PDE4B and DISCI is dy¬
namic and directly influenced by altered cAMP
levels through the action of PKA. Our data also
indicate that DISCI binds predominantly to the
dephosphorylated, low-activity form ofPDE4B,
consistent with a model whereby PKA phos¬
phorylation leads to release, from DISCI, of an
activated population of PDE4B in response to
elevated cAMP levels (fig. S12). To test this, we
measured PDE4B cAMP hydrolyzing activity
in SH-SY5Y cells and observed a 48% increase
over controls, in the presence of IBMX and
forskolin, that was inhibited by H89, consistent
with PKA mediation of this increase (Fig. 4E).
This increase in PDE4B activity is due to ac¬
tivation of UCR1-containing long PDE4B iso¬
forms, because the short isoform PDE4B2 was

not immunoprecipitated from SH-SY5Y cells
(Fig. 4F). Using an antibody specific for the
PKA-phosphorylated forms of PDE4 (18, 21),
we identified a 104-kD PDE4B immunore-
active species in PDE4B immunoprecipitates

from cells treated with IBMX and forskolin

(Fig. 4F) that is not seen in control cells, con¬
sistent with PKA phosphorylation of UCR1 as
the mechanism of PDE4B activation.

Our study provides primary evidence for
PDE4B as a genetic susceptibility factor for
schizophrenia. We show that DISCI, an estab¬
lished candidate, interacts with PDE4B in a

compartmentalized fashion. This interaction is
dynamic and is cAMP- and PKA-dependent.
We speculate that functional variation in DISC 1
and/or PDE4 will modulate their interaction and
affect mitochondrial cAMP catabolism with a

concomitant physiological and psychiatric out¬
come. A unifying link between schizophrenia
and bipolar affective disorder, and between
DISCI and PDE4, may occur at the cognitive
level of learning and memory and at the mo¬
lecular level of cAMP signaling.
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Altered TCR Signaling from
Geometrically Repatterned

Immunological Synapses
Kaspar D. Mossman,1,2,3 Gabriele Campi,4 Jay T. Groves,1,2,3*

Michael L. Dustin4*

The immunological synapse is a specialized cell-cell junction that is defined by
large-scale spatial patterns of receptors and signaling molecules yet remains
largely enigmatic in terms of formation and function. We used supported bilayer
membranes and nanometer-scale structures fabricated onto the underlying
substrate to impose geometric constraints on immunological synapse formation.
Analysis of the resulting alternatively patterned synapses revealed a causal
relation between the radial position of T cell receptors (TCRs) and signaling
activity, with prolonged signaling from TCR microclusters that had been
mechanically trapped in the peripheral regions of the synapse. These results are
consistent with a model of the synapse in which spatial translocation of TCRs
represents a direct mechanism of signal regulation.

Antigen recognition by T cells requires inter¬
actions between TCRs and antigenic peptides
bound to major histocompatibility complex
molecules (pMHCs) on antigen-presenting cells
(APCs) (/). A coordinated recognition process
ensues in which surface proteins on the T cell,
along with their respective ligands, become
organized into micron-scale, spatially patterned
motifs known as immunological synapses (ISs)
(2, 3). TCRs and pMHCs occupy a region des¬
ignated the central supramolecular activation
cluster (c-SMAC). This is surrounded by a ring
of interactions between leukocyte function-
associated antigen-1 (LFA-1) on the T cell
and intercellular adhesion molecule-l (ICAM-1)
on the APC, termed the peripheral supramolecular
activation cluster (p-SMAC). Ultimately, an
elaborate collage of adhesion, costimulatoty,
and signaling molecules, along with cytoskeletal
attachments (4, J) and lipid rafts (6-8), orga¬
nizes to sustain signaling over the hours required
for full T cell activation. Although previous
observations have suggested that the spatial
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face engage their respective ligands in the
bilayer, they become subject to the geometrical
restrictions on mobility imposed by the chro¬
mium lines. T cell blasts expressing the cloned
AND TCR, specific for moth cytochrome c
(MCC) 88-103 peptide bound to 1-Ek (pMHC),
were used in all IS fonnation experiments. In
control experiments with nonactivating peptide,
T cells failed to fonn IS patterns on substrates
with chromium lines, confirming specificity of
the system (fig. SI). Under conditions of spe¬
cific antigen recognition, a series of IS patterns,
formed under different geometries of constraint
patterns, were compared with the unrestricted
IS patterns (Fig. 2A). Arrays of parallel lines
were found to restrict protein mobility in one
dimension and skew the synaptic pattern from a
circular to a rectangular shape in which a central
band of TCR-pMHC is flanked by two bands of
LFA-l-ICAM-1 (Fig. 2B). Multifocal ISs were
observed to form in response to grid constraint

organization of the c-SMAC is directly involved
both in increasing and extinguishing TCR
signaling (9, 10), a direct causal relation be¬
tween changes in the synaptic pattern and
signaling remains to be established.

We have developed an experimental plat¬
form that enables direct manipulation of IS
patterns in living T cells. A supported mem¬
brane, consisting ofa continuous and fluid lipid
bilayer coating a silica substrate (11), is used
to create an artificial APC surface (12). In¬
clusion of glycosylphosphatidylinositol (GPI)-
linked pMHC and ICAM-1 into the supported
membrane is sufficient to enable IS formation
between a T cell and the synthetic surface
(13). This hybrid live cell-synthetic bilayer IS
is illustrated schematically in Fig. 1. Fluidity
is a characteristic property of supported bi-
layers and distinguishes them from solid and
polymeric substrates. Movement within the
bilayer, however, can be manipulated by fabri¬
cating geometrically defined patterns of solid-
state structures on the substrate (Fig. 1) (14).
We posited that such substrate-imposed con¬
straints might be used to guide molecular
motion in the supported bilayer and linked
cell-surface receptors to generate alternatively
patterned synapses.

Silica substrates displaying various config¬
urations of chromium lines (100 nm wide and
5 nm high) were fabricated using electron-beam
lithography (IS). Supported proteolipid mem¬
branes were assembled on these substrates by
vesicle fusion. As receptors on the T cell sur-

ICAM-1

Fig. 1. Diagram of a hybrid live T cell-supported
membrane junction. Receptors on the cell surface
engage cognate ligands in the supported mem¬
brane and become subject to constraints on
mobility imposed by physical barriers. The cyto-
skeleton is represented schematically to reflect
the active source of central organization observed
in our experiments.
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Cytogenetic and genetic evidence supports a role for the
kainate-type glutamate receptor gene, GRIK4, in
schizophrenia and bipolar disorder
BS Pickard1, MP Malloy1, A Christoforou1, PA Thomson1, KL Evans1, SW Morris1, M Hampson1'3,
DJ Porteous1, DHR Blackwood2 and WJ Muir2
1 Medical Genetics Section, School of Clinical and Molecular Medicine, Molecular Medicine Centre, University of Edinburgh,
Edinburgh, UK and 2Psychiatry, Kennedy Tower, Royal Edinburgh Hospital, University of Edinburgh, Edinburgh, UK

In the search for the biological causes of schizophrenia and bipolar disorder, glutamate
neurotransmission has emerged as one of a number of candidate processes and pathways
where underlying gene deficits may be present. The analysis of chromosomal rearrangements
in individuals diagnosed with neuropsychiatric disorders is an established route to candidate
gene identification in both Mendelian and complex disorders. Here we describe a set of genes
disrupted by, or proximal to, chromosomal breakpoints (2p12, 2q31.3, 2q21.2, 11q23.3 and
11q24.2) in a patient where chronic schizophrenia coexists with mild learning disability (US:
mental retardation). Of these disrupted genes, the most promising candidate is a member of
the kainate-type ionotropic glutamate receptor family, GRIK4 (KA1). A subsequent systematic
case-control association study on GRIK4 assessed its contribution to psychiatric illness in the
karyotypically normal population. This identified two discrete regions of disease risk within the
GRIK4 locus: three single single nucleotide polymorphism (SNP) markers with a correspond¬
ing underlying haplotype associated with susceptibility to schizophrenia (P= 0.0005, odds
ratio (OR) of 1.453, 95% CI 1.182-1.787) and two single SNP markers and a haplotype
associated with a protective effect against bipolar disorder (P= 0.0002, OR of 0.624, 95% CI
0.485-0.802). After permutation analysis to correct for multiple testing, schizophrenia and
bipolar disorder haplotypes remained significant (P= 0.0430, s.e. 0.0064 and P= 0.0190, s.e.
0.0043, respectively). We propose that these convergent cytogenetic and genetic findings
provide molecular evidence for common aetiologies for different psychiatric conditions and
further support the 'glutamate hypothesis' of psychotic illness.
Molecular Psychiatry (2006) 11, 847-857. doi:10.1038/sj.mp.4001867; published online 4 July 2006

Keywords: association study; chromosome abnormality; glutamate receptor; haplotype; psy¬
chiatry

Introduction

Both de novo and familial chromosome abnormalities
have been described in patients with psychiatric or
neurological conditions.1,2 A small proportion of
these have been studied at the molecular level.3 We
have previously described a large Scottish family in
which there is a highly significant co-segregation
(LOD>7)4 between major mental illness and the
presence of a balanced translocation between chro¬
mosomes 1 and ll.5 The DISCI gene is directly
disrupted by the chromosome 1 breakpoint6,7 and
supportive evidence for its involvement with schizo¬
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phrenia and bipolar disorder has come from linkage
and case-control association studies on karyotypi¬
cally normal populations8-12 and from our recent
demonstration of its activity-dependent interaction
with the protein encoded by an independently
disrupted gene, PDE4B,13 Through the analysis of
further cytogenetic abnormalities in schizophrenic
patients, we and others have identified NPAS3,
GRIA3 and DIBDl as potential candidate genes.14-17

Here we describe a patient with chronic schizo¬
phrenia and mild learning disability (US: mental
retardation). This co-morbid state has been previously
shown to be highly familial, associated with changes
in brain structure on imaging typical of schizophrenia
alone, and also associated with increased prevalences
of chromosomal abnormalities.18,19 The patient
possesses a complex chromosomal rearrangement
involving several chromosomes. We hypothesized
that the patient's diagnosis was as a direct result of
gene deficits caused by the cytogenetic abnorma¬
lity. Therefore, we have positioned the constituent
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chromosomal breakpoints and identified a number of
potential candidate genes in their vicinity. One of
these, GRIK4, is directly disrupted at a breakpoint and
encodes a member of the ionotropic glutamate
receptor family - an established focus for candidate
disease gene hunting because of the hypothesis that
defects in glutamate neurotransmission may underlie
schizophrenia.

As the most promising candidate, we wished to
determine the relevance of GRIK4 to psychiatric
illness beyond this unique patient. Therefore, a large
case-control association study was undertaken,
which demonstrated that single nucleotide poly¬
morphism (SNP) markers and haplotypes within the
GRIK4 locus are strongly associated with both
schizophrenia and bipolar disorder.

Materials and methods

Clinical findings
A female patient was identified as part of a survey of
patients with mild mental retardation (UK term -

learning disability) and coexisting schizophrenia.18
There was no evidence for any previous karyotype
investigation before this ascertainment. Full, in¬
formed consent for the current study was obtained
from the subject.

In her mid 60s when examined, the patient gave a
near 30-year history of severe chronic schizophrenia
requiring repeated admissions to a hospital specializ¬
ing in the care of people with mental retardation and
concurrent psychiatric or behavioural disorders. In¬
itially in mainstream schooling, from the age of 8 she
received education in an establishment for those with
special educational needs - she had a mild degree of
intellectual impairment (IQ 65-70). Her early psy¬
chiatric history is unclear and, although psychosis
was only formally documented from her early 40s,
there is evidence of earlier onset. The schizophrenic
illness showed the same features during all episodes
with clear and persistent auditory hallucinations and
persecutory delusions. Treatment was initially with
standard typical anti-psychotic medications and,
latterly, with atypical anti-psychotics owing to the
onset of persistent extrapyramidal side effects. Be¬
tween episodes resolution was good and she regained
full insight. The diagnosis of chronic schizophrenia
was confirmed using SADS-L structured inter¬
view,20,21 to generate DSM-IV and ICD-10 criteria, by
a psychiatrist experienced in both general psychiatry
and the psychiatry of mental retardation (WMj.
Consensus diagnosis was reached on review by two
psychiatrists (WM and DB). IQ scores were generated
from WAIS-R and their stability shown by similar
levels detected by psychological examination at
different times throughout her life. No other family
member agreed to participate in the study or to be
karyotyped. Clear family history information is not
available. However, as far as can be ascertained, there
were no first-degree relatives known with schizo¬
phrenia or mental retardation.

The patient was not dysmorphic and was of average
stature. During childhood, repeated mastoid infec¬
tions and corrective surgery led to conduction deaf¬
ness in one ear and partial conduction deafness in the
other. Hearing-aid correction was excellent and meant
that her communication skills were fully intact.
Although there is an older literature suggesting a link
between some cases of schizophrenia (especially late-
onset paraphrenia) and chronic deafness, more recent
analysis suggests that there is little evidence of any
true association.22 During her 60s, the patient devel¬
oped sero-negative rheumatoid arthritis, principally
affecting her distal joints.

Cell culture
The patient was karyotyped using conventional
Giemsa, G-band, staining. Lymphocytes were ex¬
tracted from 7 ml of patient venous blood (for storage
and generation of Epstein-Barr virus-transformed cell
lines) using density gradient separation (Histopaque-
1077, Sigma, Gillingham, UK). The resulting lympho-
blastoid cell line failed to thrive, perhaps owing to the
patient age and medication, such that limited cell
material was produced. However, metaphase-arrested
chromosomes for cytogenetic analysis were success¬
fully prepared from 0.8 ml of patient blood cultured
for 71 h in medium containing phytohaemagglutinin
(Peripheral Blood Medium, Sigma). These short-term
cultures were treated with colcemid for 1 h followed
by a conventional cell membrane lysis and methanol/
acetic acid fixing procedure. Fixed chromosomes
were dropped onto microscope slides and stored for
1 week before use in fluorescence in situ hybridiza¬
tion (FISH) experiments.

Selection of YAC/BAC and cosmid clones for FISH
probe synthesis
Clones were initially selected from the Whitehead/
MIT map of the relevant chromosome in the cyto¬
genetic intervals to which the G-band defined break¬
points were mapped. Yeast artificial chromosomes
(YACs) were obtained from the HGMP Resource
Centre, Babraham Bioincubator, Babraham, Cam¬
bridge, UK (http://www.geneservice.co.uk). Clone
DNA was prepared by standard methods and PCR
amplified using primers designed against consensus
sequence elements within the archetypal Alu repeat.23
This 'Alu-PCR' gives a representative spread of non-
repetitive sequence over the full length of the YAC
and generates a better FISH probe than native YAC
DNA. Alu-PCR was performed using the Expand Long
Template PCR kit (Roche, Lewes, UK). Cycling
conditions were as follows: 94°C - 45 s, 55°C - 30 s,
68°C - 8 min, 35 cycles; 68°C -10 min final extension.
Bacterial artificial chromosome (BAC) clones corre¬

sponding to positive YAC regions were arranged into
contigs by consulting the Washington University
FPC (http://www.agcol.arizona.edu/fpc/human/) and
UCSC Human Genome Browser (http://genome.
cse.ucsc.edu/cgi-bin/hgGateway) databases. BAC
clones were supplied by BACPAC Resources,

Molecular Psychiatry
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Oakland, CA, USA (http://www.chori.org/bacpac/).
Clone selection was biased to gene-containing BACs.
Once a breakpoint-spanning BAC was identified, the
precise position of the breakpoint in relation to
candidate gene exons was determined by FISH probes
generated from cosmids isolated from gridded chro¬
mosome-specific libraries (HGMP Resource Centre,
see below for primers used to amplify GRIK4 exon
regions for use as radioactive probes in cosmid library
screens) or precisely positioned, repeat element-free,
long-range PCR products (Expand long range PCR kit,
Roche; see below for primer sequences). Cycling
conditions were as follows: 94°C - 45 s, 52°C - 30 s,
68°C - llmin, 35 cycles; 68°C - 15min final
extension.

FISH protocol
Probe template DNA (pooled YAC Alu-PCR products,
BAC clone DNA, cosmid clone DNA or long-range
PCR products) was labelled by nick translation and
hybridized to patient metaphase spreads using stan¬
dard FISH methods. Slides were counterstained with
4,6-diamidino-2-phenylindole in Vectashield anti-
fade solution (Vector Laboratories, Peterborough,
UK). A Zeiss Axioskop2 fluorescence microscope
with a chroma number 81000 multi-spectral filter
set was used in conjunction with CoolSnap HQ
camera (Photometries). Images were captured using
SmartCapture2 (Digital Scientific, UK). FISH signals
observed on derived chromosomes dictated the
selection of further clones required to 'walk' towards,
and eventually cross, the breakpoint.

PCR primers
Long-range PCR for FISH probe templates:

5' ITGA4a
5' ITGA4b
3' ITGA4a
3' ITGA4b

TGCTCTTCAAAACCAGTCAGAA,
CCCCTTGGGATTATCCTATCTC,
CTCATTTGACGGAGATTTTTC,
GTGATGGTGAGGAATGTTCTGA,

GRIK4 exon region-specific PCR: screening of
chromosome 11 cosmid libraries:

Exl a: GCAGAGTTATGTCATGCCCA,
Exl b: CCTGTGCAGCACTCTCATGT,
Ex2/3 a: TTGAACCCAAGAGAACAGGG,
Ex2/3 b: TCCCCTTCTCCTTCCAGTTT

Cycling conditions were as follows: 94°C - 2min
initial denaturation; 94°C — 1 min, 52°C - 1 min, 72°C
- 75 s, 33 cycles; 72°C - 15 min final extension.

Association study
SNP marker selection was achieved by analysing
the public International HAPMAP Project (http://
www.hapmap.org/index.html.en) genotyping data
(release #7) from the CEU population (Utah residents
with ancestry from northern and western Europe)
in the Haploview application (v.2.5) (http://www.
broad.mit.edu/mpg/haploview/index.php).24 LD blocks
across the GRIK4 locus (including regions 5' and 3' of

the transcribed gene) were defined using Haploview's
'solid spine of LD' method with D/ values of greater
than 0.8. Tagging SNPs were then selected both by
their ability to represent haplotype diversity within
these blocks down to the 10% haplotype frequency
level and also their predicted ability to form reliable
assays on the Illumina Inc., San Diego, CA, USA
genotyping platform. Twenty-seven such SNPs were
chosen over a span of 344 kb to cover the GRIK4 gene
(326 kb). These SNPs were typed at Illumina Inc., San
Diego, CA, USA using their proprietorial bead-array
technology on 368 bipolar disorder cases and 386
schizophrenia cases comprised of patients of hospi¬
tals in southeast and south central Scotland, and 458
controls of matching geographical distribution from
the Scottish National Blood Transfusion Service: a

cohort described in more detail elsewhere.25 Analyses
by our own and other groups on the Scottish
population suggest that it is generally stable and
homogeneous, with no obvious evidence for sub¬
structure.

Statistical analysis
Formatted genotype data were analysed using Coca-
phase26 (http://portal.litbio.org/Registered/Option/
unphased.html) in order to derive P-values for both
single marker associations and also two-, three- and
four-marker global and individual haplotype tests - a
surrogate for linkage disequilibrium (LD) blocks in
our population.

Cocaphase uses the EM algorithm to estimate the
haplotype frequencies of unphased genotype data and
standard unconditional logistic regression analysis,
applying the likelihood ratio test under a log-linear
model to compare haplotype frequencies between
cases and controls. In order to avoid misleading
results caused by rare haplotypes, all haplotypes with
a frequency less than or equal to 1% in both cases and
controls were declared as rare and clumped together
for the test of the null hypothesis using the command
line option '-rare 0.01'. P-values for both global and
individual tests of haplotype frequencies were deter¬
mined. The global test P-value assesses the signifi¬
cance of the overall difference in the distribution of
haplotype frequencies between cases and controls.
The P-value from the individual test represents the
significance of the difference in frequency of an
individual haplotype between cases and controls.

In order to account for the multiple SNPs and
haplotypes tested, permutation analysis (1000 per¬
mutations) was performed also using Cocaphase.
Cocaphase randomly reassigns the diagnosis labels
(case vs control) of the individuals. All single markers
or haplotypes of a specified window size are then
tested and the most significant P-value from each
permutation is stored. Based on the distribution of
these stored P-values, an 'experimentwise' signifi¬
cance level27 is provided for the most significant P-
value observed for the particular sliding-window size
(i.e. one to four). Odds ratios (ORs) were calculated
online (http://www.hutchon.net/confidor.htm).
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Results

Characterization of loci affected by the karyotype
rearrangement
The chromosomal rearrangement was discovered on
fine analysis to be more complex than the description
in the original study18 (see legend to Figure 1). It is
likely that the cytogenetic abnormality originates
from a pericentric inversion of chromosome 2

coupled with a modifed translocation event between
chromosomes 2 and 11 (Figure 1). In addition, a
segment of llq adjacent to the translocation has been
transferred onto chromosome 8. A representative
image from a BAC FISH probe crossing the breakpoint
on chromosomes 11 is shown in Figure 2. FISH
analysis positioned five breakpoints. Table 1 details
the YAC and BAC probes that define the breakpoint
positions and Figure 3 shows the gene content in their
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Figure 1 Representation of complex chromosomal rearran¬
gement in the translocation patient. The pericentric
chromosome 2 inversion is coupled with a reciprocal
translocation with chromosome 11. The chromosome 11

region between the llq23.3 and llq24.3 breakpoints has
inserted on chromosome 8ql3. The full karyotype of
this rearrangement is (46, XX, ins(8;ll)(ql3;q23.3q24.2)
inv(2)(pl2q32.1) t(2;ll)(q21.3;q24.2) der(2)(2qter->
2q32.1::2pl2->2q21.3::llq24.2-»llqter) der(ll)(llpter-»
Ilq23.3::2q21.3-»2q32.1::2pl2->2pter) der(8)(8pter-*
8ql3::llq23.3 -+ Ilq24.2::8ql3 -> 8qter).

Figure 2 FISH hybridization. The red signals (biotinylated
probe) correspond to whole chromosome 8 paint. The green
signals (digoxigeninylated probe) indicate hybridization of
a probe derived from CEPH YAC 936_d_9. This YAC probe
hybridizes to normal llq23.3, the derived chromosome 11
and the derived chromosome 8. This split signal indicates
that the YAC spans the breakpoint in the region of the
GRIK4 gene. A BAC RPll-89p5-derived probe and cosmid-
derived probes (data not shown) gave FISH results indicat¬
ing that the breakpoint lies within the body of the GRIK4
gene (Figures 3 and 4).

Table 1 FISH probes used in the definition of the breakpoints in the translocation patient

Patient Cytogenetic position Breakpoint YAC clones Breakpoint BAC clones (acc. no.]

1 2pl2 915_f_7 RP11-9O10 (AC104775)—RPll-113bll (AQ341814/AQ341812)
1 2q31.3 941 h 12 RPll-358m9 (AC020595)
1 2q21.2 766 c 12 RPll-250h22 (AC011996)
1 llq23.3 936_d_9 RPll-89p5 (AZ517840/AQ284967)
1 llq24.2 749_d_2 RP11-687M24 (AP001007)-RPll-100pll (AP003061)

Abbreviations: BAC, bacterial artificial chromosome; YAC, yeast artificial chromosome.
CEPH library YACs spanning the breakpoints are listed. Also detailed are the BAC clones (and accession numbers) from the
RPCI-11 BAC library that span or flank (indicated by en-dashes) the breakpoints. Breakpoints at 8ql3 were not characterized
in detail in this study.
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Figure 3 Genomic arrangement of the genes within 500 kb of each chromosomal breakpoint in the translocation patient. To
the right of the figure is a block listing the cytogenetic bands at which breakpoints were localized. The horizontal lines to the
left of the block represent 1 Mb stretches of genomic DNA centred on the position of the breakpoints. The resolution accuracy
of each breakpoint position, as determined by FISH, is indicated by the length of the black bars superimposed on the
chromosome stretches. Rectangular boxes indicate the location, genomic extent and transcriptional orientation of each gene:
those situated above the chromosome line are transcribed from left to right, and those below from right to left. Shading within
the rectangles indicates a direct gene disruption.
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vicinity. The relatively recent annotation of sequences
from the Human Genome Project has meant that our
understanding of the precise relationship between
breakpoint and transcriptional units has changed
over time: the data presented here are a combination
of the May 2004 freeze of the UCSC Human
Genome Browser (http://genome.cse.ucsc.edu/cgi-bin/
hgGateway) and in-house annotation through the
collation of expressed sequence tags (ESTs) and
incomplete cDNA sequences from multiple species.
We were not able to characterize in detail the region of
8ql3 where the segment of chromosome llq23.3-
q24.2 has inserted owing to a limited supply of
patient chromosome material. The breakpoint at 2pl2
lies within a gene-poor region (3 Mb in size) and was
not pursued beyond the resolution of YAC clones.
The breakpoint at 2q21.2 disrupts a potentially
aberrant fusion transcript, which appears to be a
non-genic LINEl transcript intergenically spliced to a
genuine, CpG island-associated gene, NAP5 (NCK-
Associated Protein). The functional NAP5 gene has
been described in its full-length form only in the
mouse (NM_172484), but the cognate human ortho-
logue is not disrupted, lying centromeric to the
breakpoint.

The llq23.3 breakpoint lies within the high-affinity
kainate ionotropic glutamate receptor, GRIK4, locus
(acc. S67803 and NM_014619, alternative nomencla¬
ture KAl/EAAl). The function of this gene and the
neurotransmitter receptor it encodes are described in
more detail in the Discussion section. FISH with
cosmid-derived probes (Figure 4) positioned the
breakpoint between exons 2 and 3 of GRIK4. The
expected outcome of the position of the breakpoint is
the truncation of all putative transcript forms such
that a functional receptor cannot be encoded from the
derived chromosome 11. PKNOX2/PREP2, encoding a
transcription factor, is located at the llq24.2 break¬
point.28-30 The reference sequence (NM_022062) for

this gene is probably incomplete; further 5' exons
extending to a CpG island are present in several ESTs
(e.g. BC045626). The putative complete gene se¬
quence is disrupted by the breakpoint resulting in
the loss of one functional allele in this patient.
PKNOX2/PREP2 encodes a member of the MEINOX-
TALE class of homeodomain-containing proteins that
heterodimerizes with PBX1A to form a functional

transcriptional regulator. Little is known about the
function of this gene product other than that it is
expressed widely with the highest levels observed in
the brain, pancreas and lung.31 The integrin A4 cell
adhesion molecule (ITGA4, acc. L12002 and X16983)
and the candidate retinitis pigmentosa gene, RP26/
CERKL (acc. NM_201548), are both located at the
2q31.3 breakpoint. The breakpoint-spanning BAC
RPll-358m9 contains both genes but long-range
PCR-based FISH probes corresponding to the 5' and
3' ends of ITGA4 (see Materials and methods for
primer sequences) indicated that the breakpoint must
lie within a 50 kb window downstream of its coding
sequence. This region consists entirely of RP26/
CERKL gene sequence, indicating that this gene was
also directly disrupted. A recessive nonsense muta¬
tion in the RP26/CERKL gene has been described in
two unrelated Spanish families with retinitis pigmen¬
tosa,32 indicating that disruption and the resulting
haploinsufficiency of this gene is unlikely to explain
the clinical phenotype of the patient. The direct gene
disruptions of the PKNOX2/PREP2 and RP26/CERKL
genes are not discussed further in this paper.

Association
Of the several genes disrupted or potentially deregu¬
lated in this subject, GRIK4 is the outstanding
candidate to explain the observed symptomatology.
This is owing to its neuronal expression pattern, a
previous report of a disrupted glutamate receptor
in a psychiatric condition16 and the hypothesized
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Figure 4 The GRIK4 gene: annotation pertaining to the cytogenetics and association studies. Exons are represented by
numbered vertical lines. The breakpoint position is marked by a longer vertical line. The large rectangle at the top signifies
the breakpoint-spanning BAC clone as determined by FISH. Labelled arrows indicate the location of cosmid clones used in
the positioning of the breakpoint. The direction of the arrows represents the direction towards the breakpoint as interpreted
from FISH images using probes derived from these clones. The 27 SNPs typed in the association study are shown together
with the extended haplotype regions associated with schizophrenia and bipolar disorder. Filled triangles indicate significant
single marker association with disease. Core (filled rectangles) and extended (bracketed lines) haplotypes associated with
both schizophrenia and bipolar disorder are shown beneath the individual markers. The three rows at the bottom of the
figure show LD blocks calculated from HapMap genotyping data processed in the Haploview application set at three defined
stringency levels of multiallelic Ef before adjacent blocks were joined. A scale bar is shown.

involvement of aberrant glutamate neurotransmission
in susceptibility to psychiatric illness (see Discussion).

In order to assess the contribution of the GRIK4

gene to psychiatric illness in the karyotypically
normal population, we undertook a case-control
association study employing 27 SNP markers selected
across the gene for their ability to 'tag' common
haplotype variation (see Materials and methods).
Analysis of genotyping data from schizophrenia
cases, bipolar disorder cases and controls was carried
out using Cocaphase. At the level of individual
markers (Table 2), two principal regions of the gene
demonstrated allele frequency changes in the
case groups: SNPs 15, 16 and 17 showed signi¬
ficant association with schizophrenia (P= 0.001,
0.004 and 0.015, respectively) and SNPs 23
and 26 were associated with bipolar disorder
[P= 0.003 and 0.020, respectively). Of these, SNP 15
remained significantly associated with schizophrenia
[P= 0.030, s.e. 0.005; Table 2) after permutation
analysis to counter multiple testing errors (see
Materials and methods). These positionally bi-partite
findings (Table 2) were further supported by a sliding
window global analysis of haplotypes of lengths
two to four, such that distinct clusters of significant
P-values were observed in both schizophrenia (best
global haplotype, SNPs 15 and 16; P= 0.005) and
bipolar disorder (best global haplotype, SNPs 26 and
27; P= 0.002). The latter global haplotype approached
significance after permutation analysis (P= 0.049, s.e.
0.007; Table 2). Additional significant global P-values
were observed outside of the two regions, but without
clear clustering between overlapping windows. Table
2 also shows that tests of the case group, consisting

of combined diagnoses, resulted in less significant
P-values at both regions when compared to the tests
of the individual diagnoses, suggesting that different
regions within the GRIK4 locus confer disease-
specific risk/protective effects for the two disorders.

We examined the associations in further detail by
assessing the contribution of individual haplotypes
to the global associations across the entire gene
(Table 3). An individual haplotype consisting of three
SNPs (CTT, SNPs 15-17) was responsible for the
most significant association with schizophrenia
(P= 0.0005, est. freq. cases: 0.38, est. freq. controls:
0.29, OR of 1.453 (95% CI 1.182-1.787)). Although
this three-SNP haplotype just failed to remain
significant after permutation correction, the compo¬
nent two-SNP haplotype (TT, SNPs 16 and 17;
P= 0.0006) did remain significant (P = 0.0430, s.e.
0.0064; Table 3) after such correction. An underlying
extended haplotype consisting of nine SNPs
(TCCTTGTGA, SNPs 13-21) appeared upon align¬
ment of the local individual haplotypes: this haplo¬
type conferred susceptibility to schizophrenia. For
bipolar disorder, a two-SNP haplotype (GC, SNPs 26
and 27) showed the greatest significance [P= 0.0002,
est. freq. cases: 0.16, est. freq. controls: 0.23, OR
of 0.624 (95% CI 0.485-0.802)). This haplotype
remained significant after permutation correction
[P= 0.0190, s.e. 0.0043; Table 3). Again, overlapping
individual haplotype results in this region suggested
that this was a component of an underlying seven-
SNP haplotype (ATCATGC, SNPs 21-27), in this case
conferring a protective effect against bipolar disorder.

In addition, it has been shown previously that a
genuinely significant individual haplotype can exist

Molecular Psychiatry



Table2SingleSNPmarkerandslidingwindowglobalhaplotype(2-4SNPmarkers) Marker

SNP identity

GenomeAlleleAlleleFreq.Freq. location1212
GlobalP-values:allcasesvs controls

GlobalP-values:SCZcasesvs controls

GlobalP-values:BPDcasesvs controls

Single2-SNP3-SNP4-SNPSingle2-SNP3-SNP4-SNPSingle2-SNP3-SNP4-SNP
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

rs4245040 rs7928347 rs2000869 rs7479743 rs6589832 rs7925270 rs3133855 rs3133226 rs2187495 rs3132780 rs948028 rs2852217 rs879602 rsl954787 rs4935752 rs6589846 rs4430518 rs433110 rs7111184 rs2156635 rs949056 rs949054 rs602104 rs2276319 rs513548 rs2282586 rs!944522
120058281 120073545 120082523 120091693 120097132 120100950 120122503 120129688 120148960 120157811 120182099 120184878 120194224 120201015 120226771 120237799 120261085 120268321 120308715 120309320 120317011 120333540 120347035 120375473 120385469 120396062 120402574
C C

A
C

A
C C c c

A A
C c c

A G G A G C
A

C C
A

C
A

C

T T G G G T T T T G C T T T C T T G T G G T T G T G T

0.68 0.80 0.66 0.57 0.52 0.55 0.66 0.45 0.76 0.83 0.85 0.26 0.13 0.54 0.68 0.43 0.28 0.43 0.33 0.58 0.71 0.20 0.22 0.61 0.22 0.37 0.54

0.32 0.20 0.34 0.43 0.48 0.45 0.34 0.55 0.24 0.17 0.15 0.74 0.87 0.46 0.32 0.57 0.72 0.57 0.67 0.42 0.29 0.80 0.78 0.39 0.78 0.63 0.46

BestglobalP-value(permutationcorrected) Associatedstandarderror

0.250 0.382 0.677 0.621 0.833 0.695 0.624 0.904 0.357 0.514 0.687 0.175 0.936 0.515 10.0221 0.141 0.244 0.362 0.736 10.0411 0.476 0.509 l0.028| 0.675 0.786 0.058 0.405 0.403 0.016

0.089 0.583 0.448 0.779 0.913 0.950 0.971 0.492 0.495 0.779 0.383 0.232 0.949 0.088 0.103 0.115 0.769 0.606 0.277 |0.027| 0.767 0.093 0.274 0.472 0.093 10.0481

0.288 0.430 0.391 0.718 0.800 0.876 0.885 0.564 0.508 0.543 0.158 10.0391 0.449 0.287 0.160 0.340 0.855 0.570 0.173 0.129 0.364 0.589 0.314 0.186 0.054

0.221 0.306 0.483 0.712 0.831 0.860 0.824 0.597 0.774 0.171 0.005 0.041

0.4200.550 0.0160.016
0.176 0.320 0.128 0.335 0.758 0.707 0.271 0.117 0.910 0.566 0.340 0.113 0.130 0.011

0.390 0.279 0.984 0.842 0.600 0.859 0.811 0.806 0.864 0.464 0.504 0.405 0.677 0.472 0.001 0.004 0.015 0.084 0.821 0.081 0.870 0.894 0.425 0.940 0.680 0.358 0.842

0.364 0.735 0.538 0.870 0.474 0.952 0.985 0.980 0.819 0.619 0.598 0.825 0.702 0.008 0.005 0.007

0.704 0.612 0.466 0.597 0.837 0.886 0.999 0.840 0.713 0.696 0.938 |0.030| 0.067 0.024 0.015

0.030 0.005

0.140 0.149 0.363 10.0041 0.972 0.769 0.908 0.643 0.288 0.708 0.072 0.008

0.059 0.135 0.419 0.045 0.040 0.931 0.990 0.781 0.496 0.410 0.250 0.014

0.484 0.187 0.365 0.757 0.833 0.984 0.965 0.767 0.827 0.905 0.043 0.006 0.068 10.0161 0.055 0.367 0.305 0.118 0.091 0.997 0.945 0.695 0.781 0.168 0.012

0.269 0.693 0.484 0.286 0.365 0.387 0.549 0.965 0.157 0.708 0.991 0.136 0.557 0.701 0.584 0.704 0.653 0.835 0.725 0.081 0.162 0.315 |0.003| 0.434 0.375 10.0201 0.216 0.066 0.008

|0.050| 0.559 0.421 0.538 0.480 0.768 0.957 0.179 0.312 0.954 0.309 10.0341 0.885 0.665 0.706 0.349 0.918 0.988 0.351 0.269 0.317 10.0071 0.056

0.187 0.486 0.498 0.239 10.0381 0.795 0.485 0.326 0.459 0.892 0.927 0.354 0.506 0.993 0.688 0.486 0.446 0.054 0.124 0.137

0.158 0.601 0.246 0.094 0.125 0.544 0.594 0.503 0.723 0.120 0.652 0.562 0.434 0.578 0.904 0.917 0.489 0.311 0.382 0.222 0.136 10.0151 0.240 0.014

Abbreviations:BPD,bipolardisorder;SCZ,schizophrenia;SNP,singlenucleotidepolymorphism. P-valuesfromthecase-controlassociationstudy(thoselessthan0.05areboxedandareinbold).Detailsoftheidentity,location,alleleformsandcontrolgroupallele frequenciesofthe27SNPsusedinthestudyareshownontheleft-handsideofthetable.P-valuesforthesingle-markerandglobalslidingwindowSNPanalysesare shownforthethreecase-controlgroupings:allcasesvscontrols,SCZcasesvscontrolsandBPDcasesvscontrols.PermutationcorrectedP-values(withstandarderror) areshownatthebottomforthebestuncorrectedP-valueinthecolumnabove.
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Table 3 Key individual haplotypes associated with SCZ (top) and BPD (bottom)

Schizophrenia vs. Controls

Assembled haplotype

1l 2 3 4 5 6 I 7 8 9 10 11 12 13 14 15 16 17 18 19 201 21 22 23 24 25 261 27 p-value Effect Correction S.E.

C C 0.0094 susc.

C T 0.0009 susc.

T T 0.0006 susc. 0.0430 0.0064

G A 0.0022 susc.

T c C 0.0090 susc.

c c T 0.0055 susc.

c T T 0.0005|susc. 0.0589 0.0074
T T G 0.0020 susc.

T T c c 0.0094 susc.

T c c T 0.0069 SUSC.

c c T T 0.0050 susc.

c T T G 0.0009|susc. 0.1818 0.0122
G A T T 0.0048 susc.

T c c T T G T G A

Bipolar Disorder vs. Controls
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 p-value Effect Correction S.E.

T C 0.0028 prot.
C A 0.0064 prot.

T G 0.0037 prot.
G C 0.0002 prot. 0.0190 0.0043

A T C 0.0043 prot.
T C A 0.0071 prot.

A T G 0.0040 prot.
T G C 0.0021 prot.

A T C A 0.0098 prot.
C A T G 0.0080 prot.

A T G C 0.0035 prot.
G C T 0.0018 prot. 0.2258 0.0132

C G C T 0.0080 prot.
G C T C 0.0018 prot. 0.3187 0.0147

Assembled haplotypes C G C T C A T C A T G C

Abbreviations: BPD, bipolar disorder; SCZ, schizophrenia; SNP, single nucleotide polymorphism.
The P-value of each haplotype is shown to the immediate right of the tables (values less than 0.001 are boxed). The effect on
disease status (prot. - protective, susc. - susceptibility) is also shown for each haplotype. Permutation corrected P-values and
standard errors are shown next to the best uncorrected two-, three- and four-marker individual haplotypes for both SCZ and
BPD. Larger compound haplotypes assembled from inspection of individual haplotypes are shown underneath each section
in bold (the SCZ susceptibility haplotype includes a T at SNP 19 deduced from a number of individual haplotypes not shown
but with P-values between 0.05 and 0.01).

in the absence of a significant global test.33 We
identified several consistent individual haplotypes
between markers 4 and 8, which were significantly
associated with a protective effect against bipolar
disorder despite this region not appearing in the
global analysis.

Discussion

Five chromosomal breakpoints have been positioned
at the gene resolution level in a patient with
schizophrenia and mental retardation. We have
described the disruption of the gene, GRIK4 {KA1/
EAA1), encoding the high-affinity subunit of the
kainate-type ionotropic glutamate receptor.34,35 In this
patient, we believe that haploinsufficiency of this
gene is most likely responsible for the psychiatric
component of the patient's diagnosis although the
existence of several other disrupted genes in this
patient, the potential for position effects on genes at a
distance from the breakpoints36,37 and the possibility
of cryptic deletions associated with the chromosomal
rearrangement38 mean that we cannot definitively

rule out other mechanisms. We have not yet examined
these genes at the molecular or genotyping level and
so these alternative explanations remain uninvesti¬
gated in this patient.

GRIK4 lies at the edge of a schizophrenia linkage
region described in a recent publication39 with one
microsatellite marker, D11S925, located within an
intron at the 3' end of the gene. In contrast, a recent
meta-analysis of several bipolar disorder linkage
studies failed to observe any significant findings on
chromosome ll.40 However, a conventional linkage
study approach would be unlikely to discover loci
with protective effects. Recently, an association study
was carried out on GRIK4 in Japanese schizophrenia
patients.41 The study failed to identify any statisti¬
cally significant single SNP or haplotype associations
despite good marker coverage. Explanations for this
might be the modest size of the study (100 cases, 100
controls) and the different population studied.

Beyond the bona fide gene mutation in the
translocation patient, the most compelling evidence
we describe here in support of a role for GRIK4 in
schizophrenia and bipolar disorder comes from our
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findings from a comprehensive case-control associa¬
tion study in Scottish population. Interestingly, two
physically separated haplotype regions within the
gene showed independent and significant association
with schizophrenia and bipolar disorder, respectively.
This finding mirrors the repeated observation of
overlapping linkage 'hotspots' for these two condi¬
tions.42 The OR values detailed above for the schizo¬
phrenia and bipolar disorder core individual
haplotypes reflect their high frequency in the popula¬
tion {0.38 and 0.23, respectively) and are of a
magnitude entirely consistent with previously de¬
scribed complex disease-susceptibility variants.43
Although the corrected P-values are only moderately
significant, we believe they should be taken in the
context of the prior probability conferred on the
GRIK4 gene through the cytogenetic study. Replicat¬
ing these findings in additional European sample sets
should be an important target for future genetic
studies.

The schizophrenia risk region lies primarily over
exons encoding the N-terminal extracellular domain,
whereas the bipolar disorder protective region lies
over exons encoding the cytoplasmic C-terminus of
the protein, suggesting that the, as yet undiscovered,
underlying causative mutations for these two regions
could act through different aspects of GRIK4 function
or regulation. Further analysis (data not shown) failed
to reveal any effect of the protective haplotype on
diagnostic/phenotypic subclasses of the bipolar dis¬
order cohort (e.g. BPl vs BP2, hallucinations vs
delusions). This suggests that the haplotype confers
a protective effect on all forms of bipolar disorder.

To our knowledge, no previous example has been
documented where a single gene contains distinct
and independent risk and protective haplotypes for
two disorders. However, there are examples of
complex genetic disorders where all the individual
features of the GRIK4 association findings have been
described. Independent CARD15/NOD2 gene muta¬
tions can give rise to Blau syndrome44 or Crohn's
disease45,46 - distinct disorders with a common

inflammatory basis. There are also examples where
both risk and protective alleles have been identified
in genes such as PPARG in insulin resistance
disorders.47 Moreover, in this example, like GRIK4
and DISCI, the PPARG mutations exist in both rare,
severe familial forms and common, low-penetrance
population-level forms.

With regard to GRIK4 function, abnormalities in
glutamatergic neurotransmission have previously
been proposed as a mechanism for psychiatric illness.
The 'Glutamate Hypothesis' of schizophrenia was
devised to explain the psychotic symptoms exhibited
by individuals following administration of ionotropic
glutamate receptor antagonists such as phencyclidine
(PCP; 'Angel Dust') and ketamine.46,49 Several studies
also point to changes, predominantly decreases, in
glutamate receptor subunit expression in the post¬
mortem brains of patients with schizophrenia.50"52
Four classes of ionotropic glutamate receptors have

been identified on the basis of their pharmacological
profiles and sequence homologies'. NMDA receptors,
AMPA receptors, kainate receptors and delta recep¬
tors. Intriguingly, with the inclusion of this study,
examples from each class have now been associated
with the pathophysiology of psychiatric illness.
NMDARl/Grinl knockdown mice display compo¬
nents of schizophrenia-like behaviour,53 the AMPA
receptor GRIA3 has been shown to be disrupted in a
patient diagnosed with bipolar disorder co-morbid
with mental retardation16 and a breakpoint has been
discovered adjacent to a delta-type receptor (Pickard
et al., manuscript in preparation).

GRIK4 is expressed in the amygdala, hippocampal
formation (CA3 pyramidal and dentate granule cells)
and entorhinal cortex,54,55 a pattern matching brain
regions implicated in the psychoses.56 In addition, the
potential role of long-term potentiation (LTP; the
molecular model now generally accepted to underlie
observed changes in activity-dependent synaptic
plasticity57"59) in psychiatric illness has also been
widely hypothesized. This is as a result of the well-
documented deficits in particular cognitive tasks
involving learning and memory in individuals with
schizophrenia, bipolar disorder and unipolar major
depression.60"62 Presynaptic changes in kainate re¬
ceptor-dependent plasticity have been described at
hipocampal mossy fibre synapses,63,64 suggesting that
the expected reduction in GRIK4 protein levels in the
karyotypically abnormal patient might be expected to
modify kainate receptor channel properties, and their
contribution to LTP, by altering subunit stoichiometry.

The findings described in this report provide
supportive evidence for a glutamatergic contribution
to psychosis. The susceptibility and protective hap¬
lotypes described above present future opportunities
for replication studies and for re-sequencing coding
and non-coding portions of GRIK4, bounded by the
relevant LD blocks, to identify causative mutations.
The findings also suggest that the study of rare
chromosomal rearrangements can direct research
towards pertinent biological pathways and processes
that may be targets for further genetic investigation
and potential therapeutic strategies.
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Disorder and Schizophrenia
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• Using three sets of clinical criteria to define borderline
personality disorder (BPD), P300 (P3) and other long-latency
auditory event-related eiectroencephalographic potentials
were measured in 22 subjects with BPD, 32 subjects with other
personality disorders, 29 schizophrenics, 22 depressives, and
74 volunteer controls. The patients with BPD were found to
differ from patients with nonborderllne personality disorders,
having a longer P3 latency and smaller P3 amplitude. Long-
latency event-related potentials were similar In the BPD and
schizophrenic groups and did not differentiate patients with
BPD with a concurrent diagnosis of schizotypal personality
disorder from those without schizotypal personality disorder.
The P3 latency and amplitude changes distinguished the BPD
and schizophrenic groups from normal controls, those with
major depressive disorder, and those with nonborderllne per¬
sonality disorders. These findings suggest that though some
patients with BPD may have depressive symptomatology, they
share with schizophrenics a dysfunction of auditory neuroln-
tegratlon.

(Arch Gen Psychiatry 1987;44:645-650)

Although borderline personality disorder (BPD) has
Xl gained increasing acceptability as a nosological en¬
tity,1 no nonsymptom feature that adequately identifies it
has been described.2 Furthermore, although the DSM-II1
diagnostic criteria for BPD highlight the affective compo¬
nents of this disorder, the precise relationship of BPD to
schizophrenia or depressive illness has not been adequately
delineated.3'4 Some family prevalence studies support a
depressive illness-BPD linkage,44® whereas others do not.'"5
Similarly, response to treatment in BPD is ambiguous,10
with both antidepressant and neuroleptic drugs demon¬
strating limited therapeutic efficacy. U"M Outcome studies
have generally highlighted the similarities in long-term
adjustment of patients with BPD with that of schizo-
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phrenics®5""®; not all investigators, however, have shared this
view.019

Biological markers for BPD have been difficult to demon¬
strate. An initial finding of high rates of dexamethasone
nonsuppression of Cortisol in patients with BPD20 has not
been replicated,^ whereas, concurrently, the diagnostic
specificity of the dexamethasone suppression test for de¬
pression also has not been unequivocally demonstrated.23
Blunting of the release of thyrotropin by thyrotropin-
releasing hormone has been reported in BPD as well as
depression,^25 but the specificity of this test for depression
has not been well established. Early reports of decreased
rapid eye movement latency in BPD6'26 as in major depres¬
sion have not been confirmed,27 and the subject selection
criteria in some of the studies may have assured a high
prevalence of affective disorder in the probands with BPD,
thus limiting their value in differentiating BPD from schizo¬
phrenia or depression.6-23 Psychophysiological markers re¬
ported to be abnormal in schizophrenia have not been
studied extensively in BPD, perhaps because current hy¬
potheses emphasize a possible association between BPD
and affective illness.4

Interpretation of many studies of family prevalence,
outcome, treatment response, and biological markers in
BPD is further complicated as different criteria have been
used to define BPD; in many cases, the diagnostic bound¬
aries may have been set too widely, increasing the pos¬
sibility of diagnostic heterogeneity. 6,20'24'w This hetero¬
geneity tends, as Kendell28 has demonstrated, to increase
the zone of uncertainty in diagnoses and decrease the
likelihood of identifying features that may be specific for a
more homogeneous group. The use of multiple diagnostic
systems to identify a group with BPD—those probands
who are exclusively diagnosed as having BPD by all sys¬
tems and not as having other disorders by any system—
may increase homogeneity, decrease the zone of uncer¬
tainty, and increase the possibility of identifying common
biological features.29

Although the findings have not been unequivocal,3"2
recent psychophysiological studies have demonstrated that
auditory event-related eiectroencephalographic (EEG) po¬
tentials (ERPs) can differentiate drug-free populations of
schizophrenics from unipolar depressives and normal con¬
trols.33 In particular, auditory P300 (P3), the long-latency
event-related potential that occurs some 300 ms after the
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onset of an auditory stimulus when the subject is attending
to a two-tone discrimination task, has been found to be
abnormal in a high proportion (up to 70%) of schizo¬
phrenics.0 Using a two-tone auditory paradigm, Blackwood
et al33 found in a mixed group of schizophrenics that the P3
latency and amplitude abnormalities in auditory evoked
potentials are independent of drug treatment or illness
duration and persist up to two years after resolution of the
acute episode. We decided to study auditory event-related
potentials in patients with severe personality disorders,
including a group of strictly diagnosed subjects with BPD,
to determine if the ERPs differed in patients with BPD
from those in other subjects with clinically dissimilar
personality disorders and to clarify the relationship of BPD
to schizophrenia and depressive illness.

SUBJECTS AND METHODS
Initial Referral

Fifty-six patients were referred to the study by their attending
psychiatrists on the basis of a primary clinical diagnosis of person¬
ality disorder. Forty were inpatients on a psychiatric ward that
specializes in the psychodynamic long-term treatment of personal¬
ity disordered patients, and 16 were or had been inpatients on
acute-care wards. No patient with a primary clinical diagnosis of
schizophrenia was accepted for referral.

Patients With Severe Personality Disorders

Fifty-four patients (41 women, 13 men; mean age, 31 years;
range, 17 to 60 years) who were inpatients on a psychodynamic
long-term treatment ward (40 patients) or who had been inpatients
in acute-care psychiatric wards (14 patients) and who were referred
for study because of personality disorder diagnoses entered the
study after giving informed consent. Two patients referred from
the acute-care wards were not studied; one was given a study
diagnosis of schizophrenia, and one refused to participate.

Diagnostic interviews using the Schedule for Affective Disor¬
ders and Schizophrenia34 and the Diagnostic Interview for Bor¬
derline patients (DIB)35 were carried out by two investigators
experienced in their use (S.P.K. and D.F.G.). Additional questions
were asked to allow determination of a DSM-lII personality
diagnosis.36 On the basis of the Schedule for Affective Disorders
and Schizophrenia interview, all subjects who met appropriate
Research Diagnostic Criteria (RDC) for schizoaffective,
depressive, and bipolar disorders were accordingly classified.3'

All patients were assigned a personality disorder diagnosis on
the basis of DSM-llI criteria.36 All patients were also classified as
having BPD or nonborderline disorder using two other diagnostic
sets: the DIB and the Borderline Ego Functions Inventory de¬
scribed by Perry and Klerman.36 A study diagnosis of BPD was
given only to those patients who met ail the following criteria; (1)
DSM-III criteria for BPD; (2) a score of 7 or greater on the DIB;
and (3) a score of 25 or greater on 39 items from the Borderline Ego
Functions Inventory that have been shown significantly to differ¬
entiate BPD from other personality disorders (Table 1).

Controls

A control group of 74 subjects (41 women, 33 men) of various
social backgrounds, with no history of physical or psychiatric
illness, was recruited from hospital staff, students, and volunteers
from a local general practice. Their mean age was 36 years (range,
18 to 59 years).

Comparison Groups
Two groups of patients were used for comparison: (1) 29 RDC-

diagnosed schizophrenics, paranoid subtype (nine female, 20 male:
mean age. 33 years; range. 16 to 57 years); and (2) 22 RDC-
diagnosed major depressives (12 female, ten male: mean age, 41
years; range, 19 to 60 years). These patients had been admitted
either to the Medical Research Council Brain Metabolism Unit or

to other wards at the Royal Edinburgh Hospital. All had under¬
gone extensive clinical interviews and chart reviews and had been
assessed with the Present State Examination.18 Diagnoses using
RDC criteria were derived independently by two consulting psy-

Table 1.—Modified Borderline Ego Functions Inventory

t. Has nad limited, transient psychotic episodes
2. Psychotic episodes developed during psychotherapy
3. Is generally impulsive
4. Behavior is highly unpredictaole
5. Has slashed wrists
6. Has mutilated self in other ways
7. Lacks creative achievement, given anilities
8. Lacks creative achievement or recreation Out not sensual gratifica¬

tion
9. Has good scholastic or vocational abilities or potential, whether

used or not

10. Has made suicide attempts
11. Suicide attempts were deemed manipulative
12. Has history of discrete depressive episodes with vegetative symp¬

toms (not grief reaction)
13. Behavior regressed during psychotherapy or hospitalization
14. Has nad previous psychiatric hospitalizations
15. Has been destructive to property or things
16. Is manipulative in close relationships
17. Is clinging or dependent in close relationships
18. Is very demanding in close relationships
19. Is hostile and angry in close affactional relationships
20. Has vacillating close relationships
21. Tries to control others
22. Exploits others
23. Has promiscuous sexual relationships
24. Has repeated, intense, but unstable one-to-one relationships
25. Close relationships are typically transient and brief
26. Shows real concern or regard for others
27. Becomes sadistic in close relationships
28. Externalizes anger
29. Acts out anger
30. Tend3 to act impulsively when tensions from any source build up
31. Sees others as hostile and dangerous (projection)
32. When feeling hostile, accuses others of hostile feelings (projection)
33. Expresses contradictory and unreconciled ideas of self (splitting of

self-image)
34. Talks about others as all good or all bad (splitting)
35. Denies relevance of past feelings wnen opposite to current ones

(denial)
36. Denies relevance of whole sector of life that is obviously important to

current situation (denial)
37. Talks as if omnipotent
38. Has distorted perceptions and ideas of others
39. Gratified by talking of alleged relationships with idealized people

(primitive idealization)
•Taken from the personal history, interpersonal relationship characteris¬

tics, and defense mechanisms of the Borderline Ego Functions Inventory.-"
Only those items initially found to discriminate at Pc.01 are included.

chiatrists noc directly involved in this study. Patients' E RPs were
recorded while they were medication free. These patients had not
received oral antidepressant or neuroleptic medication for at least
one month and depot neuroleptics for at least six months before
testing/0

Recording of ERPs
Event-related EEG potentials were recorded within one week of

diagnostic assessment. A clinical signal averaging computer
(Nicolet CA1000) and P3 stimulator (Nicolet NIC1009) were used,
and the paradigm used for recording P3 followed that of Goodin et
al.40 Subjects performed a two-tone auditory discrimination task
while reclining in a chair in a sound-attenuated room. Bipolar
recordings were made by way of a silver-silver chloride disk
electrode secured at the C, position with collodion and an indif¬
ferent ear-clip electrode attached to the left ear. The ground
electrode was attached to the right ear. The electrode impedance
was less Chan 2 kilo-ohms. Sounds were delivered binaurally
through headphones, and subjects were instructed to count si¬
lently infrequent high-pitched tones of 1.5 kHz randomly pre¬
sented within a series of low-pitched tones of 1.0 kHz. The ratio of
high- to low-pitched tones was 1:9. The stimulus rate was 1.1/s,
intensity was 65 dB binaurally, and tone duration was 20 ms, with a
rise-fall time of 9.9 ms. The EEG was amplified by 10000 (Nicolet
HGA-200A amplifier), and the responses to frequent and rare
tones were averaged separately. The digitizer sample was 1 kHz
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Representative long-latency auditory event-related electroen-
cephalographic potentials recorded tram control subject and from
patients with schizophrenia, borderline ^personality disorder, and
nonborderllne personality disorder. Dotted line is response to
frequent tones, and continuous line, which included P3, is response
to rare tones of two-tone discrimination task.

Table 2.—Patient Populations: Demographic Characteristics

Age, y

Diagnostic Group No. M F Maar Range
Borderline personality

disorder 22 2 20 31 17-42

Nonborderline
personality disorder 32 11 21 31 17-60

Major depressive
disorder 22 10 12 41 19-60

Schizophrenia 29 20 9 33 16-57

Controls 74 33 41 36 18-59

over a 750-ms interval. We used a band width of 0 to 30 Hz (- 3 dB)
and a sensitivity of 50 pV. An artifact reject circuit excluded trials
in which the voltage exceeded 45 pY. A total of 500 trials were
averaged. The first 75 ms provided a prestimulus baseline. Two
separate recordings were carried out at each testing. The entire
procedure lasted about 30 minutes.

Three investigators (D.H.R.B., D.StC., and W.J.M.). all of
whom were "blind" to the subjects' diagnoses, independently
measured the latencies and baseline-to-peak amplitudes of the
individual components. These were designated Nl. P2, N2. and P3
(Figure); Nl was the point of maximum negativity in the region of
70 to 120 ms, and P2 the point of maximum positive deflection
between 140 and 230 ms, in the averaged responses to frequent
stimuli. We designated P3 the positive wave between 265 and 500
ms and N2 the negative deflection immediately preceding P3 in the
averaged responses to rare stimuli. The baseline was estimated
from the prestimulus record. Latencies were measured at the point
of maximum amplitude for each component using the cursor on the
averaging computer's visual display unit and by inspection of the
pen-recorded trace. When the deflection did not form a single

sharp peak, the latency was measured at the point of intersection of
the tangents to the upgoing and downgoing slopes measured from
the pen-recorded trace by the method of Goodin et al.4" The mean of
two separate recordings was taken for the final results.

On study completion, the raters compared their individually
derived latency and amplitude measurements. In the few cases in
which latency or amplitude differed by more than 10 ms or 1 p.V, a
consensus was reached while all remained blind to the clinical
diagnoses. The other investigators (S.I'.K. and D.F.G.) made all
diagnoses blind to the ERP measures. The ERP data for the
schizophrenics, depressives, and normal controls were assessed
similarly by raters blind to diagnosis as described previously by
Blackwood et al.3"

Statistical Analysis
The latencies and amplitudes of the components of the ERPs

were tabulated separately for all groups. The results were
analyzed using the Statistical Package for the Social Sciences.41
The ERP data conformed to approximately normal distribution;
patient groups were compared using one-way analysis of variance
(ANOVA), and the significance of differences between means was
tested using Duncan's procedure. We used analysis to detect
significant differences between discrete variables in the group
with BPD and in the group without BPD. Student's I lest was used
to determine within-group differences.

RESULTS

Table 2 gives the sex and age distribution for each study group.

Group With Personality Disorders
Table 3 gives the RDC diagnoses of the groups with BPD

and with other personality disorders. Of the 54 patients studied.
22 (41%) fulfilled our criteria (as described above) for BPD.
Another six met DSM-1I1 criteria for BPD but failed to meet all
three criteria as described above. The remaining 26 patients met
DSM-IU criteria for histrionic personality disorder (n = 12). nar¬
cissistic personality disorder (n = 5), passive-aggressive personal¬
ity disorder (n = 4), schizotypal personality disorder (SPD) (n = 3).
and dependent personality disorder (n = 2).

Of the 54 personality disordered patients (Table 3), 32 (59%) met
RDC criteria for depressive disorder: 12 (55%) of those with BPD
and 20 (63%) of those without BPD, a nonsignificant difference.
Twelve patients met RDC criteria for bipolar disorder with no
significant difference between the BPD and non-BPD groups.
Seven patients met RDC criteria for schizoaffective disorder, six of
whom were in the group with BPD (F = .02, x3).

Medications

Table 3 shows that. 63% of the group with personality disorder
were being treated with psychotropic medications at the time of
the ERP measure, 16 of 22 with BPD and IS of 32 without BPD.
There were no significant differences in the use of antidepressants,
antipsychotic agents, lithium carbonate, or benzodiazepines be¬
tween the groups (x3).

ERP Abnormalities

Table 4 gives latency and amplitude ERP measures in all five
diagnostic groups. The Figure shows illustrative data from four
groups. Analysis of data in Table 4 showed that P3 latencv
(F[4,173} = 21.3; P<.001) and N2 latency (F[4.167]= 11.4; P<.00ij
differed significantly among the groups (ANOVA). The BPD and
schizophrenic groups did not differ with respect to P3 and N2
latency, and both of these patient groups had significantly longer
P300 latencies than did patients with nonborderline disorder,
controls, and depressives (/'<.01. Duncan's procedure). The N2
latency in the BPD and schizophrenic groups did not differ
significantly from that in patients with nonborderline disorder and
depressives but was significantly longer than in controls (P<.01).

Table 4 shows that P3 amplitude differed significantly between
groups (F|4,173) = 11.7; P<.001). Controls did not differ from the
group with nonborderline personality disorders, and these two
groups had significantly greater amplitudes than did patients with
BPD, schizophrenics, and depressives (P<.05. Duncan's proce¬
dure). Nl and P2 did not differ in amplitude or latency among the
diagnostic groups.
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The differences in P3 latency and amplitude among patient
groups were not due to age or sex differences. Analysis of variance
showed no significant difference in age between groups at the .05
level. In the control group (33 men and 41 women) and in the
schizophrenic group (20 men and nine women), differences between
sexes in latency and amplitude of Nl, P2, N2, and P3 were tested
and failed to reach significance (Student's i test).

Furthermore, ANOVA was performed on the female subjects in
each diagnostic group (control, 41; schizophrenia, nine; depression,
12; BPD, 20: non-BPD. 21). Even with the smaller numbers,
significant differences (P<.05) were found between groups for N2
latency CF[4,92] = 6.4), P3 latency (F(4,971 = 10.6), and P3 ampli¬
tude (f[4,971 = 7.2).

in the case of P3 latency, schizophrenics did not differ from those
with BPD. and both groups differed from those with non-BPD.
depressives, and controls (P<.l)5, Duncan's procedure).

SPD

Of the 22 patients with BPD, nine (41%) were also diagnosed as
having SPD by DSM-III. The latency and amplitudes of Nl, P2,
N2, and P3 did not differentiate patients with BPD plus SPD from
those with BPD but no SPD (Table 5).

Depression and BPD
Within the group with BPD there were no significant ERP

differences between patients with RDC depression (n = 12) and
those without RDC depression (n = 10) (Table 5).

Schizoaffective Disorder and BPD

In the group with BPD, six met RDC criteria for schizoaffective
illness and 16 did not. There were no significant differences in any
of the ERP measures between the groups (Table 5).

COMMENT

Major Findings

Our major findings are as follows;
1. Patients diagnosed as having BPD by three different

sets of criteria form a group who are distinguished by
electrophysiological differences from other personality dis¬
ordered subjects. Abnormalities of P3 latency and ampli¬
tude constitute the first electrophysiological validation of
this personality diagnosis.

2. The ERP abnormalities found in patients with BPD
are indistinguishable from those found in patients with
schizophrenia, and the ERPs of patients with BPD are
significantly different from those of patients with RDC-
diagnosed depressive disorder.

3. RDC depressive disorder is equally distributed be¬
tween patients with BPD and other personality disordered
patients, but, in contrast to the patients with non-BPD with
depression, depressives with BPD have abnormal ERPs.

Patlent3 With BPD

Our borderline-disordered group consisted of patients
who met operational criteria as defined by a score of 7 or
greater on the DIB, plus DSM-III criteria for BPD, plus
meeting 60% of the most highly discriminant clinical varia¬
bles identified by Perry and Herman38 as characteristic of
the borderline personality. These 22 nonschizophrenic pa¬
tients were severely disturbed, tending to have recurrent
hospitalizations, multiple suicide attempts, repeated epi¬
sodes of self-injury, and minor short-term psychotic epi¬
sodes. Although 55% of them (12/22) met RDC criteria for
affective disorders, they exhibited marked affective in¬
stability even when not clinically depressed. Their interper¬
sonal relationships tended to be stormy, and when in the
hospital, these patients often presented significant treat¬
ment problems, including running away, substance abuse,
and self-injury.

The low numbers of men in our population with BPD
reflect the female preponderance in other studies.''11'42""

Table 3.—RDC Diagnoses and Drug Treatment
in Personality Disordered Patients'"

BPD <n = 22) Non-BPD (n = 32)
RDC diagnosist

Depression 12 20

Bipolar I and II 3 9

Schizoaffective 6 1

Others 1 2

Drug treatment}:
Drug free 6 14

Antidepressants 9 13

Antipsychotics 7 4

Benzodiazepines 6 3

Lithium carbonate 4 1

■"RDC indicates Research Diagnostic Criteria; BPD. borderline personality
disorder.

fAn RDC diagnosis of schizoaffective is more common in BPD than in'
other personality disorders (P= .02, x2).

tEignt patients with BPD and three with non-BPD were prescribed two
types of medication; two with BPD were taking three medications. Differ¬
ences between patient groups were not significant for any medication (x2).

Furthermore, in our population, the selection criteria for
hospital admission to a psychodynamic treatment ward
discriminated against patients with substance abuse or
antisocial symptoms, two features that may be associated
with borderline personality in men.45

Our total group of subjects with disorders of personality
had a high incidence of RDC depressive illness, but depres¬
sion was equally represented in both the BPD and non-BPD
groups (Table 3). The 55% depression rate in our group with
BPD (12/22) resembles that found by Akiskal" (44%) and
Pope et al8 (42%). This result confirms previous findings of
depression occurring in patients with personality disorders
generally but does not support a hypothesis that BPD is
unique in this relationship."'41

Of our strictly diagnosed BPD group (n=22), nine (41%)
also met DSM-III criteria for SPD. The finding of an
abnormal ERP in BPD is not, however, dependent on the
presence of a concurrent SPD diagnosis, as the ERP
abnormalities were similarly present in groups of patients
both with BPD plus SPD and with BPD alone. It is unknown
if the ERP abnormalities we found are present in a popula¬
tion with SPD without BPD (homogeneous SPD); our group
is currently studying this question.

Overlap between BPD and SPD diagnoses has been
reported consistently,''2'48"M yet support for their diagnostic
uniqueness (as codified in DSM-III) has come mainly from
statistical analysis of clinical symptoms.49'50 and research
into physiological factors in these groups is only now
beginning.53 Our finding of similarly abnormal ERPs in
groups with BPD plus SPD and BPD alone suggests that
BPD and SPD may share a similar biological basis. It is
possible to speculate that though a common neurointe-
grative dysfunction underlies both BPD and SPD, differing
clinical features may result from differing social, interper¬
sonal, or familial factors. Comparative studies of relatively
homogeneous BPD and SPD populations in terms of their
physiological features, clinical course, family distribution,
and treatment response are necessary.

ERP Abnormalities

The demonstration of significant alterations in P3 latency
and amplitude in a population with BPD provides a physio¬
logical criterion validating this personality diagnosis.54 That
these ERP latency abnormalities are not found in unipolar
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Table 4.--ERP Latency and ERP Amplitude
in Diagnostic Groups*

Diagnostic
Group (n) N1 P2 N2t P3*

Schizophrenia (29)
ERP Latency, ms

95 = 9.9 1632:14.4 246 = 34.6 341=30.7

BPD (22) 92 = 9.6 162 = 20.4 239 = 29.6 340 = 31.1

Non-BPD (32) 94=8.6 164 = 18.9 224 = 24.2 316 = 30.0

Depression (22) 95 = 12.6 162 = 17.1 230 = 21.5 305 = 18.8

Control (74) 92 = 9.3 166=15.2 213 = 20.1 298 = 21.1

Schizophrenia
ERP Amplitude, mV

2.8 = 1.8 3.1=1.2 2.3=1.6 5.46 = 2.98§
BPD 3.9=1.8 4.1=1.4 3.4 = 1.6 5.70 = 3.40j!
Non-BPD 3.5=1.4 3.9 = 1.7 3.7 = 2.4 9.10 = 3.541;

Depression 2.9 = 1.7 3.9=1.8 2.9=1.6 6.94=3.06

Control 3.7=0.2 4.3 = 2.1 3.3 = 0.28 8.92 = 2.85

•ERP indicates event-related potential; BPD, borderline personality disor¬
der. Values are mean = SD.

tThe schizophrenic and BPD groups had significantly greater ERP latency
than controls at P<.01.

tThe schizophrenic and BPD groups were differentiated from all others at
Pc.01 tor ERP latency and at .01 for ERP amplitude (Duncan's).

§Significantly similar at P= .01, analysis of variance.
llSignificantly different at P = .008, analysis of variance.

Table 5.—P3 Latency and Amplitude in BPD
With and Without Other Disorders*

No.
P3 Latency,

ms

P3 Amplitude,
mV

BPD with SPD 9 349.1 =37.0 5.5 = 2.1

BPD without SPD 13 334.4 = 26.9 6.2 = 3.4

t result -0.98 0.55

BPD with depression 12 332.2=29.3 5.9 = 2.5

BPD without depression 10 348.6=32.2 6.0=3.6

t result 1.2 0.03

BPD with SAD 6 350.6 = 36.7 5.4=4.0

BPD without SAD 16 334.7 = 27.8 6.2 = 2.5

t result -1.0 0.49

*BPD indicates borderline personality disorder; SPD, schizotypal person¬
ality disorder; SAD. schizoaffective disorder. Values are mean = SD. No f
result is significant.

depressives or in personality disordered depressives with¬
out BPD suggests that depressive illness by itself is not a
necessary causative factor in the development of a bor¬
derline personality. Indeed, these ERP findings indicate
that patients with BPD have abnormal central nervous
system auditory processing and that, although phenomeno-
logieally similar to patients with depressive disorders, they
demonstrate electrophysiological abnormalities more char¬
acteristic of schizophrenia than of depression.

However, the presence or absence of N2 and P3 latency
abnormalities in psychiatric disorders with poor outcomes
such as rapid-cycling bipolar illness have not been suffi¬
ciently studied." Our study probands did not produce a
significantly large number of bipolar depressives to allow
ERP evaluation of this group. The reduced P3 amplitude in
patients with major depressive disorders (Table 4) has been
shown in our earlier study to be associated with depressed
mood at the time of testing.*2 Repeated testing of these
depressed patients when they had recovered revealed nor¬
mal P3 amplitude.*2 In schizophrenia, on the other hand, PS
amplitude did not change with resolution of psychotic

symptomatology. In the present study, the reduced P3
amplitude in patients with BPD who were not currently
depressed (Table 5) further suggests a similarity with
schizophrenia; however, repeated testing of our population
with BPD is necessary to clarify this issue.

Prolonged P3 latency has not, in previous studies, been
associated with concurrent positive psychotic symptoms,
illness duration, or medication effects in schizophrenics,
and it is not state dependent, since it persists following both
neuroleptic treatment and partial symptom remission.32
The P3 latency is thought to reflect stimulus evaluation time
since tasks of increasing complexity are accompanied by
lengthening of P3 latency in norma) volunteers." The P3
amplitude reflects several cognitive variables, among which
are stimulus novelty and the relevance of the attended task
for the subject. Consistent abnormalities in these ERP
values have been taken to reflect a central abnormality of
auditory processing.®*67 Since P3 latency and amplitude did
not differentiate patients with BPD from schizophrenics
but did differentiate both these groups from depressives.
patients with non-BPD, and normal controls, it seems likely
that patients with BPD and schizophrenics share similar
abnormal central nervous system auditory information
processing. Further studies of other physiological mea¬
sures known to identify schizophrenic populations (P50,
smooth pursuit eye movement impairment) need to be
applied to the population with BPD as well.

Although some family prevalence studies have suggested
that BPD is related to depressive illness,*"'' others have
not."-2 Follow-up studies by Werble," Gunderson et al,'7
Carpenter et al,16-16 and Pope et al' have stressed the
similarity of rather unfavorable outcome between patients
with BPD and schizophrenics, even in the presence of a
concurrent affective illness. Studies of drug treatment in
patients with BPD suggest that though some forms of drug
therapy may be superior to none, no single drug has
unequivocally demonstrated treatment superiority.
Specifically, a clear-cut response to medications useful in
treating mood disorders is lacking, and Serban and Siege!"
have demonstrated similar mildly positive responses to low
doses of neuroleptics in patients with BPD and SPD. These
data, examined in the light of our ERP findings, also
suggest that BPD may be more closely related to schizo¬
phrenia than to depressive illness.

Limitations and Conclusions

Although the results of our ERP recordings identify
significant abnormalities of auditory ERPs in patients with
BPD and schizophrenics, our technique does not permit us
to make topographical comparisons, and conclusions cannot
be drawn about laterality and which brain location is most
closely associated with these abnormalities. Multichannel
recordings may be helpful in identifying the topographical
distribution of P3 abnormalities.

The ERP abnormalities were not associated with affec¬
tive illness or medication use and clearly differentiated
patients with BPD with depressive illnesses from the non-
BPD affectively ill. The hypothesis that BPD is a variant of
depressive illness is not substantiated by the ERP data.
However, it remains to be seen whether bipolar patients do
or do not show similar abnormalities.

Instead, patients with BPD demonstrate a physiological
characteristic observed in schizophrenia and not in depres¬
sive illness. Auditory information processing may be simi¬
larly abnormal in the two disorders. The significance of this
biological similarity awaits further study and clarification,
but the finding calls into question current formulations that
stress a BPD-depression link."0®
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ABSTRACT. Several studies have reported changes in auditory event-related
potentials in patients with Alzheimer's type dementia. These include an increase in
latency and a reduction in amplitude of the P300 (P3) response, a late positive
component generated about 300 ms after an unexpected stimulus. Alzheimer's type
dementia is an almost invariable acompanimcni of ageing in Down's syndrome. This
study was designed to assess the usefulness of the auditory P300 response as a measure
of the onset of dementia in Down's subjects, who because of poor language
development may be difficult to assess by psychological tests. Auditory event-related
potentials were recorded from 89 Down's subjects, aged 16-66 years. A control group
of 29 mentally retarded subjects with fragile-X syndrome and 83 normal volunteer
controls were also tested. Clinical psychological testing found evidence of dementia in
16 Down's subjects and none with fragilc-X. Furthermore, in the Down's population
but not the fragile-X or control groups, there was a marked increase in P300 latency
with age starting around 37 years. In controls, the effect of age on P300 latency became
significant some 17 years later around the age of 54 years. The premature effect of age
on P300 in Down's syndrome was due to the prolonged P300 latency in the 16 subjects
showing signs of dementia. It was confirmed that P300 latency increase reflects the
development of Alzheimer's dementia in Down's subjects.

INTRODUCTION

Neuropathological changes characteristic of Alzheimer-type dementia (ATD) are an
almost invariable autopsy finding in Down's syndrome over the age of 40 years, but
are unusual in other types of mental handicap (Malmud, 1972; Ropper & Williams
1980; Wisniewski el al., 1985). Plaques and tangles examined by the electronmicro-
scope in Down's syndrome are identical to those in ATD (O'Hara et al., 1972; Burger
& Vogel, 1973; Ellis et al., 1974) and neurochemical studies of postmortem brain
tissue in Down's syndrome have revealed reductions in cholinergic (Yates et al., 1980)
and monoamine (Yates et al., 1981, Reynolds & Godridge, 1985) neurotransmitter
function comparable to the neurochemical abnormalities associated with ATD. The
association between Down's and Alzheimer-type dementia may be explained by
recent molecular genetic discoveries. Families with an inherited form of ATD share
an abnormal gene located on chromosome 21 (St George-Hyslop et al., 1987) and the
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locus encoding amyloid Beta protein, an important component of the amyloid plaques
found in ATD and in Down's was also mapped to chromosome 21 (Goldgaber et al.,
1987). The extra dosage of chromosome 21 in Down's could explain an increased
production of Beta protein in Down's foetal brains (Tanzi et al., 1987),

Although there are major practical implications in the planning of resources for the
care of the mentally handicapped whose life expectancy now allows them to attain the
age at which dementia may develop (Thase, 1982), the relationship between the
neuropathological signs of ATD found in post-mortem studies and the development
of clinically apparent dementia in Down's remains unclear (Oliver & Holland, 1986).
Clinical dementia may develop in persons with Down's syndrome as young as age 35
(Jervis, 1948) while others may show no evidence of decline by the age of 59 years
(Thase, 1982). Recent studies confirm that among patients with Down's syndrome,
dementia tends to become clinically apparent during the fifth and sixth decades of life.
In a prospective study over 8 years, Dalton & Crapper (1984) found that 24% of 49
Down's subjects aged over 40 years showed evidence of memory deterioration with an
onset ranging from 42 to 60 years. No memory deterioration was found amongst
Down's subjects aged under 40 years, nor in a population ofmentally retarded control
subjects. Similarly, in a cross-sectional study of psychological function in 165 Down's
subjects and 163 mentally retarded controls, Thase et al. (1984) found a high
incidence of deficits in orientation, memory and object-naming in Down's syndrome
subjects compared to controls. The principal finding was a precipitous drop in scores
for the oldest Down's group who were aged over 50 years.

Other cross-sectional studies have confirmed an increase of neuropsychological
deficits with age, consistent with the onset of ATD in Down's subjects (Miniszek,
1983; Sand et al., 1983; Wisniewski et al., 1978), but the relation between
neuropathological and clinical observations remains unclear. Ropper & Williams
(1980) studied 20 Down's patients dying after the age of 30 and found neocortical
plaques and tangles in all patients. However, in only three of the 30 had there been
clinical signs of dementia and no dementia was reported in a majority of the cases
where plaque and tangle densities were comparable to those reported at post-mortem
in demented old people. Wisniewski et al. (1985) reported a similar retrospective
clinico-pathological study based on 100 brains of patients with Down's syndrome.
Only 15 out of 56 patients with plaques and tangles had shown clinical signs of
dementia before death. It was observed that the expression of dementia in Down's
syndrome may depend not on the mere presence but on the quantity and distribution
of plaques and tangles. Ropper & Williams (1980) had already noted that within the
hippocampus the regional distribution of plaques and tangles differed between
Down's syndrome and ATD.

One of the principal problems in studying the dementia of Down's is the difficulty
in measuring neuropsychological changes in a mentally retarded population particu¬
larly in subjects with little or no language development.

A physiological means for the early identification of changes related to ATD in
Down's syndrome subjects that would be independent of language and motor skills
would permit a fuller understanding of the incidence and rate of progression of
dementia in Down's syndrome. Recording event-related potentials is a non-invasive



P300 in Down's syndrome 441

procedure which can be repeatedly carried out and which causes little distress to
patients. These tests, which place little or no reliance on verbal responses, can be
readily applied to the mental handicap population and offer a means to specify more
precisely sensory and cognitive impairments. For example, Squires el al. (1980)
showed a significant pattern of abnormality of auditory brain-stem responses in
Down's syndrome which could imply that there is not only a high incidence of
deafness in Down's but, in addition, abnormal functioning of the auditory brain stem
pathway. Similarly, late components of event-related potentials, which reflect cortical
rather than brain-stem activity, are also abnormal in Down's syndrome. A significant
increase in the amplitude of late components of auditory evoked responses to a series
of clicks was reported in infants (Barnet & Lodge, 1967) and in adolescents and young
adults with Down's syndrome (Straumanis el al., 1973; Yellin el al., 1980).
Furthermore, a reduction in amplitude of these components which normally follows
repetitive stimulation was not observed in Down's syndrome (Barnet el al., 1971;
Straumanis el al., 1973; Dustman & Callner, 1979; Schafer & Peeke, 1982). Gigli el
al., (1984) measured shorter latencies of brain stem auditory evoked responses in
Down's subjects compared with controls.

The above findings led to the hypothesis that in Down's syndrome a deficit of
inhibitory mechanisms in the central nervous system gives rise to enhanced amplitude
and lack of adaptation to repetitive stimulation of evoked responses. Since such
habituation could be related to short-term learning these changes in cortical evoked
potentials could help to explain some of the cognitive impairment of mentally
handicapped subjects.

Less attention, however, has been directed to the so called 'cognitive' or

'endogenous' event-related potentials as measures of cognitive function in mental
handicap. The P3 (or P300) responses recorded in this study is a long latency positive
deflection which occurs some 300 msec after the stimulus during an 'odd-ball'
recognition task. In this task, the subject attends to an infrequent but relevant tone
stimulus presented in a series of frequent 'ignored' tones. P3 is increased in latency
and reduced in amplitude in ATD compared with controls (Goodin et al., 1978;
Pfefferbaum et al., 1984b; St Clair el al., 1985). These changes are not common to all
dementias since profound memory loss in Korsakoffs syndrome is generally
associated with normal P3 (St Clair el al., 1985). P3 latency is prolonged not only in
ATD but also in normal ageing (Goodin et al., 1978; Brown et al., 1983; Pfefferbaum
et al., 1984a; St Clair et al., 1985). There is a relationship between P3 latency change
and overall intellectual decline in ATD (Polich et al., 1986) and more specifically to
impairment of certain language function in both ATD and normal ageing controls
(Blackwood el al., 1987).

This study was designed to measure life-span changes of auditory P3 in a Down's
syndrome population to determine whether this physiological measure could be used
as an indicator of the onset of ATD in Down's subjects. In a preliminary report of this
study (St Clair & Blackwood, 1985) the authors have shown that P3 latency becomes
prolonged with age beyond the age of 37 years in a Down's population but only after
the age of 53 in volunteer controls. The premature increase in P3 latency with age in
Down's could be explained by the onset of ATD in a proportion of these subjects from
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the fourth decade onwards. The present study is an attempt to analyze the premature
increase of P3 latency with age in Down's and relate it to psychological assessment of
dementia. A follow-up study which is reported separately compared changes in P3
latency with cognitive and behavioural deterioration in these subjects.

In these studies, subjects with mental retardation associated with fragile-X
syndrome were chosen as a control group having similar mental age equivalent and
living in the same institutional environment (St Clair et al., 1987).

The present authors predicted that because of the premature onset of dementia in
adult Down's, age-related changes in P3 latency should differ in Down's from that
observed in the normal population and in subjects with fragile-X syndrome where
there is no known association with ATD.

MATERIALS AND METHODS

One hundred and one patients with Down's syndrome (trisomy 21) were recruited
into the study. Satisfactory auditory event-related potentials were recorded in 89 (46
men and 43 women) with a mean age of 40-6 (range 16-66 years). Sixty subjects with
Down's syndrome were in-patients at one of two hospitals for mental handicap, and
29 subjects were living in the community either at home with relatives or in hostels.
An attempt was made to include all ranges ofability and bias was avoided by including
all subjects with Down's syndrome resident in the two hospitals. Similarly, all
subjects attending a group of Adult Training Centres were approached and tested
unless relatives refused consent or if there was physical illness such as hypothyroidism
or deafness. Although tests of thyroid function were not part of this study all patients
were under regular medical supervision which included annual clinical and laboratory
tests of thyroid function. In 12 cases, the subject was either unable to cooperate with
the procedure or deafness was detected at the time of recording. Of these subjects,
five were aged under 40 years and seven over 40 years. All subjects had trisomy 21.

All subjects with fragile-X mental retardation were in-patients at the Royal Scottish
National Hospital, Larbert, Scotland, and were part of a group of 41 subjects
described in detail by Primrose et al. (1986). Twenty-nine cooperated sufficiendy with
the testing procedure to obtain readable recordings. These included two female
patients. The mean age was 43-0 years (range 16-66). Diagnosis was based on the
cytogenetic finding of a fragile site (the appearance of an unstainable gap) on the long
arm of the X chromosome at Xq 27-28 in lymphocytes cultured using TC199
containing Methotrexate. Fifty cells stained with Leishman stain from each individual
were analysed for the fragile-X and the percentage of fragile-X positive cells ranged
from 2 to 42%.

Controls

Eighty-three subjects, mean age 47'4 years (range 18-81), were recruited from
hospital staff and from two medical practices in the city. Volunteers (38 men, 45
women) were taking no medication and had no physical or psychiatric illness.
Event-related potential, recording and measurement

The same recording technique was employed as in a previous study measuring P300 in
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dementia (St Clair ei al., 1985). Recordings were done in a quiet room in each of the
long-stay hospitals, generally in the presence of a nurse known to the patient. The
subject sat in a reclining position with head supported and a silver/silver chloride disc
electrode was placed at the CZ position. Recordings were made between this electrode
and an ear-clip electrode on the left ear. A right ear-clip electrode served as earth. The
impedance was less than 2 kilohms. The subjects were instructed in a two-tone
discrimination task and were asked to attend to 'rare' high-pitched (1500 Hz) tones
embedded in a series of 'frequent' low-pitched (1000 Hz) tones presented at a rate of
IT per second at an intensity of 85 decibels (db). Because deafness is a common
problem in Down's syndrome, hearing threshold was checked in each case to ensure
the intensity was at least 30 db above threshold, 500 tone bursts (20 ms plateau time,
9-9 ms rise/fall time) were presented and the ratio of frequent to rare tones was 9:1.
The electroencephalogram was amplified X10 000 with a band pass of 1-30 Hz and a
sensitivity of ±50 LiV. An artefact reject circuit eliminated from averaging all trials
with potentials in excess of ±45 microvolts. The evoked potential wave forms were

averaged separately for the 'rare' and 'frequent' tones for a duration of 750 ms

following the stimulus. A 75 ms pre-stimulus period was used to establish the
baseline. Interpoint time was 0'8 ms and the A-D sampling rate was 1250 Hz. The
amplitude and latency of the average evoked potentials were measured with a cursor
on the oscilloscope and a permanent paper trace was obtained for analysis of the
waveform. Two raters (DB, DStC) independently mesured the latency and baseline to
peak amplitudes of the waveforms, and final values were reached by consensus. The
N1 and P2 waveforms were measured from the response to the frequent tones, N2 and
P3 were measured from the response to the rare tones. The amplitudes of the various
components were measured from the pre-stimulus baseline to the point of maximum
positivity or negativity. The latency was measured at the apex of each peak and where
this was not clear the point of intersection of tangents was measured. N1 was
the maximum negativity 70-120 ms, P2 the positivity 140-230 ms, P3 the
positive deflection 265-500 ms, and N2 the negative deflection immediately
preceding P3.

Psychological testing
Mental age equivalents in the two patient groups was calculated from the Peabody
Picture Vocabulary Test (Dunn & Dunn, 1981). A battery of clinical tests was
employed including items for orientation, aphasia, visual and auditory agnosia,
apraxia, spatial and verbal memory, and memory for pictures and objects. The
Peabody score was converted to a mental age equivalent. Two clinical psychologists
(CO, PD) independently decided on clinical grounds whether subjects with mental
handicap showed evidence of a dementing process during the past 5 years. Their
assessment was based on information irom hospital case notes, a structured interview
of a careworker acquainted with the patient, observed changes in social and problem
behaviour and cognitive test results. Careworkers were asked specific questions on
behaviours connected with self-help skills and speech in addition to emotional
reactivity and withdrawal, irritability, destructiveness and presence of seizures.
Psychological assessment is discussed in detail in Oliver et al. (submitted).
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Statistical analysis
Latencies and amplitudes of the late components of the auditory event-related
potentials were compared between groups by analysis of variance. The significance of
differences between groups was tested by Scheffe procedure. Correlations among the
physiological data, age and mental age equivalents were performed using Pearson's
correlation co-efficient, using the statistical packages for social sciences (Nie et al.,
1970).

Visual inspection of P3 data in both Down's syndrome and normal controls
suggested a non-linear increase in P3 latency with age. These data were analyzed by a
curve-fit program (Biomedical Computer Programs, P-Series, (P5R) 1979, University
of California, ed. by W. J. Dixon & M. B. Brown). It was shown that the distribution
of both the Down's and control data was best described by two straight lines. The
slopes and intersects of these lines were calculated using a program written by A.
True, Edinburgh Regional Computing Centre.

Recordings with a recognizable P3 were obtained from 89 Down's, 28 fragile-X and
83 controls. In some traces, all earlier peaks could not be reliably identified and the
data in Table 1 and 2 relates to the evoked potentials about which two raters reached
consensus.

Table 1 Latencies of event-related potentials (ms)

Mean±SD (n)

N1 P2 N2 P3

Down's syndrome 103+11-2 (80)
Fragile-X 87±9-0 (29)
Control 92±8-3 (82)

163+18-7 (81)
157± 12-1 (29)
166±17-3 (82)

265±38-9 (60)
256±30-0 (25)
224±29-8 (78)

395+48-9 (89)
389130-5 (28)
321142-7 (83)

N1 Down's >Fra X=Control (PcO-OOl).
N2 and P3 Down's=Fra X >Control (PcO-OOl).

Table 2 Amplitudes of event-related potentials (gv)

MeaniSD (n)

N1 P2 N2 P3

Down's syndrome 3-011-6 (80)
Fragile-X 4-5±l"8 (29)
Control 3-8± 1-6 (82)

3-6+2-1 (81)
4-6+1-8 (29)
4-1 ±1-6 (82)

5-4+2-8 (60)
3-7+2-3 (25)
3-5±2-2 (66)

3-5+1-8 (89)
3-8+1-5 (28)
8-2+3-1 (83)

N1 and P2 Down's <Fra X=Control (P<005).
N2 Down's >Fra X=Control (P<0 05).
P3 Down's=Fra X CControl (PcO-OOl).
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RESULTS

Figure 1 shows representative tracings of event-related potentials from a control
subject aged 60 years, a subject with fragile-X syndrome (aged 66 years), a 28-year-old
patient with Down's and a 60-year-old patient with Down's syndrome. This elderly
Down's subject died shortly after these studies were completed and at autopsy definite
neuropathological changes of ATD were found including extensive neurofibrillary
degeneration and senile plaques.

ERF latencies

Table 1 shows that the latencies of the event-related potentials designated N1, N2 and
P3 differed significantly between the subject groups. The results of Analysis of
Variance were as follows: Nl: F(2,188)=43-OP<0-001; P2: F(2,189)=2'9 N.S.; N2:
F(2,160)=27-6 PcO'OOl; P3: F(2,197)=65'6 P<0-001. The latency of Nl was

Control (Age 60) |

Fragile-X (Age 66)

I

Downs (Age 29)

Downs (Age 60)

, , ,— , 1
i * 300 750 0 * 3oo 750

STIMULUS

Latency (m sees)

Fig. 1 Representative ERPs from a control subject aged 60 years, a patient with fragile-X
syndrome (66 years) and two subjects with Down's syndrome, the younger of whom showed no
clinical features of dementia, while the elder (age 60 years) had Alzheimer-type dementia.
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greater in Down's syndrome than in fragile-X or controls. The latencies of N2 and P3
were prolonged in both Down's syndrome and fragile-X compared with controls
(P<0-001). The relation between P3 latency with age is shown for controls and DS in
Fig. 2 and for fragile-X in Fig. 3.

ERP amplitudes
Table 2 shows that the amplitudes of event-related potentials differed between the
three groups. The results of ANOVA were as follows: Nl: F(2,188)=10-3 P<0-001;
P2: F(2,189)=4-4 PcO-02; N2: F(2,148)=10*3 P<0-001; P3: F(2,197)=90'0
P<0-001.

The amphtude of both Nl and P2 was rduced in Down's compared of both fragile-
X and controls (P<0'05). The amplitude of N2 was greater in Down's than fragile-X
and control (P<0 05). P3 amplitude was reduced in both Down's and fragile-X
compared to control (P<0-001).

%

Age

Fig. 2 Scattergram showing the relation between P3 latency (msec) and Age (years) in a
population with Down's syndrome and in a control population.

8
"> 400
E . * FragHe-X

•• A •* .

40 60

Age

Fig. 3 Scattergram showing the relation between P3 latency and age in fragile-X syndrome.
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Age effects
There were no significant differences in age between the Down's and fragile-X
populations. The control population included older subjects up to the age of 81 in
order to assess the effects of normal ageing on ERP waveforms.

Table 3 shows Pearson's correlations of ERP latencies and amplitudes with age. In
the fragile-X group, no ERP measure showed a significant change with age, but in
both Down's and control subjects N2 latency and P3 latency increased significantly
with age. There was a small but significant correlation between age and N1 latency in
Down's. The relationship between age and P3 latency in Down's and control subjects
illustrated in Fig. 2 was further analyzed by a curve-fitting program, calculating the
residual mean squares for five possible curves (Biomedical Computer Programs, P-
Series, 1979, University of California, ed. by W. J. Dixon & M. B. Brown). Table 4
shows that the data was distributed around two straight lines more closely than to a
second-degree polyonomial curve. The point of intersection of these lines for Down's
and control subjects was determined using a linear regression program. The
intersection point being the age at which the sum of the squared deviation of the
points about the two lines was at a minimum (the intersection of the 'best fit' lines).
The intersection point is at 36-5 years for Down's and 53-0 years for controls. Figure 3
illustrates the absence of an effect of "• on P3 latencv <'n fn>~!!e-X syndrome.

Table 3 Pearson correlation coefficients for age with event-related potential latencies and
amplitudes

Latency (ms) Amplitudes (pv)

N1 P2 N2 P3 N1 P2 N2 P3

Down's syndrome
Fragile-X
Control

0-41»
-0-18

005

0-27
-0-32

0-25

0-51*
0'06
0-52"

0-50*
-0-18

0-69*

-0-14
0-07
0-18

-0-26
002
001

-0-07
-0-22

0-14

-0-22
—0-21
-0-38'

*P<0-0001.

Table 4 Residual mean squares when fitting the age/P300 latencies data of Fig. 2 to five types
of curve

Down's
syndrome Control

First degree polynomial (straight line) 1265 965
Two straight lines 1054 653
Second degree polynomial 1068 674
Third degree polynomial 1080 681
Exponential 1234 917
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Mental age

The Peabody Picture Vocabulary Test was performed on 24 subjects with fragile-X
and 80 subjects with Down's syndrome. The cooperation of five fragile-X and nine
Down's subjects was not obtained. Sixteen Down's subjects achieved scores which
corresponded to a mental-age equivalent of under 21 months and for the analysis these
were rated zero.

The mean mental age equivalent for the total group of Down's was 29-8 (Range:
0-70 months) and for the fragile-X subjects 38-7 (23-58) months. This difference was
significant (t—3*7 PcO'OOl). However, it was shown that the apparently lower mental
age in the Down's population was due to the inclusion of subjects with clinical signs of
dementia who tended to have zero scores for mental age. When Down's subjects
showing definite signs of dementia were excluded from the calculation the mental age
equivalent (±SD) for Down's (n-64) was 33±18-0 months which was not
significantly different from the mental age equivalent of the fragile-X group.

Evidence for dementia in Down's
Subjects were rated by two psychologists (CO and PD) as being demented if
careworkers reported significant deterioration during the past 5 years in behaviour or
self-help skills and there was marked neuropsychological deficits such as aphasia and
memory loss consistent with ATD. Sixteen Down's subjects and none of the fragile-X
group were classified as dementing (nine women and seven men). Their mean age was
57 years (range 39-66 years) and included the one patient on whom autopsy
subsequently confirmed unequivocal changes of ATD. Dementia was commoner in
the older patients being found in two patients aged 37-46 years, five patients 47-56
years and nine patients aged 57-66.

The aim of further analysis was to establish whether the increase in P3 latency after
age 37 in Down's as shown in Fig. 2 could be fully explained by the early onset of
ATD in a proportion of subjects. The following groups were compared: 'young'
Down's aged up to 37 years (n=33); 'old' Down's aged 37-66 years (n-56) of which
16 showed signs of clinical dementia; fragile-X subjects of all ages (n=28) and control
subjects aged 37-66 years (n=32). P3 latency did not differ significantly between
'young' Down's (380±44-1), 'old' not demented Down's (393±42-6 ms) and fragile-X
(389±30-5 ms). Similarly the latency of N2 and the amplitude of P3 was not
significandy different amongst these three groups.

The regression of P3 latency with age was calculated. For controls aged 37-66 years
(n=32) r=0-47 and for non-demented Down's aged over 36 years (n=40) r=0-53.
Following Z transformation, it emerged that these values of r were not significandy
different. These results confirm that the exclusion of dementing Down's subjects
from Fig. 2 results in P3/Age correlations similar in the Down's and control
population.

ERPs in Down's showing signs of dementia
Table 5 shows a comparison of ERP data from 16 Down's subjects with clinical
features of dementia and 40 Down's patients without dementia in the age range 37-66
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Table 5 Comparison of ERP data from Down's syndrome showing clinical features of
dementia with Down's syndrome without dementia in the age range 37-66 years

Latency (ms) Amplitude (pv)
Age (Mean±SD) (Mean±SD)
(years) —

(Mean+SD)N1 P2 N2 P3 Nl P2 N2 P3

Down's syndrome 45*8+7 102 162 254 393 2-8 3*4 4-8 3-8
without dementia ±9*8 ±16*5 ±22-3 ±42-6 ±1-7 +1-8 ±2*8 ±L8
(«=40)

Down's syndrome 56*4+8 112 172 313 436 2-8 3 6-2 2-8
showing dementia ±16-9 ±27-2 +55-2 ±50-9 +11 ±2-5 ±2-7 ±1-3
(«=16)

Age P<0-0001.
N2 and P3 Latency P<0-01.
P3 Amplitude P<0-05.

years. Dementia is associated with prolonged N2 and P3 latency and reduced P3
amplitude which are the changes found in patients with ATD (St Clair et al., 1985).

The increase in latency of N2 and P3 and the reduction in P3 amplitude in the
dementia group shown in Table 5 was not due to the older age of this group. P3
latency in Down's subjects was age corrected using control data. The age-corrected P3
latency for 40 non-demented Down's was 309±39"8 ms and for 16 dementing Down's
334±40-7 ms. This difference remained significant. (t=2T P=0-04).

DISCUSSION

The major finding of this study is that changes in P3 latency occur in a Down's
syndrome population nearly 20 years earlier than in normal ageing and furthermore
this early increase of P3 latency in Down's can be attributed entirely to the
development of ATD in 16 of these subjects.

Changes in N2 latency and P3 amplitude in the Down's population over age 37
years were also shown to be due to the onset of dementia in some patients since
differences in these parameters between 'old' and 'young' Down's were not significant
after data from the 16 Down's with dementia were excluded from the calculation.

The Down's subjects with dementia had the same changes in N2 at P3 waveform
which are found in patients with Alzheimer's dementia (St Clair et al., 1985) and the
results of this study are fully consistent with clinical and neuropathological evidence
that ATD may develop in Down's from the fourth decade onwards.

Dementia was clinically detectable in 16 out of 56 cases of Down's over the age of 36
years (29%). The youngest was aged 39 years and the incidence of dementia increased
with age so that 9 out of 11 subjects aged 60-66 were showing signs of dementia. This
is in agreement with the study of Dalton & Crapper (1984) who found signs of
memory deterioration in 24% of Down's subjects over the age of 40 and an incidence
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rate of 9% per year. The Age/P3 relationship shown in Fig. 2 compares with the
mortality rates measured in Down's syndrome and other forms of mental retardation
by Thase (1982). Mortality curves for Down's syndrome between the ages of 40-60
years were similar to those for the general population aged 60-80 years.

The data also show that P3 latency is prolonged in mental handicap regardless of
age or the onset of ATD. The fragile-X subjects had similar P3 latencies to non-
demented Down's and differed from Down's syndrome by showing no age-related
changes in the event-related potential measures, although both patient groups had
similar degrees of mental handicap and were drawn from the same hospital and
community population. No signs of dementia were detected amongst the fragile-X
group. The number of fragile-X subjects over the age of 55 years was too small to
determine whether P3 latency prolongation in these elderly patients was similar to
that in the control population. Changes in P3 latency are, therefore, in keeping with
neuropsychological measurements which have generally revealed deficits indicative of
dementia in Down's syndrome and not in other causes of mental handicap (Thase et
al., 1984).

The young Down's population and the fragile-X population did not differ in the
latency or amplitude of N2 and P3, but differences did appear in the earlier N1
component which had a longer latency in Down's compared to both fragile-X and
control populations. This is in keeping with the observations of Squires et al. (1978)
and Callner el al. (1978) who reported increased latency of N1 in Down's compared to
Controls. The present authors measured a reduced baseline to peak amplitude of N1
and P2 in Down's compared to fragile-X and normal controls which is in contrast to
Straumanis et al. (1973) and Squires et al. (1979) who measured no significant
differences of amplitude of N1 and P2 between Down's and control subjects.
However, those studies used considerably smaller sample sizes. Dustman & Callner
(1978) measured peak to peak amplitudes and reported increased amplitude of P2 in
auditory responses in Down's subjects. However, the age range of their subjects was
from 5-62 years and 55 out of 66 subjects were aged less than 36 years. High-
amplitude early auditory event-related potentials may be a feature in children and
adolescents with Down's syndrome (Callner et al., 1978).

In some ways, the results of this study were surprising given the degree ofhandicap
of the subjects tested. Recordings were obtained from a single vertex position and eye
movements were not separately monitored to aid artefact rejection. However, care was
taken to continue recording only during periods when subjects were reasonably at rest
without movement artefact. Since most subjects had a relatively low level of language
ability they were unable to count the 'rare' tones during the odd-ball task. Their
ability to attend to the 'rare' tones could only be inferred during a short training
session. Despite these problems, adequate traces with clearly recognizable waveforms
were obtained in a large majority of cases and the use of equipment which is readily
portable was a considerable asset since subjects could be recorded in familiar
surroundings.

In this study, there was a greater range of P3 latency amongst Down's subjects than
fragile-X or controls and this was most marked amongst the older Down's group. If it
is considered that a P3 latency greater than 430 ms (mean+2SD of young Down's) is
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definitely abnormal, the percentages abnormal in each age range in Down's are 10%
(38-49 years), 36% (50-59 years) and 73% (over 60 years). This wide range of
physiological responses may occur because dementia is affecting some but not all
Down's subjects or it could reflect variations in the distribution of pathological
changes. Wisniewski et al. (1985) showed that the number of plaques and tangles in
the brains of Down's subjects over 40 years varied considerably between individuals.

Dalton & Crapper (1984) measured the course of the dementing illness in Down's
from onset of memory impairment to death as 3-7-6T years (mean 4*5 years). This
rapid terminal progress of ATD in Down's tends to occur at any age over 37 years and
in some individuals may be delayed until well into the sixth decade. The factors
responsible for the onset of clinical dementia are unknown but clearly early
identification of decline is important for the planning of appropriate community or
hospital care of an individual.

In this study, it has been shown that changes in the N2 and P3 waveforms reflect
the development of ATD in Down's subjects with severe mental handicap. The study
has been continued to find out if serial recordings of auditory P3 responses in this
population of Down's and fragile-X syndrome would be useful in the early
identification of individuals at the onset of a dementing illness. A longitudinal study
which is reported separately was aimed particularly to assess the utility of P3
measurement as a diagnostic aid to detect ATD in older Down's subjects for whom
psychological test interpretation is difficult because of profound mental handicap and
poor speech development.
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ABSTRACT. Sixty-five subjects with Down's syndrome were followed up and rctested
2 years after the initial recording of auditory P300 (P3) event-related potential described
in a companion paper (Blackwood et at., 1988). The number of subjects showing
clinical evidence for Alzheimer's type dementia had increased by a further 14%. In
subjects showing clinical deterioration over a period of 2 years, 78% (7/9) had an
increase in P3 latency which was three standard deviations or greater than the group
mean. None of the 20 fragile-X group retested showed significant change after 2 years.
The results suggest that P3 change may be a sensitive index of the onset of Alzheimer's
type dementia in Down's syndrome.

INTRODUCTION

In a companion paper (Blackwood et al., 1988), the authors have reported a study of
auditory event-related potentials in Down's and fragile-X syndrome showing that the
changes in P300 latency and amplitude which are typical of ageing occur some 20 years
earlier in Down's syndrome compared to normal controls. The premature increase in
P300 (P3) latency in this Down's population of89 subjects was shown to be due entirely to
an increase in P3 latency occurring in the 16 (35%) subjects who each developed
definite clinical signs of Alzheimer's-type dementia on neuropsychological testing.

A 2-year follow up study of these patients was undertaken to find out if changes in
auditory evoked potentials preceded the clinical onset Alzheimer's dementia in
Down's. If this proved to be the case, event related potentials would be useful in the
early detection of deterioration in Down's subjects. Dalton & Crapper (1984)
proposed that dementia in Down's develops at a rate of about 9% per year over the age
of 40 and the course of the illness is 3-5—6*5 years. The present study was designed to
show whether serial testing of auditory event-related potentials (ERPs) could be a
sensitive measure of the onset and course of ATD particularly in patients who,
because of mental retardation and language impairment, are difficult to assess

psychologically.

Correspondence: Dr W. J. Muir, University Department of Psychiatry, Royal Edinburgh Hospital,
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MATERIALS AND METHODS

Patient selection

All Down's and fragile-X subjects who had agreed to take part in the previous study
were traced. A majority remained as patients in one of the two mental handicap
hospitals. Community-based subjects were contacted at home. Out of the 89 Down's
subjects from whom auditory event-related potentials were recorded in 1984, 65 were
re-tested 2 years later. The 24 who were not re-tested (12 men, 12 women) ranged in
age from 16-64 (11 were aged less than 37 and 13 over 37 years). Of these, four had
died, 10 refused re-testing and from 10 subjects the psychological assessment had
been incomplete because of poor cooperation. Re-testing was completed on 20 of the
29 original subjects with fragile-X syndrome and these were all attending the Royal
Scottish National Hospital, Larbert, Stirlingshire, Scotland.

Event-related potential recording
The procedure for retesting was exactly as carried out in 1984 as described in the
companion paper. All subjects were tested in a quiet room in hospital. Auditory
event-related potentials during a two-tone discrimination task were recorded from Cz
position using a NICOLET CA 1000 clinical averager. Two raters (DB and WM)
measured the latency and amplitude of waveforms Nl, P2, N2 and P3 from hard copy
as previously described. After these measurements were complete the raters directly
compared, for each subject, the ERP traces obtained at follow-up with the original
1984 record to obtain a global assessment of change. This assessment was helpful in
those cases where the ERP recording at follow-up had deteriorated to such an extent
that individual peaks were unidentifiable.

The recording and assessments of event-related potentials were done in parallel
with, but entirely independently of, the clinical and psychological assessments
performed by two clinical psychologists (CO and PD).

RESULTS

Down's syndrome
The 65 subjects re-tested could be divided on the basis of psychological testing and
clinical assessment into four main groups.

Group 1 (n=ll). These subjects (four men, seven women; mean age 40 years [range
16-55 years]) were too severely handicapped to participate fully in the cognitive
assessment, but they had no history of deterioration and no clinical signs of ATD.
Four were able to do the Peabody Picture Vocabulary Test (mental age score 23-40
months) but had no speech, seven subjects were completely untestable.

Group 2 (n=12). This group (six men, six women: mean age 58 years [range 47-66
years]) includes all the subjects who were considered in 1984 to show definite signs of
deterioration in behaviour and cognitive functions, consistent with the onset ofATD.
In 1984, 16 subjects were considered to have ATD. Two of these had died and two
refused further testing.
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Group 3 (n=9). These subjects (seven men, two women; mean age 50 years [range
40-60 years]) showed significant change on cognitive testing between 1984 and 1986,
and were judged on clinical and psychological grounds to show definite signs of ATD
developing during the 2-year follow-up period.

Group 4 (n=33). These subjects (16 men and 17 women; mean age 33 years [range
20-50 years]) showed no evidence of ATD or signs of deterioration on psychological
tests either in 1984 or in 1986.

Fragile-X Group (n=20). There was no evidence of significant deterioration in any of
the fragile-X subjects.

Auditory event-related potential recording
Reliability. The re-testing of the fragile-X patients was used as a measure of the
reliability of the P3 recording procedure. Table 1 shows that there was no significant
difference between the two recordings in the measures of N2 and P3 latency or
amplitude. The mean difference in the two measures of P3 latency (P3 DIFF) was
quite small, (—2-25 ms: range: -40-+18 ms).

Event-related potentials in Group 1 subjects. These subjects had no speech and were the
most severely mentally handicapped group. Four subjects could not cooperate
sufficiently but adequate repeat ERP recordings were obtained in seven. The repeat
ERP trace from two of these subjects was clearly of much lower amplitude than the
1984 trace. Figure 1 illustrates the ERP of a 40-year-old man with no speech whose
mental age equivalent was assessed in 1984 as 40 months. He had no reported
behavioural changes but the increased latency of P3 and the marked amplitude
reduction of the entire trace would strongly suggest the development of ATD during
the 2 years between die tests.

Group 2 subjects. These subjects all showed signs of ATD in 1984 and, as described in
the companion paper (Blackwood et al., 1988), they then showed increased latency of
N2 and P3, and reduced amplitude of P3, the changes which are observed in patients
with ATD. When retested 12 of these subjects were in the advanced stages of
dementia and ERP recordings were unreadable in four cases. A general low amplitude

Table 1 ERP data on 20 f'ragilc-x subjects tested 2 years apart

Difference in latency (ms) (mean+SD) Difference in Amplitude (pv) (mean+SD)

N2 P3 N2 P3

-11-0+41-9 -2-25 + 14-7 -2-2+2-1 0-2+1-9

(«=18) («=20) («=18) (n=20)

N2 difference=N2(l984)-N2(1986).
P3 difference=P3(1984)-P3(1986).
None of the differences were significant at the 5% level.
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Fig. 1. ERPs from a Group 1 subject (see text), in all the ERI' figures, the solid line is the averaged
response to rare (attended) tones and the hatched line to frequent (ignored) tones. The P300, thus,
appears on the solid line and is marked bv a vertical bar. The upper trace is the result in 1984, the lower in
1986.
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Fig. 2. ERPs from a Group 2 subject (see text).
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made individual peaks difficult to identify but P3 could be measured in eight subjects
with a mean latency (+SD) of 446+36-0 ms. (range 395-507 ms). In 1984, these eight
subjects had a mean P3 latency of 435±44-9 ms (range 374-510 ms). Figure 2
illustrates a trace from this subject group showing deterioration over 2 years.

Group 3 subjects. These patients developed the clinical features of ATD between the
time of their first and second assessments. In 1984, the mean (+SD) P3 latency for
these nine subjects was 416±46-4 ms. At follow-up, the ERP of seven subjects
showed marked changes, as illustrated in Fig. 3, a trace obtained from a 49-year-old
lady. The amplitude of the ERP wave form in these subjects was reduced and, in three
subjects, the traces were so poor that individual wave forms could not be identified. In
other subjects, as illustrated, the latency of P3 was prolonged. There was no clear
change in the ERP of the remaining two subjects at follow-up but, at initial testing, P3
latencies of these two subjects were amongst the longest recorded (477 ms at 459 ms),
which suggests that ERP changes may already have developed prior to 1984 before
clinical signs of ATD were evident, and further change was not evident over the
follow-up period.

Group 4. These 33 patients showed no clinical signs of ATD initially or at follow-up.
On first testing, the mean P3 latency was 382143-9 ms and at follow-up it was
387150 7 ms which is not a significant change. Figure 4 illustrates the ERP of a 28-
year-old man, showing no change in P3 over 2 years.

However, three subjects in Group 4 did have ERPs recorded in 1986 which showed

i

, 1
0 * . 300STIMULUS

Latency (m sees)

Fig. 3. ERPs from a Group 3 subject (see text).



460 W. J. Muir et al.

significant change from 1984. Figure 5 shows the ERP from a 28-year-old subject who
showed no clinical or psychological evidence of ATD. The reduced amplitude of the
trace and the prolonged P3 latency are typical of the changes which accompany the
development of ATD in Group 2 and Group 3 subjects and in this subject changes in
P3 latency and amplitude may precede the onset of clinical dementia.

0 * 300
STIMULUS 750

Latency (m sees)

Fig. 4. ERPs from a Group 4 subject (see text).

0 *
STIMULUS

750

Fig. 5.

300

Latency (m sees)

ERP from a Group 4 subject showing no clinical or psychological evidence for ATD (see text).
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Fig. 6. Change in P3 latency over 2 years in Down's subjects. Dots represent the P3 latency in 1984 of
subjects whose P3 showed no significant change over 2 years. Arrows indicate the extent oflatency increase
in 10 subjects. Squares depict six cases whose waveform deteriorated and the P3 became flat and indeter¬
minate on re-testing.

Subjects whose AER showed change at follow-up
Table 1 shows that among 20 subjects with fragile-X syndrome the mean difference
between P3 latency tested in 1984 and in 1986 was — 2'25+14'7 ms and the range of
differences was —40 ms to 18 ms. If it is assumed that a P3 latency change greater than
mean+3SD is significantly outside the range of normal, an increase of 42 ms in P3
latency over 2 years represents significant change. Using this criterion for change,
Fig. 6 shows the 10 Down's subjects that had a significant increase in P3 latency over
2 years [cf. Fig. 5], A further six subjects were judged to have changed in amplitude
and deteriorated to an extent that P3 could not be reliably identified. Nine of these
subjects, rated on the basis of ERP as having developed ATD, also had clinical
evidence of deterioration. However, electrophysiological changes were also evident in
four subjects in Group 1 whose poor language development made adequate
psychological assessment impossible and in three subjects in Group 4 who revealed no
clinical signs of ATD.

DISCUSSION

This follow-up study was designed to show whether the recording of ERPs is a useful
addition to psychological testing in the detection of onset of ATD in a population with
Down's syndrome. As expected, the number of Down's subjects with clinical
evidence for ATD increased over the two years from 18% (16/89) in 1984 to 32%
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(21/65) in 1986. If only subjects over the age of 36 years are examined, then the
comparable figures are 29% (16/56) (1984) and 49% (21/43) (1986). There is no reason
to suppose a selective loss of subjects without ATD from the cohort. Indeed, four of
the subjects who could not be followed up had definite clinical evidence for ATD in
1984. These clinical findings suggest a 20% onset of ATD over 2 years and are broadly
consistent with those of Dalton & Crapper (1984) who quoted an incidence of 9% per
annum in Down's subjects over the age of 40 years.

At first testing, in 1984, the 12 subjects with clinical evidence for ATD had
prolonged latency of N2 and P3 and had reduced P3 amplitude. In 1986, the auditory
evoked potentials in these subjects tended to be of lower amplitude. In four cases,
they were uninterpretable. On clinical grounds, these subjects were not deaf.
However, it is known that an increased incidence of hearing loss occurs in older
Down's patients and that those with a significant degree of intellectual impairment are
more likely to have hearing impairment (Hewitt et al., 1985). It is possible, therefore,
that some change in auditory acuity occurred in these four cases.

The P3 latencies of the remaining eight cases were longer than average duration and
were at the extreme end of the range measured in the population as a whole.

In this group, because of the difficulty of interpretation ofwaveform in a number of
subjects the ERP could not be said, by itself, to be a reliable measure for the
assessment of the rate of progress of the dementing process.

The results did show, however, that a large increase in P3 latency (over 42 ms) was
observed in seven out of nine subjects in this study who showed clinical deterioration
between the two periods of recording. The two subjects not showing change had P3
latencies at the upper end of the range for the population and further it is likely, as
shown in a non-Down's population with ATD (St Clair et al., 1987) that P3 latency
shows a 'ceiling' effect with no further change possible beyond a certain latency.

Figure 6 shows the age distribution of significant P3 latency changes. It shows that
the P3 latency change, taken to signify the onset of ATD, occurs fairly evenly across
the age range from the third decade and most of the subjects whose P3 latency had
increased in 1986 had initially average or even below average P3 latencies. Therefore,
it is the change in P3 latency across time which seems to be the most important
indicator of ATD onset. It is also of great interest that the three subjects without
clinical evidence for ATD, yet with significant P3 latency change showed a similar
rate of latency change to the rest of the group who had definite ATD. The most
parsimonious explanation for the change is that these subjects have developed ATD.
It is hoped that repeat psychological testing at a further follow-up will enable us to test
this hypothesis.

Overall, the results suggest that P3 change is a sensitive early index of the onset of
ATD in Down's syndrome. That neuropathological changes of ATD occur in Down's
brains is well established and has been discussed in our companion paper. In Burger
& Vogel's (1973) study, the senile plaques were found as early as the second decade of
life. The clinical presentation of ATD in Down's subjects has not been so consistent,
however, although the incidence does increase with age (Dalton & Crapper, 1984;
Miniszek, 1983; Sand et al., 1983; Thase et al., 1984; Wisniewski et al., 1978). It is
suggested that the combination of P3 latency measurement and psychological
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assessment is more useful than either alone and may help to define more clearly those
who have ATD. Further the measurement of auditory evoked responses may aid the
clinician to whom the limited language development in certain Down's subjects
renders psychological assessment difficult.
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SCHIZOPHRENIA AND CHROMOSOMES

Sir,—A report of linkage between schizophrenia and a locus on
the long arm of chromosome 51 has not been confirmed by three
published studies2"" and by several others reported at the First
World Congress in Psychiatric Genetics (Cambridge, August,
1989). This failure to confirm linkage could be due to genetic
heterogeneity. However, it has also been proposed that failure to
find linkage with schizophrenia and 5qll-13 markers in two
studies3" might be due to differences in the type offamilies selected,
notably the inclusion of some relatives with bipolar illness: in these
families the segregation of two genes, one for schizophrenia and one
for bipolar illness, would confound linkage studies.5

TWO-POINT LOD SCORES OF LINKAGE OF SCHIZOPHRENIA TO

5ql 1-13 MARKERS

Lod score at recombination fraction of:

Model 000 005 010 0-20 0-30

DSS76
A -7-6 -3-8 -2-2 -0-7 -01
B -17-9 -8-9 -5-7 -2-5 -0-9
C -9-8 — 4-9 -30 -1-2 -0-3

D5S39
A -5-6 -3-9 -2-8 -1-5 -0-8
B -7-6 -4-6 -3-2 -1-5 -06
C -4-9 -31 -21 -10 -0-4

We have reviewed our data3 to investigate whether changes in
diagnostic practice or family selection might be responsible for a
failure to find linkage with schizophrenia at the 5qll-13 region.
DNA was prepared from 166 members in fifteen families, all of
whom were interviewed with the Schedule of Affective Disorders
and Schizophrenia: Life-time Version. We looked for linkage using
three marker probes, of which the two most informative were D5
S76 and D5 S39. Since publication of the initial report3 we have
thoroughly checked the raw data, re-reading autoradiographs blind,
re-interviewing doubtful cases, and checking again for evidence of
non-patemity. We identified only 3 alleles (out of 844) different
from those reported and we uncovered only 1 case ofnon-paternity.
We have made these corrections to our data and show here that
failure to confirm linkage of schizophrenia with 5qll-13 cannot be
due to the inclusion of bipolar relatives. We did this by analysing
"pure" schizophrenic families only and by defining schizophrenia
narrowly using three models:

Model A.—Schizophrenia, schizoaffective disorder, and
unspecified functional psychosis. Penetrance 44%. Relatives with
bipolar illness considered as non-cases.

Model B.—As in model A but including bipolar and unipolar
affective disorders. Penetrance 77%.

Model C.—As in model B, with analysis restricted to the six
families which had cases of schizophrenia and major depressive
(unipolar) disorder only and no cases of bipolar illness. Penetrance
77%.

8 ~9

a model a

o mooel 8

o mooel c

-40 -30 -20 -» 0 10 20 30 40 so ou /u
t ♦

0ss76 05s39

distance umi

lod scores comparing location of possible
schizophrenia locus relative to markers D5 S76 and D5 S39.

Data were entered into the LINKAGE programs,6 and the table
shows the two-point lod scores, which exclude close linkage of
schizophrenia to either probe. The figure shows the lod scores from
three-point analysis with LINKMAP. The (sex average) map
locations for the markers were taken from Leppert et al.7 In model C
linkage with schizophrenia is excluded (lod score below — 2) over a
region that extends from about 10 cM on either side of the two
probes. A similar result is obtained with model A.

Failure to confirm linkage with schizophrenia and the 5ql 1-13
region is not due to "contamination" by bipolar illness. Linkage
studies in schizophrenia require large numbers offamilies and in the
future the wisest strategy may be to include relatives with a wide
range of psychotic disturbance and to make as few assumptions as
possible at this stage about how broadly or narrowly we should
define the schizophrenia spectrum.8
University Department of Psychiatry,
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PATHOGENESIS OF CROHN'S DISEASE

Sir,—Mr Wakefield and colleagues (Nov 4, p 1057) present a
compelling case for discrete thrombotic vascular lesions as a focus of
activity for the biological stimulus that causes Crohn's disease.
Their argument is supported by evidence from studies on

experimental non-steroidal anti-inflammatory drug (NSAID)
enteropathy and strengthens the claim for this to be a valid model of
inflammatory bowel disease.1 3

NSAIDs have been shown to increase small intestinal
permeability and cause occult blood loss. In a few patients the drugs
cause ulceration and strictures with characteristic submucosal
diaphragms of the small bowel, with a clinical syndrome mimicking
Crohn's disease.4 Rats fed indomethacin (8 mg/kg daily) for 72 h
produce a very similar lesion.5 We have shown that this animal
model of inflammatory bowel disease responds to steroid or

salazopyrine;6 salazopyrine also improves NSAID-induced
inflammation and gut permeability changes in man.7 The
pathogenesis of the lesion is thought to be an initial vasculitis
followed by ulceration with the luminal contents further damaging
the intestinal mucosa. Bacterial infection is clearly important: the
lesion does not develop in germ-free animals. The sequence of
vascular injury, focal arteritis, fibrin deposition, and arterial
occlusion is similar to that seen in other forms of prostaglandin/
cyclo-oxygenase mediated damage.

Our studies with selective thromboxane synthesis inhibitors
(TSIs) provide further confirmation of a vascular-injury-based
cause in this model of Crohn's disease.6Theeffect of twoTSIs in a

standard indomethacin fed rat model was investigated. Either
dazmegrel or UK 49 883 (Pfizer, Sandwich, UK) were given
simultaneously or sequentially with indomethacin. Both in-vivo
and in-vitro measurements of 51Cr edetic acid permeability were
significantly improved by the drug treatments. Tissue
inflammatory activity was assessed by measurement of mucosal
myeloperoxidase. TSI-treated animals had significantly reduced
activities compared with indomethacin alone. The reduced
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Auditory P300 Does Not Differentiate Borderline
Personality Disorder from Schizotypal Personality
Disorder

S. P. Kutcher, D. H. R. Blackwood, D. F. Gaskell, W. J. Muir,
and D. M. St. Clair

The P300 response to an auditory two-tone discrimination task has previously been
reported to have prolonged latency and reduced amplitude in schizophrenia and borderline
personality disorder. In this study, P300 was recorded from 23 subjects with borderline
personality disorder, 12 subjects fulfilling criteria for both borderline and schizotypal
personality, and 11 subjects with schizotypal personality. The mean P300 latency was
similar in each of these groups and was significantly longer than in 32 patients with
neuroses and other personality disorders and 74 nonpatient controls. These findings
suggest that borderline and schizotypal patients share a similar abnormality in auditory
stimulus evaluation and question whether or not these disorders are separate.

Introduction

Although borderline personality disorder (BPD) has been codified in the Diagnostic and
Statistical Manual III (DSM-II1) APA 1980 for some 7 years, debate continues about its
relationship to other personality disorders, particularly schizotypal personality disorder
(SPD) (Stone 1980; George and Soloff 1986; Chapman et al. 1987; Kutcher et al. 1987).
DSM-III separates borderline from schizotypal personality, and some family studies
suggest that these may be distinct disorders (Torgensen 1985). However, other clinical
studies have described a large overlap in these diagnoses (Spitzer et al. 1979; Barrish et
al. 1983; Gunderson et al. 1983).

Most studies of borderline and schizotypal personality have relied solely on clinical
phenomenology to define the disorders (Spitzer et al. 1979; Barrish et al. 1983; Gunderson
et al. 1983; George and Soloff 1986), but schizotypal personality disorder has also been
associated with dysfunction of smooth pursuit eye movements (Siever et al. 1984; Simons
and Katkin 1986) and abnormalities in visual reaction time (Chapman et al. 1987). The
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specificity of these findings to schizotypals, particularly in comparison to borderline,
however, remains uncertain.

Biological studies in borderline personality disorder have tended to focus on parameters
known to be associated with depressive illness (Soloffetal. 1982;Garbattetal, 1983;McNamar
etal. 1984). We have recently reported abnormalities in auditory P300 latency andamplitude
in borderlines that differentiated borderline personality disorder from other personality dis¬
orders (Blackwood et al. 1986) and that were not associated with depression but were in¬
distinguishable from similar changes found in schizophrenics (Kutcher et al. 1987).

Electroencephalographic studies may assist in clarifying the relationship between per¬
sonality disorders and schizophrenia. The spontaneous electroencephalogram has been
widely reported as being abnormal in schizophrenia, with changes occurring in a variety
of measures of amplitude, frequency, and laterality (Flor-Henry et al. 1979). Changes
in event-related potentials have also been consistently observed, in particular, a decrease
in the amplitude of middle and late average event-related responses in schizophrenics
following auditory, visual, and somatosensory stimuli (Shagass et al. 1977, 1978). Ab¬
normal lateralization of response to somatosensory stimuli has also been reported (Cooper
et al. 1985). Amplitude reduction occurs in responses reflecting selective attention and
stimulus evaluation (Barrett et al. 1986). Several studies have found a reduced amplitude
of the P300 response in schizophrenics to surprising or unexpected stimuli using both
auditory (Roth and Cannon 1972; Levit et al. 1980; Steinhauer and Zubin 1982; Baribeau-
Brown et al. 1983; Pfefferbaum et al. 1984; Blackwood et al. 1987) and visual paradigms
(Pass et al. 1980; Brecher and Begleiter 1983). P300 amplitude reduction has also been
found in a small group of children diagnosed as schizophrenic (Erwin et al. 1986) and
in siblings of schizophrenic subjects (Saitoh et al. 1984). Recently, prolonged P300 latency
has been found in a high proportion of schizophrenic patients, and this latency increase
is independent of medication and clinical state of the subject at the time of testing
(Pfefferbaum et al. 1984; Blackwood et al. 1987; Romani et al. 1987). Some of the
earlier studies reporting reduced amplitude of P300 in schizophrenia found no change in
latency, and the basis of these conflicting reports has still to be identified.

The present study is an extension of our previous work in schizophrenia and personality
disorders to examine the relationship between borderline personality disorder and schi¬
zotypal personality disorder using the P300 paradigm. We assessed patients with bor¬
derline personality disorder without schizotypal disorder (BPD), patients with both bor¬
derline and schizotypal personality disorders (BPD/SPD), and schizotypals who did not
meet borderline criteria (SPD). If our previous findings of prolonged P300 latencies and
decreased P300 amplitudes in BPD differed from P300 latencies and amplitudes in schi¬
zotypals, this would provide a biological basis for differentiating these axis II disorders.
If, however, the P300 abnormalities were similar in these disorders, it may suggest that
instead of two distinct disorders, BPD and SPD could be closely related or even phen-
otypical variants of a similar biological vulnerability.

Methods

Patients

Patients attending the Royal Edinburgh Hospital with a clinical diagnosis of personality
disorder were interviewed by one of two raters (S.K., D.G.). After informed consent
had been given, diagnostic interviews using the Schedule for Affective Disorders and
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Schizophrenia (SADS) (Spitzer and Endicott 1978) and the Diagnostic Interview for
Borderlines (DIB) (Gunderson et al. 1981) were completed. Further clinical data were
obtained on each patient from case notes. Diagnoses were assigned by investigators who
were blind to the P300 results.

A study diagnosis of borderline personality was given when a patient achieved a score
of 7 or greater on the DIB and met DSM-III criteria for borderline personality disorder.
A study diagnosis of schizotypal personality was given to those patients who met both
the Research Diagnostic Criteria (RDC) (Spitzer et al. 1978) and DSM-III criteria for
schizotypal personality disorder. All other personality disorder diagnoses were assigned
on the basis of DSM-III criteria (APA 1980). Patients meeting RDC diagnoses for schizo¬
phrenia, mania, or schizoaffective disorder were excluded from this study.

Data from patient groups were compared with results already obtained from 74 non-
patient controls described in a previous study (Kutcher et al. 1987).

Auditory Event-Related Potential Recording
A Nicolet CA 1000 Clinical Signal Averaging Computer and an NIC 1009 P300 stimulator
were used (Nicolet Biomedical Instruments, Madison, WI). Subjects reclined in a chair
in a sound-proof room and performed a two-tone auditory discrimination test. A sil¬
ver/silver-chloride disc electrode was attached to the left ear lobe. The earth electrode
was attached to the right ear, and electrode impedance in all cases was less than 2 kohms.
Tone pips were delivered binaurally through headphones. Subjects were asked to silently
count the "infrequent" tones of 1500 Hz that were randomly presented in a series of
1000-Hz tones, which were not counted. The ratio of high-to-low pitch tones was 1:9.
The stimulus rate was 1.1/sec, and the intensity was 75 decibels binaurally. Tone duration
was 20 msec, with a rise/fall time of 9.9 msec. The electroencephalogram (EEG) was

amplified 10,000 times with a bandpass of 1-30 Hz (-3 dB attentuation points of 12
dB/octave rolloff). The responses to frequent and rare tones were averaged separately,
with a sampling rate of 1000 Hz. An artefact reject circuit excluded trials in which the
voltage exceeded 45 p.V, and 500 trials were averaged with a sweep time of 750 msec,
including a 75-msec prestimulus baseline. Two separate recordings were carried out at
each testing, and the baseline was estimated from the average response to frequent tones
over the 75 msec before stimulus. The P300 response was measured following the high-
pitched, infrequent tones and was a positive wave between 260 and 500 msec. The latency
was measured using a cursor on the Nicolet CA 1000 visual display and from the paper
trace. In those cases in which the P300 deflection did not form a single sharp peak, the
latency was measured as the point of intersection of the tangents to the upgoing and
downgoing slopes. In measuring latency, the waveforms from both recordings were
superimposed. The amplitude of P300 was measured from baseline to peak on the pen-
recorded trace. Between-rater differences in measures were resolved by consensus, and
the raters were blind to diagnosis.

Results

Seventy-eight patients were studied, 53 women and 25 men (ages 17-60 years). Twenty-
three patients were given a diagnosis of borderline personality disorder without schizotypal
personality disorder (BPD), 12 were both borderline and schizotypal (BPD/SPD), 11
were schizotypal only (SPD), and 32 had other personality disorders (Table I).
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Table 1. Patient Population: Demographic Characteristics

Diagnosis Men Women Mean age Age range

Borderline 5 18 29.3 17-42
Borderline and schizotypal 0 12 25.4 20-40

Schizotypal 9 2 35.9 18-53

Other personality disorders 11 21 30.6 17-60

Controls 33 41 36 18-59

Thirty-four percent of our borderline population had a concurrent diagnosis of schi¬
zotypal personality, whereas 52% of our schizotypal patients met criteria for borderline
personality disorder. This overlap is consistent with that found by other investigators and
suggests that our study group is representative of previously reported borderline and
schizotypal populations (Spitzer et al. 1979; Barrash et al. 1983; Gunderson et al. 1983).

Table 2 shows the mean P300 latency and amplitude in the subject groups. Data
conformed approximately to normal distribution, and Analysis of Variance (ANOVA)
showed that the groups differed significantly in both P300 latency (F<3a46) = 22.5; p <
0.0001) and P300 amplitude (Ft3'146) = 6.1; p < 0.001). Comparisons between groups
using Duncan's procedure showed that BPD = BPD/SPD = SPD >< OPD = Controls
(p < 0.01) for P300 latency. For P300 amplitude, Controls = OPD < BPD = BPD/SPD
(p < 0.01).

The schizotypal group did not differ significantly in P300 amplitude from either the
borderlines or the control groups.

Table 1 shows there were more women than men in all groups except schizotypals.
However, no gender difference was found in P300 latency or amplitude in the control,
borderline, or "other personality disorder" groups (Table 3).

Influence of Age
One-way ANOVA showed a significant difference in age among the five groups shown
in Table 1, (F = 3.5, p = 0.01). Comparison of group means using Duncan's procedure
revealed that controls were significantly older than borderlines, borderlines with schi-
zotypy, and other personality diagnoses {p < 0.05).

Table 2. P300 Latency and Amplitude in Borderlines, Schizotypals, Other Personality
Disorders, and Controls

P300 amplitude'
P300 latency" (pV)

Diagnosis Number (msec) (mean ± so) (mean ± SD)

Borderline (BPD) 23 337 ± 34 7.2 ± 3.4
Borderline and schizotypal

(BPD/SPD) 12 339 ± 38 5.7 ± 1.2
Schizotypal (SPD) 11 346 ± 39 8.2 ± 2.6
Other personality disorders (OPD) 32 310 ± 27 9.4 ± 3.4
Control 74 298 ± 21 8.99 ± 2.9

"BPD = BPD/SPD = SPD > < OPD = Controls, p < 0.01.
'Controls - OPD > BPD - BPD/SPD; p < 0.01.
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Table 3. Comparison of P300 Latency and Amplitude in Men and Women

P300 latency P300 amplitude
n (msec) (pV)

Controls
Men 33 302 ± 21 S.7 2.6
Women 41 293 + 21 9.4 i 2.8

Borderline Personality
Men 5 331 36 6.4 2 2.9
Women .30 339 ± 35 8.4 2.9

"Other" personality disorders
Men 11 312 ± 27 9.6 ± 3.2
Women 21 310 ± 27 9.2 ± 4.2

No significant differences between men and women were found (Student's (-test).

Pearson's correlation coefficient of age with P300 latency and P300 amplitude is shown
for each group in Table 4. There is a small but significant positive correlation between
age and P300 latency in the normal control group and borderlines and a small negative
correlation in controls between age and P300 amplitude. Clearly, the increased latency
and reduced amplitude in borderlines and schizotypals compared to controls shown in
Table 2 is not an effect of the age, as the slightly increased age of the control group
would make differences in P300 between controls and the patient populations less likely.

Effect of Medication
Table 5 shows the numbers of subjects in each group taking various types of medication.
The study did not include subjects who were currently abusing alcohol or illicit drugs.
To exclude a possible effect of medication on P300 latency or amplitude, one-way
ANOVA was performed using drug-free subjects only (74 controls, 20 other personality
disorders, and 23 subjects with borderline and/or schizotypal personalities). In the drug-
free group with borderline and/or schizotypal personality, P300 latency was 338 ± 39.1
(sd) msec and P300 amplitude was 7.5 ± 2.3 (sd) p.V. Differences between group
means were significant for P300 latency (borderlines and/or schizotypals > controls or
other personality disorders, p < 0.001) and for P300 amplitude (borderlines and/or
schizotypals > control, p < 0.05) using Duncan's procedure.

Table 4. Pearson's Correlation of Age with P300 Latency and P300 Amplitude
P300 latency P300 amplitude

Controls (n - 74) r = 0.29 r = -0.24

(p < 0.05) (p < 0.05)
Borderline personality (n = 35) r = 0.35 r = -0.14

(p < 0.05) NS

Schizotypal personality (n = 9) r = 0.34 r = -0.45
NS NS

Other personality r = 0.17 r = -0.04

disorders (n = 32) NS NS



Auditory P300 BIOL PSYCHIATRY 771
1989;26:766-774

Table 5. Medication of All Subjects in the Study

Drug-free
Minor

tranquilizers
Tricyclic

antidepressants
Major

tranquilizers Lithium Total

Borderline 11 3 7 5 23

Borderline and

schizotypal 6 1 3 3 2 12

Schizotypal 6 2 1 9

Other personality
disorders 20 1 9 3 2 32

Controls 74 74

Three borderlines, 3 borderline/schizotypal subjects, and 3 with other personality disorders were taking more than one
type of medication.

Discussion

Our major finding is that P300 latency is prolonged in patients who are borderline,
borderline and schizotypal, and purely schizotypal compared with patients with other
personality disorders and controls. P300 latency and amplitude did not differentiate the
borderline and schizotypal groups, suggesting that these patients all have the same auditory
psychophysiological abnormality.

The similarity of the P300 latency and P300 amplitude abnormalities in borderline and
schizotypal personality disorder suggests that there may not be a clear diagnostic dis¬
crimination between these disorders.

These findings of increased P300 latency and decreased P300 amplitude in patients
with borderline personality disorder confirm our previous reports based on a smaller
sample showing that P300 latency is state independent and does not vary with gender or
current medication (Roth and Cannon 1972; Blackwood et al. 1987; Kutcher et al. 1987).
P300 latency reflects central auditory information processing (Hillyard and Kutas 1983),
and abnormalities of P300 are not found in unipolar depressive illnesses in the absence
of an axis II diagnosis of borderline or schizotypal personality (Blackwood et al.1986;
Kutcher et al. 1987).

Although both DSM-III and DSM-IIIR separate borderline personality disorder from
schizotypal personality disorder, the differentiation of the borderline from schizotypal
personality is currently based mainly on phenomenological grounds. In the initial de¬
scriptions of Spitzer et al. (1979), however, 54% of the sample met criteria for both
diagnoses. Gunderson et al. (1983), in a reexamination of the Danish Extended Family
Study, described a schizotypal personality disorder that they felt was distinguishable from
borderline personality. Sixty-eight percent of their schizotypal sample also met Spitzer
criteria for borderline personality, whereas 75% of their borderline sample met Spitzer
criteria for the schizotypal personality. Applying very rigorous diagnostic criteria in a
declared attempt to "find a separation," these authors found that 35% of their schizotypal
personalities still met criteria for borderline personality, whereas 40% of their borderline
personalities still met criteria for schizotypal personality. Barrash et al. (1983), in a study
of 252 hospitalized patients, noted that 67% of the borderline sample met criteria for
schizotypal personality disorder. Their analyses suggested that differences in interpersonal
relationships and social activity provided the major discriminations between the two

groups. These conclusions are similar to the finding of Gunderson et al. (1983) and are
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consistent with the arguments of Siever and Gunderson (1979). who noted that social
isolation, rather than psychotic type symptomatology provided a possible clinical differ¬
entiation between borderline and schizotypal disorder.

More recently, George and Soloff (1986). in a detailed review of "DSM 111 schizotypal
symptoms" in borderlines, found a high frequency of these symptoms even in the absence
of a concurrent diagnosis of schizotypal personality disorder, leading them to question
the diagnostic separation of these two diagnoses. Chapin et al. (1987), comparing the

1 visual reaction time of 12 schizotypal and 12 borderline subjects (as determined by the
Rodnick and Shakow reaction time procedure), noted a significantly shortened point of
crossover in their schizotypal group. However, they did not discriminate "core" schi-

: zotypal and "core" borderline groups and compared outpatients (schizotypal group) to
inpatients (borderline group). Their finding that visual reaction time latency differentiated
hospitalized from nonhospitalized groups and, when hospitalization status was controlled,
did not differentiate borderline personality disorder from schizotypal personality disorder
does not support their conclusion that borderline personality disorder and schizotypal
personality disorder are different disorders.

We have previously shown that P300 latency and amplitude significantly differentiated
borderline patients from other personality disorders and normal controls (Blackwood et
al. 1986; Kutcher et al. 1987). Our current study extends these findings to suggest that
borderline and schizotypal personality disorder are not necessarily different disorders, but
may be phenomenological variants of a single disorder. Further studies using a variety
of perceptual, affective, cognitive, and biological parameters are necessary before the
uniqueness of the current borderline and schizotypal diagnoses can be accepted.

We are grateful to Professor G. Fink, Director, Medical Research Council Brain Metabolism Unit, for providing
the facilities for P300 recording and to colleagues at the Royal Edinburgh Hospital for referring patients.
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Summary—P300 and other long latency event-related potentials were recorded in 65 schizophrenic
subjects and results were compared to findings in 119 healthy controls. Highly significant differences
in P500 latency and amplitude were found between the two groups. Forty six per cent of
schizophrenics had P300 latency more than two standard deviations longer than the mean for controls,
35% had a P300 amplitude smaller than the mean for controls by the same amount, and 24% were
more than two standard deviations outside the mean for controls on both measures. These differences
were independent of chronicity of illness, clinical subtype, family psychiatric history or the effects
of neuroleptic medication. They confirm that P300 abnormality is present as a stable trait in a
high proportion of schizophrenics. The status of abnormal P300 as a biological vulnerability factor
for major mental illness is discussed.

INTRODUCTION

Scalp recorded P300 (or P3), the long latency event-related potential occurring in response
to a stimulus that is unexpected or surprising, has been consistently reported as abnormal
in schizophrenia (Roth & Cannon, 1972; Levtt, Sutton, & Zubin, 1973; Shagass, Roemer,
Straumanis, & Amadeo, 1978; Verleger & Cohen, 1978; Pass, Klorman, Salzman,
Klein, & Kaskey, 1980; Roth, Horvath, Pfefperbaum, & Kopell, 1980; Roth,
Pfefferbaum, Horvath, Berger, & Kopell, 1980 a,b; Baribeau-Brown, Picton, &
Goselin, 1983; Brecher & Begleiter, 1983; Barrett, McCallum, & Pocock, 1986).
The usual findings are a P300 amplitude smaller than normal controls but P300 latency
within normal limits. However recent studies have also reported a delay in P300 latency
in some schizophrenics (Pfefferbaum, Wenegrat, Ford, Roth, & Kopell 1984;
Blackwood, Whalley, Christie, Blackburn, St. Clair, & McInnes, 1987; Romani,
Merello, Gozzoli, Zervi, Grassi, &Cosi, 1987). Pfefferbaum, Wenegrat, Ford, Roth,
and Kopell (1984) recorded P300 latency in 20 schizophrenics using both auditory and
visual paradigms and found 20-30% of schizophrenics had values greater than two standard
deviations from the mean latency of 115 controls. Blackwood et al. (1987), measured
auditory P300 in 24 schizophrenics who were drug free at the time of recording. They had
a significantly prolonged P300 latency compared to a depressed and normal control group.
These abnormalities persisted unchanged on retesting after one week, four weeks and one
year of treatment with therapeutic doses of neuroleptic medication, in spite of improvement
in clinical ratings and discharge from hospital. Blackwood et al. proposed that
abnormalities of P300 observed in schizophrenia were stable traits, independent of the effects
of neuroleptic medication or the presence of acute psychotic symptoms. There was a small
but significant association between P300 latency increase and the presence of negative
symptoms rated using the Brief Psychiatric Rating Scale. However, there was no significant
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correlation between P300 latency and ratings for paranoid and affective symptoms or the
presence of delusions and hallucinations at the time of P300 recording. Romani ef al. (1987)
reported that P300 latency was increased and amplitude reduced in 20 schizophrenic subjects
compared to 20 controls. Delayed P300 latency was associated with global
neuropsychological impairment. P300 latency is of interest as a possible biological marker
for some schizophrenics. It is stable over time (Sklare & Lynn, 1984), has a high genetic
loading (Surwillo, 1980; Polich & Burns, 1987), is independent of medication and clinical
state and is abnormal in patients with borderline/schizotypal personality disorder
(Blackwood, St. Clair, & Kutcher, 1986; Kutcher, Blackwood, St. Clair, Gaskell,
& Muir, 1987). However, disordered P300 latency and amplitude is not found in all
schizophrenics and studies so far have included rather small numbers of patients, making
it impossible to examine for sub-groups within the schizophrenic population. In this study,
we have extended our earlier observations, examining 65 schizophrenic subjects in order
to look in more detail at the relationship between P300 and the chronicity of illness,
diagnostic subtypes of schizophrenia, family psychiatric history, medication effects and
sex differences.

SUBJECTS

Table 1 lists the principal characteristics of the two groups. All patients met Research
Diagnostic Criteria (RDC) for definite schizophrenia. All were in-patients or out-patients
at the Royal Edinburgh Hospital. RDC subtypes acute and subacute, and chronic and
subchronic, were grouped together as acute and chronic respectively. Drug free patients
were without oral psychotropic medication for at least eight weeks prior to testing (3 months
in the case of depot neuroleptics); medicated patients received antipsychotic medication
either orally or in depot form. A positive family psychiatric history was given if there was
documented evidence of a first or second degree relative being admitted to psychiatric
hospital with a psychotic illness. Included also was a subgroup of seven index cases from
schizophrenic families, each with a first degree relative with definite schizophrenia. Control
subjects were recruited among hospital staff and students, community volunteers and
members of two separate general practices. All were screened for the absence of psychiatric
history including prolonged alcohol abuse. All patients and controls with neurological and
audiological problems were excluded.

Table 1. Group characteristics

Group

Number
Sex M/F
Mean age ±SD
(range) yr
Drug free/medicated
RDC acute and subacute

schizophrenia
RDC chronic and subchronic

schizophrenia

Definite schizophrenia Control
subjects

65 119
43/22 52/67
32± 12 32 i 13

(15-57) (18-59)
36/29 119/0

33 —

32
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Event-related potential recording
The auditory P300 was recorded using a two-tone discrimination task following the

method of Goodin, Squires, & Starr (1978) by a procedure fully described previously
(Blackwood et al., 1987), using a Nicolet CA 1000 clinical averager (Nicolet Biomedical
Instruments, Madison, Wl).

Recordings were made via a scalp electrode at Cz position, referenced to the left ear,
with the earth electrode attached to the right ear. Tone intensity was 75 dB (plateau time
20 msec, rise/fall 9.9 msec). Frequent tones (100 Hz) presented at 1.1/sec were randomly
replaced in a 1:9 ratio by rare (1500 Hz) tones, which the subject was instructed to count.
The band width was 1-30 Hz (— 3 dB) and amplification was X 10,000. Five hundred trials
were averaged with a sweep time of 750 msec including a 75-msec prestimulus baseline.
An artifact-reject circuit excluded from averaging all trials in which the voltage exceeded
±45 V. Two separate recordings were carried out at each testing.

Two investigators (D.B., D.St.C.), both blind to the subjects' diagnoses, independently
measured the P300 latency and baseline to peak amplitude of each recording. Measurements
were made using the cursor on the Nicolet CA 1000 visual display, as well as from the
paper trace obtained at each recording. P300 was the positive wave between 250 and 500
msec. The baseline was estimated from the prestimulus record.

RESULTS

Satisfactory event-related potentials, including a definite P300 peak, were obtained from
63 out of 65 patients tested and from all 119 control subjects. Two schizophrenics had
grossly abnormal recordings that were unreadable. Both refused repeat testing. Figure 1
presents representative recordings from the two groups.

Table 2 gives the mean P300 latencies and amplitudes for the schizophrenic group and
the controls. In all schizophrenics, the mean P300 latency was significantly longer than
in controls (t = 8.5, df= 180, P< 0.0001) and P300 amplitude was significantly reduced
(t = 9.1, df= 180, P < 0.0001). Twenty-nine out of 63 (46%) schizophrenics had P300 latency
longer than 340 msec (two standard deviations longer than control mean) and 22 out of
63 (35%) had a P300 amplitude smaller than 3.9 /iv (control mean less than two standard
deviations). Fifteen out of the 63 patients (24%) were two standard deviations outside the
control mean for both measures.

There was a significant inverse correlation between P300 latency and P300 amplitude
in the schizophrenic group (Pearson's correlation coefficient, r= -0.28, /"<0.03) but not
in the control group (r= -0.12, P=0.2).

Table 3 lists P300 latency and P300 amplitude in various patient subgroups. From
inspection of the data, it is clear there are no significant differences in RDC acute and
chronic schizophrenia between drug-free and medicated patients, and between those with
and without a positive family psychiatric history. The differences between paranoid and
nonparanoid were not significant for P300 latency (t = 0.67, df=61, P = 0.5) or P300
amplitude (t = 1.88, df = 61, P<0.1). There was no sex difference for latency (t = 0.4,
df = 61, P=0.7) or amplitude (t= 1.4, df=61, P=0.2).



52 David St Clair et at.

0 STIMULUS 300 750 0 300 750
LATENCY (M SECS)

Fig. 1. Representative recordings of auditory event-related potentials. The dotted line is the response to the frequent
tones and the full line the response to the rare tones. (A) Normal P300 in control. (B) Long latency, normal
amplitude P300 in schizophrenia. (Q Normal latency low amplitude P300 in schizophrenia. (D) Long latency

low amplitude in schizophrenia. All subjects shown were drug free at the time of recording.

Table 2. P300 latency and amplitude in

schizophrenic and control groups

Group Schizophrenia Control
Af=63 N= 119

P3 latency (msec) 335 ±31 298 ±21*
Mean ±SD

Range (msec) 270-396 252-354
P3 amplitude (pv) 5.9±2.9 9.5 ±2.8*
Mean ±SD
Range (pv) 0.8-15.2 3.6-17.6

*P< 0.0001
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Table 3. P300 latency and amplitude in schizophrenic subgroups

53

Schizophrenic Number P300 latency (msec) P300 amplitude (av)
Subgroups Mean ± SD Mean ± SD

All patients 63 335±31 5.9±2.9
RDC acute and subacute 31 334 ±27 6.0±3.8
RDC chronic and subchronic 32 336 ±34 6.0 ±2.4
Drug free 35 338 ±26 6.0±2.8
On neuroleptic treatment 28 334 ±33 6.0 ±3.0
Negative family history 37 337 ±30 6.2 ±3.0
Postive family history 26 336 ±30 5.6±2.6
Paranoid 41 338 ±31 6.2±2.8
Nonparanoid 22 333 ±27 5.0±2.2
Male 41 335 ±34 6.4±3.2
Female 22 339±38 5.3 ±2.5

DISCUSSION

The preponderance of male schizophrenics partly reflects the general trend for more male
then female schizophrenics to be admitted to psychiatric hospitals (Stromgren, 1987), and
partly the bias in our sample, with unmedicated schizophrenics being over represented.
More males failed to comply with treatment and became eligible to be included in the
unmedicated group. The higher proportion of female controls reflects the greater access
to female volunteers in a hospital environment. No sex differences, however, were observed
in the event-related potential variables tested. This accords with previous studies (Kutcher,
Blackwood, St. Clair, Gaskell, & Muir, 1987).

The major finding of the present study is that abnormalities of P300 latency are as
common a feature of schizophrenia as abnormalities of P300 amplitude. Forty-six per cent
of schizophrenics have a P300 latency greater than two standard deviations longer than
the mean for controls versus 35 per cent with a P300 amplitude reduction. Interestingly,
24% of schizophrenics were highly abnormal on both measures. These results extend our
previous reports (Blackwood et al., 1987) and are consistent with those of Romani et al.
(1987) and Pfefferbaum, Wenegrat, Ford, Roth, & Kopell, (1984), who found a similar
latency abnormality in 20-30% of schizophrenics. On the other hand the frequency of
P300 abnormalities does not seem to differ between schizophrenic subgroups. Indeed, on
most comparisons, the subgroups were almost indistinguishable from each other. Acute
versus chronic schizophrenia is not a major determinant of P300 abnormalities. This
contrasts with smooth pursuit eye tracking dysfunction which is more common in chronic
schizophrenics (Holzman et al., 1974). Nor does neuroleptic medication affect the pattern
of P300 abnormalities. This confirms our previous studies which do not show a decrease
in P300 latency with improvement in mental state following the introduction of neuroleptic
medication (Blackwood et al., 1987). There are no major differences in P300 latency
or P300 amplitude between schizophrenics with and without a positive family history of
psychiatric illness. This applies whether family psychiatric history is broadly defined as
documented hospital admission for psychotic illness in a first or second degree relative
or narrowly defined as having a first degree relative with definite schizophrenia. While
we are aware of the limitations of the familial versus sporadic classification of schizophrenia
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(Eaves, Kendler, & Schulz, 1986), it appears that evidence of family psychiatric history
is not in itself a major determinant of P300 abnormality. Finally the clinical subtypes,
paranoid and non-paranoid schizophrenia have a similar frequency of P300 abnormalities.

It is not yet clear whether abnormalities of P300 latency and P300 amplitude should
be considered as separate phenomena or whether they represent apparently different aspects
of the same underlying mechanisms. There is a significant inverse correlation between P300
latency and P300 amplitude in the schizophrenic group, and a high proportion of
schizophrenics are abnormal on both measures. The scalp recorded P300 is a composite
peak of several components including P3a, P3b and slow wave (Pritchard, 1981). A shift
in P300 peak latency may result from amplitude changes in one or more of these
components. By the same token, reduction in P300 amplitude may be the result of a change
of latency of one or more components. Depth electrode and magnetic field studies suggest
that a major generator of P300 activity is present in the medial temporal region (Halgren
et al., 1980; Okada, Kaufman, & Salzman, 1983), and several studies report abnormalities
of this area in schizophrenia (Kovelman & Scheibel, 1984; Bogerts, Meertz, &
Schonfeldt-Bausch 1985; Brown, 1986). It is tempting to suggest that P300 latency and/or
P300 amplitude abnormalities in schizophrenia reflect physiological malfunction in these
parts of the brain.

It is unlikely that P300 abnormality is associated with a specific easily identifiable clinical
picture. The diversity of clinical subtypes with P300 abnormality seen both in this study
and elsewhere (Blackwood, St. Clair, & Kutcher, 1986; Kutcher, Blackwood, St.
Clair, Oaskell, & Muir, 1987) argues against this. On the other hand, P300 abnormality
may represent a biological vulnerability factor in a subgroup of schizophrenics and related
psychoses, the precise phenotype of which depends upon other, yet unidentified, factors.
P300 abnormality fulfills some of the criteria for a risk factor, as described by Rleder
& Gershon (1978): it is strongly associated with the disease at the population level and
is a state independent phenomenon. In a study involving 10 pairs of identical twins, Polich
& Burns (1987) found a highly significant correlation for P300 latency (Pearson correlation
coefficient r = 0.89, PcO.OOl) and P300 amplitude (r = 0.64, P<0.03) between twins,
indicating a high degree of heritability of these measures. In our ongoing studies, we are
investigating the segregation of P300 abnormality with illness in pedigrees. These data
reinforce abnormal P300 as one of the most robust biological changes associated with
schizophrenia yet to be identified.
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synopsis P300 responses to emotive words of different hedonic tones were assessed in depressed
patients (unipolar major), patients recovered from the same type of depression and normal controls.
Depressed patients showed a smaller amplitude of P300 in response to negatively toned words than
to positive words; normal controls showed the opposite pattern and recovered patients showed a
pattern of response which resembled that of depressed patients. The experimental trials comparing
responses to negative and positive stimuli in relation to neutral words showed significant differences
for negative as compared with neutral stimuli, but not for positive as compared with neutral stimuli,
Latencies of P300 did not differentiate depressed patients from normal controls. The results are
discussed within the context of the 'expectancy' theory of information processing.

INTRODUCTION

Cognitive theories of depression, and cognitive
therapy of depression (Beck, 1967; Beck et al.
1979; Kuiper et al. 1985) stress dysfunctions at
various stages of information processing as being
central to this disorder. Revised behavioural
models of depression, for example Lewinsohn
et al. (1980), also emphasize attentional pro¬
cesses in the understanding of the cognitive and
behavioural dysfunction associated with de¬
pression.

Experimental studies using the information
processing model have, to date, concentrated on
the observable components of information pro¬
cessing, i.e. at the input level by defining the
characteristics of stimuli and at the output level,
by measuring verbal and behavioural reactions.
While acknowledging the immense usefulness
and interest of this work (see Blackburn, 1988
for a review), its limitations must be recognized.
First, observable output measures are open to
subjects' biases which are extraneous to the
experimental variables. Secondly, relying solely
on inferences from what can be observed to
describe the contents and operations of the mind

'Address for correspondence: Dr I. M. Blackburn, MRC Brain
Metabolism Unit, Royal Edinburgh Hospital. Morningsidc Park,
Edinburgh EH 10 5HF.

obviously ignores the main component of the
information processing sequence, namely the
organism itself (Rosier, 1983).

Recent advances in Event Related Potentials
(ERPs) research open the way to studying
responses within the organism which are not
subject to the biases mentioned above. The
endogenous components of ERPs, which gen¬
erally occur after 50 rns, are considered to
monitor the otherwise hidden information pro¬
cessing activities of the human brain and can,
therefore, be of use for diagnostic and theoretical
purposes. The P300 response, occurring at about
300 ms after the presentation of an unexpected
stimulus, is one of the most studied of the
endogenous components (Pritchard, 1981) and is
the component considered in this study. Its
variance is primarily determined by the par¬
ticular tasks and instructions assigned to eliciting
events, rather than by the physical characteristics
of these events. Because of the relatively fixed
temporal relationship between stimulus pres¬
entation and the P300, it is assumed that there
exists a causal relationship between the trig¬
gering event (in this study, a word stimulus) and
the specific brain-wave pattern that follows.
However, as stressed by Rosier (1983), this
causality assumption is only an indirect one. The
primary causality relation is between the trig-
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gering stimulus and some internal information
processing activity which follows the stimulus
input. The implication is that the P300 is a
manifestation of these internal mediating pro¬
cesses. The amplitude of the response is assumed
to be an empirical measure of the strength of the
internal process and its latency the timing of that
process.

In addition to the assumed internal process,
different classes of variables have been found to
be associated with the variability of the P300:
background variables (referring to time of day,
sex, drug state, etc.); context variables (referring
to instructions given, probabilities of occurrence
ofdifferent types ofstimuli, sequences of stimuli,
etc.); and the physical characteristics of stimuli
(referring to the modality, quality and intensity
of the time-locked stimuli). The internal pro¬
cessing factors which are the main interest of
ERP research workers and which are the concern

of this study have to be abstracted from the
directly observable variables as an intervening
variable which is hypothesized to be the real
trigger of the P300.

This internal variable has been labelled ex¬

pectancy by Squires et al. (1976), using an
in formation-processing model. These authors
describe the following three factors as deter¬
mining a subject's expectations in an ERP
experimental situation.

1. The a priori probability of an event, which
is pre-set and observable.

2. The subject's internally generated expec¬
tation, which is not observable. It is hypothesized
that the subject, because of his own psycho¬
logical state and because of the experimentally
induced set, has a bias to expect that a specific
pattern will continue rather than break up.

3. The rate with which previously perceived
events of the same type fade in memory will
cause some events to be more unexpected than
others.

Squires et al. (1976) found a significant
negative correlation (r= -0-88) between the
sum of all three sub-functions of expectancy and
P300 amplitude. The higher the expectancy, the
smaller is the amplitude. The P300 is thus
considered to be associated with the subject's
evaluation of his hypotheses about future events
or stimuli. Whenever data provided by a stimulus
call for a revision of hypotheses or models of the

environment, and there is a mismatch between
received and expected information, the 'context
updating' process (Donchin, 1979) is invoked,
producing a larger P300 in the averaged EEG.

This model can be used to examine cognitive
theories of depression (Beck, 1967) which pos¬
tulate dysfunctions at the various levels of
information processing in depressed patients.
Because of their pre-existing negative cognitive
structures or schemata (Hollon & Kriss, 1984),
depressed patients have a negative expectation
set which affects the way they attend to, perceive,
encode and decode stimuli. The bias in infor¬
mation processing (confirmatory bias) (Snyder,
1981) produces the predominantly negative
content of thought which is a well established
finding in depressed patients (Blackburn, 1988
for a review).

In the present study, words of different
emotive tones, positive, negative and neutral
were presented at the same frequency to de¬
pressed, recovered depressed and normal sub¬
jects. Thus, the a priori probability of stimuli
was the same. We hypothesized that the two
other expectancy factors of Squires et al. (1976)
would differentiate depressed patients from
normal controls and recovered depressed pati¬
ents from controls and hence produce different
P300 responses. The two hypotheses are de¬
scribed below.

1. Depressed patients, because of their nega¬
tive underlying schemata, are predominantly
orientated to the processing of negative stimuli,
whereas normal controls are predominantly
orientated to the processing of positive stimuli
(Derry & Kuiper, 1981, in relation to self-
schemata). Therefore, in depressed subjects, the
negatively biased internal set and superior
memory for negative stimuli (Blaney, 1986) will
result in a higher expectancy for negative stimuli
and hence a smaller amplitude of the P300 to
negative than to neutral or positive stimuli.
Normal controls, on the other hand, will show a
larger amplitude of P300 to negative than to
neutral or positive stimuli.

Although general questionnaires of depressive
thinking have usually not discriminated between
recovered depressed patients and normal con¬
trols (for example Lewinsohn et al. 1981), if
cognitive vulnerability to depression exists, the
P300 response to emotive stimuli may show a
pattern of response in recovered depressed
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patients which is closer to that of the depressed
group than to that of the normal controls.
Teasdale & Dent (1987) found, in a self-schema
task, that a significantly greater number of
recovered-depressed women endorsed negative
self-descriptive words relative to their never-
depressed counterparts.

In particular, in experiments presenting nega¬
tive, neutral and positive stimuli, depressed
patients will differ from normal controls in the
difference in P300 amplitudes for negative and
neutral stimuli, but not in the difference between
positive and neutral stimuli: Recovered de¬
pressed patients may not be clearly differentiated
from either group, but their pattern of responses
will be similar to that of the depressed patients.

2. Latencies of P300 for all classes of stimuli
should he prolonged in depressed patients
relative to recovered depressed patients and
normal controls, as depressed patients will be
slower in their speed of information processing
(Greden & Carroll, 1981).

METHOD

Subjects
The study was carried out in 15 unipolar
depressed patients, 15 recovered unipolar de¬
pressed subjects and 15 control subjects. The
depressedsubjects were mainly in-patients except
for two who were being treated as outpatients.
All were taking antidepressant medication. The
subjects were required to fulfil Research Di¬
agnostic Criteria (RDC, Spitzer et al. 1978) for
primary major depressive disorder and to score
17 or above on the Hamilton Rating Scale for
depression (HRSD, Hamilton, 1960) to enter
the study. There were four males and 11 females,
mean age 42-3 (s.d. 14-3) years.

The normal control subjects consisted of a
cross-section of hospital staff who, on interview,
were found to have no past history of, or
evidence of, current psychiatric disorder. They
were closely matched in age with the depressed
patients, mean age 42-3 (s.d. 13-5) years and had
the same sex ratio.

The group of recovered depressed subjects
consisted of subjects who had previously been
in- or out-patients and who had subsequently
not been clinically depressed for at least the
three months preceding the study. Their previous
episode of illness satisfied RDC for primary

major depressive disorder. They all scored 10 or
less on the HRSD. Some of these patients (A* =
7) were taking prophylactic antidepressant medi¬
cation. Five had been treated with cognitive
therapy. There were three males and 12 females
with a mean age of 44-5 (s.d. 10-2) years.

Subjects with evidence of neurological disease
were excluded from the study. The groups did
not differ in age Or sex distribution.

Materials

Three lists of words were used as stimuli, 20
negatively toned words, 20 positively toned
words and 20 neutral words, matched for length
and initial letters and for frequency of usage in
the English language (Thorndike & Lorge, 1944).
Because of other aspects of the study not
reported here, the list of negative words was
chosen from a list of negative words associated
with sociotropic and autonomous (Beck et al.
1983) characteristics of depressed patients (pro¬
vided by Professor A. T. Beck, personal com¬
munication) and the list of positive and neutral
words were then matched with the negative
words. A panel of seven independent judges
(post-graduate students and colleagues not asso¬
ciated with the study) then assigned the words to
the three hedonic categories. Agreement with
intended categories was 90%. Each word was
duplicated so that the final three lists consisted
of 40 words each. This was done in order to

ensure that enough responses were produced to
resolve successfully the signal above background
noise. Slides were prepared which consisted of a
single word written in white lower case letters
against a blue background.

Procedure

The experiment consisted of two trials for each
subject, the presentation of negative and neutral
words in the first trial and the presentation of
positive and neutral words in the second, with a
short interval between trials. Each trial consisted
of the presentation of 80 words in a random
sequence generated by a microcomputer. The
negative and positive emotive words were de¬
noted as target stimuli, and the neutral words as
non-target stimuli. The slides were projected
using a tachistoscope which was triggered by the
microcomputer. Each stimulus was presented
for 40 ms and the interstimuli interval was 8 s. A
pilot study had showed that the optimal exposure
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time for both reading the stimulus and eliciting
a large amplitude in the ERP was 40 ms. The
long interstimuli interval was necessary to clear
the central response system before the next
stimulus was presented

EEG recording and data acquisition
Bipolar recordings were made between EEG
electrodes at standard frontal, vertex and oc¬

cipital midline positions and an indifferent ear-
clip electrode at the left earlobe. A reference
ground electrode was positioned at the right
earlobe. The electrodes were fixed in position
with collodion after skin preparation, and
measured impedances were less than 5 kD in all
cases. The electrooculogram (EOG) was re¬
corded between electrodes at the lateral canthus
and at the supraorbital ridge above the midline
of the left eye.

The EEG signal was amplified 10000 times
and passed through analogue filters with a
bandpass of0 05-30 Hz (—3 db points with roll-
off of 6 db per octave). The signal was sampled
over 1 s time epochs at 250 Hz sampling rate
and digitized by an 8-bit analogue-to-digital
converter. A total of 250 ms of EEG was

captured prior to the presentation of the visual
stimulus to serve as a baseline. The EEG epochs
for each electrode were averaged and on-line
monitoring of the signal was facilitated by use of
an oscilloscope. For each lead the responses to
target and to non-target stimuli were averaged
separately. One-second epochs of EOG were
averaged in a similar manner to the EEG and no
time-locked responses could be found to target
or non-target stimuli in any subject. An artefact-
rejection mechanism was implemented that
excluded all sweeps exceeding ±45 /tV in am¬
plitude on any EEG lead or ± 450 /<V on the
EOG leads.

All averaged data were stored on a floppy
disc. Computer-generated cursors, which were
moved manually to the highest peak, allowed
measurement of the latencies and amplitudes of
target and non-target P300s with respect to the
pre-stimulus baseline.

Subjects were seated in a comfortable chair in
a sound-attenuated, darkened room. They were
instructed to sit as still as possible and fixate on
the opposite wall, onto which the words would
be projected. They were told that words would
be presented very briefly, that they should read

each word and avoid blinking while reading and
that there would be a few seconds gap between
words. All data collection was performed in an
adjacent room, the EEG leads from the subject
passing through a connecting port. The slides
were projected through a one-way mirror.

Measures

Subjects were asked to complete four question¬
naires and were interviewed for the purpose of
scoring the Hamilton Depression Rating Scale
after the experimental task. It was decided that
subjects should fill in the questionnaires and be
interviewed after their visual event-related poten¬
tials (VERPs) had been measured so that the
physiological data could not be influenced by
any possible effects on mood which these rating
scales may exert.

Three self-rating scales were administered:
the Beck Depression Inventory (Beck et al.
1961); the Dysfunctional Attitude Scale (DAS,
Weissman & Beck, 1978) and the Sociotropy-
Autonomy Scale (SAS, Beck el al. 1983). The
DAS measures level of depressogenic attitudes
and has been found to be sensitive and specific
to depressive illness (Blackburn, 1988). The SAS
is a personality scale which indicates to what
extent a subject is self-contained and inde¬
pendent (autonomy) or dependent on social
support (sociotropy).

The Mill Hill Vocabulary Scale (MHV) was
used to give an estimate of verbal IQ- All scales
were used as correlates of VERPs in this study.

Statistics used

Repeated measures analyses of variance with
groups and emotive conditions as factors were
used to compare the differences in amplitudes of
P300s at each electrode site for negative and
neutral, and positive and neutral stimuli. An
interaction of group by emotive condition was
expected. Latencies were analysed by one-way
analyses of variance for negative, positive and
the two neutral presentations, as depressed
subjects were expected to be slower across all
conditions. Scores on all rating scales were
analysed by one-way analyses of variance and
Pearson's product-moment correlations were
used to examine the association between physio¬
logical parameters and scores on the psycho¬
logical measures.
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Table 1. Description of subjects on severity ratings and on psychological measures, means
{standard errors)

1

Depressed
(N~ 15)

2
Controls

pf'm &>

3
Recovered-

depressed
(N^ 15) P

HRSD 20-5(0-7) 0-9 (0-3) 1*7 (0*8) 0-00001 (1 > 2 = 3)
BDI 27*3 (2-9) 2-7(0-8) 4*1 (1-4) 0 00001 (1 >2-3)
MHC (IQ) 100-9 (2-6) 118-7 (2-6) 103-9 (2-9) 0-00001 (2 > 1 = 3)
DAS 150-5 (81) 109-9 (3-1) 117-3 (9-5) 0 001 (1 >2 = 3)
SAS-A 71-3 (4-9) 63-5(3-4) 66-2 (3-2) NS
SAS-S 74*7 (5-0) 56-2 (4-7) 59-9 (5-4) 0-03 0 >2 = 3)

HRSD Hamilton Rating Scale for Depression - 17 items;
BDI Beck Depression Inventory :
DAS Dysfunctional Attitude Scale;
SAS-A Sociotropy-Autonomy Scale, Autonomy Scale;
SAS-S Sociotropy-Autonomy Scale, Soctotropy Scale;
MHV Mill Hill Vocabulary Scale.

RESULTS

Psychological
The mean scores on rating scales for all three
groups are shown in Table 1. As expected, the
recovered depressed patients did not differ from
normal controls on level of depression (HRSD
and BDI) and on level of depressogenic attitudes
(DAS) whereas the depressed group was highly
differentiated from the other two groups on
these measures (/* < 0 001, one-way analysis of
variance followed by Duncan's range test).
Verbal IQ as measured by the Mill Hill
Vocabulary scale (MHV) differentiated normal

controls from the depressed and recovered
depressed group (f < 0 001). Of the two per¬
sonality variables, autonomy did not differ¬
entiate the groups, but sociotropy did. Depressed
patients were more sociotropic than the two
other groups (P = 0-03).

Physiological
Amplitudes

The mean P300 amplitudes for the three groups
for positive, negative and neutral stimuli for the
three electrode sites are shown in Fig. 1. (For
simplicity's sake, the neutral amplitudes shown
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Fig. 1. Means (standard errors) of P300 amplitudes Tor three electrode sites and three emotion conditions. (■. Repressed: □,
recovered depressed; O, normal.)
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Table 2. Differences in amplitude for negative and positive stimuli relative to neutral for the three
electrode sites

Trials

1

Depressed
(N = 14)

2
Controls
(N = 1:5)

3

(Recovered)
0V- 15) P

Negative Vertex -1-96 0-71 0-63 0003 (I >2 — 3)
minus Frontal -1)39 0-66 1-03 0-02 (1 > 2 = 3)
Neutral Occipital -1-43 0-89 -0-37 0-02 (1 > 2)

Positive Vertex 094 0-17 0-43 NS
minus Frontal 0-69 0-23 -0-35 NS
Neutral Occipital 0-91 0-38 1-53 NS

in Fig. 1 are averages from the two trials.) Fig.
1 indicates that depressed patients had a smaller
amplitude of the P300 to negative than to
neutral or positive stimuli for all three electrode
sites. Like their depressed counterparts, re¬
covered patients also have a smaller amplitude
of the P300 to negative than to positive stimuli,
the difference between negative and neutral
being, however; less apparent than the difference
between positive and neutral stimuli. Normal
controls, on the other hand, show a larger
amplitude of P300 to negative than to neutral or
positive stimuli at all three electrode sites.

One-way analyses of variance of the data
shown in Fig. 1 show no significant differences
for any of the electrode sites. However, these
data were obtained from two separate trials
where responses to negative relative to neutral
stimuli and responses to positive relative to
neutral stimuli were measured. Because of the
effect of experimental conditions on P300,
hypothesis 1 was formulated in terms of the
difference in amplitudes between negative and
neutral, and positive and neutral. Therefore, the
difference scores for each individual (negative
minus neutral and positive minus neutral) were
analysed in repeated measures analyses of
variance, with trials and groups as factors, for
each electrode site, as shown in Table 2. The
responses to the neutral stimuli of each trial
were used for the difference scores and not the
average of both neutral conditions as shown in
Fig. 1.

An interaction effect (Groups x Trials) was
obtained (P < 0 05) for all three electrode sites
indicating that the groups reacted to the two
experimental conditions differently. A posteriori
range-tests (Duncan's) following a one-way
analysis of variance by groups indicated that the

main effect was in the negative minus neutral
amplitudes, depressed patients being differ¬
entiated (P < 0-05) from normal controls for all
electrodes and from recovered patients for the
vertex and frontal electrodes, but not the
occipital electrode. A one-way analysis of vari¬
ance by emotive conditions indicated a
significant difference between negative-neutral
and positive-neutral amplitudes only for the
occipital electrode. IQ was not related to the
differential measures of amplitude, correlations
ranging from 0-03 t 019 (N = 45).

Latencies

The mean P300 latencies for the three emotive
conditions for the three groups for the three
electrode sites are shown in Fig. 2. As in the case
of amplitudes to neutral stimuli shown in Fig. 1,
the latencies to neutral stimuli from the two
trials are averages. Fig. 2 indicates that the
normal controls show a trend for shorter
latencies of the P300 for all three classes of
stimuli than the depressed patients and recovered
depressed patients, at all electrode sites.

The recovered depressed patients appear
slower than the depressed patients for all three
conditions at the three electrode sites. One way
analyses of variance of the data shown in Fig. 2,
with responses to neutral stimuli from the two
trials being analysed separately, gave one sig¬
nificant difference (P < 0 02) for negative stimuli
at the occipital site, the recovered patients being
slowest.

IQ was not significantly correlated with
latencies (r ranging from —012 to -0-23, except
for one significant result (r — —0-27, df = 43,
P < 0 05) for negative stimuli at the frontal
electrode.

Table 3 shows the correlations for all subjects
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Fig. 2/Means (standard errors) of P300 latencies for three electrode sites and three emotional conditions (■, Depressed; Q,
recovered depressed; O» normal.)

Table 3. Correlations of P30Q amplitude (negative-neutral) with psychological variables for all
subjects (N = 45)

BDI HRSD DAS SAS-A SAS-S

Vertex -0-38** -0-46*** -0-32* — • -0-29*
Frontal —0-37** —0-36** — -0-28* -0-33**
Occipital -0-32* —0:34** -0-52*** — —

* P < 0-05; »*/' < 001 /><0-001.
BD1 Beck Depression Inven lory;
HRSD Hamilton Rating Scale for Depression;
DAS Dysfunctional Attitude Scale;
SAS-A Autonomy;
SAS-S Sociotropy.

combined (N = 45) between psychological vari¬
ables and the most discriminatory variable
obtained from the analysis of variance, namely
the difference between amplitudes for negative
and neutral stimuli. No other correlations were

calculated as other P300 variables did not
discriminate consistently among groups. It can
be seen that level of depression as self-rated
(BDI) or observer-rated (HRSD) was sig¬
nificantly associated with this differential meas¬
ure of P30Q amplitude. The lower the amplitude
of P300 for negative stimuli relative to neutral
stimuli, the higher was the level of depression.
Similarly, the lower the amplitude for negative
relative to neutral stimuli, the higher was the
level of depressogenic attitudes (DAS), the
higher the level of sociotropy (SAS-S) and for

frontal electrode only, the higher was the level of
autonomy (SAS-A).

DISCUSSION

The hypotheses related to the P300 amplitude
for emotive stimuli in depressed patients were
supported by the results of this experiment. A
significant interaction effect between groups and
emotive stimuli relative to neutral stimuli was

obtained for the vertex, frontal and occipital
electrode sites. Univariate analyses of variance
by groups indicated that the difference for all
three electrodes lay in the responses of the
depressed group to negative stimuli relative to
neutral stimuli, but not in the difference between
responses for positive and neutral stimuli. While
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the depressed group was always differentiated
from normal controls, they were differentiated
from recovered patients for the vertex and
frontal electrodes only. Recovered depressed
patients were not differentiated from normal
controls. A univariate analysis by emotive
conditions (negative-neutral) and positive-neu¬
tral) showed a significant difference only for the
occipital electrode.

Thus, the theory of expectancy which led to
the hypotheses was supported. Depressed pati¬
ents expect negative stimuli in their environment,
and, therefore, show a smaller amplitude of the
P300 to negative stimuli relative to neutral
stimuli, whereas normal controls show the
opposite pattern. The difference between positive
and neutral stimuli did not differentiate. While
several studies have shown this negative bias in
depressed patients in studies of memory (Blaney,
1986 for a review), in perceptual experiments
(Powell & Hemsley, 1984), in studies of the self-
schema (Kuiper et al. 1985) and in laboratory
experiments ofjudgements of success and failure
(De Monbreun & Craighead, 1977), we believe
that this is the first study to demonstrate the
effect in a physiological measure of central
processing. The results not only support the
hypothetical construct of expectancy to explain
the variability in P300 amplitude (Squires et al.
1976), but provide a relatively bias-free measure
for one of the central tenets of cognitive theories
of depression (Beck, 1967). The records were
scored by using a cursor to read out auto¬
matically the highest peak of the P300. Although
the cursor was moved manually, it was always
positioned at the mid-point of the highest peak
for each subject. A completely automated
reading of the records would, evidently, be more
satisfactory. Depressed patients have negative
cognitive structures which are maintained by
their information processing style, leading to a
negative view of themselves, their world and
their future. The significant correlations with
measures of level of depression and with a
measure ofdepressogenic attitudes across groups
supported the results, indicating that the more
depressed and dysfunctional an individual was,
the lower was his P300 amplitude for negative
stimuli relative to neutral stimuli. Of the two

personality variables, sociotropy discriminated
depressed patients from the other groups and
autonomy did not. Therefore, not unexpectedly,
it is sociotropy which showed more association

with the central measure of depressive infor¬
mation processing, indicating that excessive
dependency on social gratification is a vul¬
nerability depression measure. This vulner¬
ability, however, does not appear to remain
after recovery, as depressed and recovered
depressed patients did not differ on this measure.

A different interpretation of these results
would be that depressed patients showed a
relatively smaller amplitude of the P300, not
because of a particular style of information
processing which represents a disease process,
but because of a recency or priming effect which
would cause them to expect negative stimuli.
The argument would be that depressed patients
use more depressed words daily to describe
themselves, they rehearse those depressed words
when they talk to their doctors or relatives, and
therefore, they expect negative words. While this
remains a possibility which it would be difficult,
but not impossible, to control experimentally,
there are at least two possible counteracting
arguments which may indicate that the effects
obtained were real and not an artefact. The
words used were not illness or state related, but
generally negative in tone (for example, deserted,
undesirable, disgraced, unattractive, disappoint¬
ed). A full list can be obtained from the authors.
Secondly, the similarity in pattern of response
between the depressed and recovered depressed
(demonstrated statistically at only one electrode
site) would not be consistent with a priming
effect by recent exposure to similar stimuli. The
recovered patients had been recovered for at
least three months, with a range of 3-54 months,
and they were interviewed, as the other subjects,
after the experimental task to avoid priming
effect.

The hypothesis about slower processing time
in the depressed group was not supported, as no
significant difference between this group and
normal controls was obtained for any of the
emotive conditions for all three electrode sites.
All the patients were acutely depressed at the
time and satisfied criteria for unipolar major
depression. Although several studies have shown
depressed patients to be slower than normal
controls (Blackburn, 1988 for a review), Black¬
burn (1975) has shown that on measures of
psychomotor speed, unipolar depressed patients
show no retardation, whereas bipolar patients
do. Blackwood et al. (1987) found no difference
in latencies of the P300 between a group of
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major depressives and a group of normal
controls and no change in latency of the P300 in
the depressed group after four weeks treatment,
indicating that antidepressant medication does
not affect latency.

In conclusion, this experiment has shown that
the amplitude of the P300 response to emotive
stimuli may be a useful dependent measure to
measure progress in treatment or changes in
mood-manipulating psychological or pharma¬
cological experiments. It is sensitive to de¬
pression but its specificity has not yet been
established, as other psychopathological groups
have not been tested. The pattern of response
indicates that more discrimination would have
been obtained in the differential response to
negative and positive stimuli, neutral stimuli
tending to confound the issue. In future studies,
the physical characteristics of the individual
words used would have to be controlled for as

the differences in P300 amplitudes obtained
between classes ofwords could have been due to
the characteristics of some of the words within
one sample, in spite of matching for length,
initial letters and frequency. Further, individu¬
ally relevant words or words relating to the self-
schema (Clark & Teasdale, 1985) may produce
stronger results, especially in the recovered
depressed patients. It is also possible that the
recovered depressed group was too disparate in
terms of previous treatment (some having been
treated with cognitive therapy and some with
pharmacotherapy) and in terms of length of
recovery, although all subjects in this group
scored as not depressed on severity measures of
depression. Future studies may obtain clearer
results with a more homogenous group, but the
results are promising in pointing at a possible
psychophysiological vulnerability factor.

The authors wish to thank the subjects who took part
in the experiment, Norma Brcarley for typing the
manuscript and Professor G. Fink. Special thanks to
John Duffy for his expert statistical advice.
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Association within a family of a balanced autosomal
translocation with major mental illness

David St Clair Douglas Blackwood Walter Muir
Andrew Carothers Maura Walker George Spowart

Christine Gosden H. John Evans

282 pedigrees in the MRC Cytogenetics Registry,
Edinburgh, with familial autosomal anomalies
were examined for the presence of associated
mental illness. In one large pedigree there were 23
cases of mental and/or behavioural disorders
meeting Research Diagnostic Criteria. 34 of the 77
family members available for cytogenetic analysis
carried a balanced translocation t(1:11) (q43,q21).
Psychiatric diagnoses had been recorded for 16 of
the 34 members with the translocation compared
with only 5 of the 43 without it. The lod scores
(against chance linkage of the translocation with
mental illness) were greatest when the mental
disorders in the phenotype were restricted to
schizophrenia, schizoaffective disorder, recurrent
major depression, and adolescent conduct and
emotional disorders. Although the mental illness in
this family may not be typical of that in the general
population, the findings suggest that the q21-22
region of chromosome 11 may be a promising area
to examine for genes predisposing to major mental
illness.

Lancet 1990; 336: 13-16.

Introduction
The identification of patients with rare associated
cytogenetic anomalies has played an important part in the
localisation of genes causing several human diseases. We
present here details ofa large Scottish family with a balanced
translocation t(l: 11) (q43,q21) associated with many cases of
major mental illness. Smith and colleagues1 reported a
family in which manic-depressive illness cosegregated in

members with a translocation breakpoint in the same region
of chromosome 11.

Subjects and methods
The MRC Cytogenetics Registry, Edinburgh, contains individual
family and annual follow-up clinical data on 282 pedigrees with
familial autosomal anomalies identified by the unit over the past 20
years. Each pedigree was examined for the presence of associated
psychiatric illness. We found several isolated associations but only
one definite example ofmany cases ofmental disorder cosegregating
with a chromosomal anomaly within a single pedigree. The
proband was initially ascertained in 1968 during a cytogenetic
survey of boys at an allocation centre for admission of juvenile
delinquents to Scottish borstals. He had an apparently balanced
translocation between chromosome 1 and a chomosome in group C.
The abnormality, which was present in four generations, could be
traced through several branches, one of which also had a
Robertsonian 13q-14q rearrangement. No phenotypic
abnormalities were reported in the original description of the
pedigree.2 However, the cumulative annual follow-up data from
general practitioners over the intervening years showed that many
family members had been referred to psychiatrists and/or admitted
to mental hospitals.

We reapproached the family and systematically inquired about
the mental health of each member. 77 family members were
included in the study, 58 living and 19 who had died. Case-notes

ADDRESSES: Department of Psychiatry, University of
Edinburgh, Royal Edinburgh Hospital (D. St Clair, MRCPsych, D.
Blackwood, MRCPsych, W. Muir, MRCPsych, M. Walker, MA) and
Medical Research Council Human Genetics Unit, Western
General Hospital (D, St Clair, W. Muir, A. Carothers, PhD, G. Spowart,
BSc, Prof C. Gosden, PhD, Prof H. J. Evans, PhD), Edinburgh, UK.
Correspondence to Dr D. St Clair, MRC Human Genetics Unit, Western
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Generations l-IV of pedigree K26.
28 of 34 carriers and 27 of 43 non-carriers are shown: the others are in generation V (aged 10-28 years) which is not shown. The 23 documented cases of

psychiatric disorders were all in generations I—IV (labelled 1-23).
1: recurrent major depression: attempted suicide; died in mental hospital. 2: recurrent major depression; attempted suicide; died in mental hospital. 3-

recurrent major depression, schizoid features; suicide 4: recurrent major depression; attempted suicide. 5: alcoholism 6: severe adolescent conduct
disorder, undifferentiated type. 7: severe adolescent conduct disorder and emotional disturbance 8: generalised anxiety disorder; severe emotional
disturbance in adolescence. 9: severe adolescent conduct disorder and emotional disturbance. 10: schizophrenia. 11: alcoholism. 12: alcoholism. 13:
schizophrenia. 14: minor depressive disorder; single episode only. 15: generalised anxiety disorder. 16: schizoaffective disorder; suicide. 17 recurrent major
depression, severe adolescent conduct and emotional disorder, bizarre obsessions and rituals. 18. generalised anxiety and agoraphobia. 19: recurrent major
depression. 20: schizophrenia. 21: schizoaffective disorder 22: recurrent major depression. 23: severe schizotypal personality disorder; attended special
school for educationally disturbed; long history of bizarre and incongruous behaviour.

with details ofadmission or attendance at psychiatric hospitals were
available for inspection for all those in whom a diagnosis of major
mental illness had been made. Diagnoses were evaluated by a

psychiatrist unaware ofkaryotype status. In addition, annual health
reports had been sent to the unit by the family practitioners from the
date of initial ascertainment onwards for all members of the

pedigree included in the study. These reports included full clinical
details, admissions to psychiatric hospitals, and prescriptions for
psychotropic medication. 30 of the 58 living members of the family
were examined by one of the study psychiatrists (D. B. and W. M.)
by means ofa structured interview (the SADS-L3). The psychiatric
status of the other 28 living members was decided on the basis of
case-records, annual health reports, consultation with general
practitioners, discussions with first-degree relatives (usually
parents), and by cross-checks of the names and dates ofbirth of the
family members in the local psychiatric hospital register. We are
virtually certain that no cases of major mental illness were missed,
but other undiagnosed cases of minor psychiatric disorders in the
family cannot be ruled out.

Results

The figure shows the members of the pedigree with
psychiatric diagnosis. 23 members met Research Diagnostic
Criteria4 for mental and/or behavioural disorders. They
were schizophrenia (3 cases), schizoaffective disorder (2),
major depressive disorder (recurrent unipolar) (6),
generalised anxiety disorder (3), minor depressive disorder
(1), and alcoholism (3). Among these 23 cases 3 had
attempted suicide and 2 achieved suicide. The
schizophrenic subjects also met the stricter DSM IIIR
criteria.5 A further 5 family members had received or were
receiving specialist treatment for adolescent psychiatric
disorders, which included severe conduct disorder (the
proband), chronic generalised anxiety, learning difficulties
and educational disturbance, bizarre behaviour, and mixed
adolescent conduct and emotional disorders. No physical
dysmorphisms were noted in the pedigree and there were no
cases of mental handicap.

34 of the 77 family members studied carried the t(l:ll)
rearrangement and 43 were karyotypically normal or had
only the Robertsonian translocation. 16 of the 34 (49%)
family members who carried the t(1:11) translocation had a
psychiatric diagnosis. The others were psychiatrically

normal. 2 family members with psychiatric diagnoses had
died and could not be karyotyped. By contrast, only 5 of the
43 (12%) members without the t(1:11) rearrangement had a
psychiatric diagnosis and none of these were major mental
illnesses (1 generalised anxiety, 1 minor depressive disorder,
and 3 alcoholism).

The table gives the logarithm of the odds (lod) ratios
against chance linkage of mental illness with the
chromosome 1:11 rearrangement calculated by means of the
MLINK option for two-point linkage from version 4-7 of
the LINKAGE programmes.6 Because of the uncertainties
about the genetics ofmental disorders, we decided to test the
robustness of the findings by calculating lod ratios with five
separate models to define the phenotype; for each model in
turn we also varied the gene frequency, and applied a range
of penetrance values around the levels initially estimated on
the family by means of an age-dependent penetrance
function (available on request from authors).

A maximum lod ratio of 219 was obtained when the
phenotype was restricted to schizophrenia and
schizoaffective disorder (model I); it rose to 3-33 when
recurrent major depression was included (model II). These
psychiatric diagnoses commonly present together in
individual pedigrees with many cases of mental disorder73
and their familial relation have been reported in several
family studies of major mental illness.9"12 When the
phenotype included cases of adolescent conduct and
emotional disorder (model ill), a maximum lod score of4-34
was obtained. However, if the category of "uncertain"
phenotypes (generalised anxiety, minor depression, and
chronic alcoholism) was added to models II and III, the lod
score fell to 1-37 and 1-73, respectively (models IV and v).

Discussion

Interpretation of linkage results by models IV and v is
difficult because the diagnoses lack specificity. Adolescent
conduct and emotional disorders, particularly the severe
types found in this family, are in many cases antecedents of
mental illness recurring in adult life.1314 They are also
present in excess among the offspring of adults with major
mental illness.245,16 3 members ofthis family (cases 8,17, and
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LOD-SCORES FOR FAMILY K26

Model and penetrance
Gene

frequency

Centimorgans (male)
Max
lod

At

(centi¬
morgans)0 5 10 15 20 25

Model 1
10 001 219 1-87 1-55 1-24 0-93 0-65 2191 0

002 2-02 1-71 1-40 1-10 0-81 0-55 2.024 0
15 001 210 1-80 1-49 1-18 0-88 0-61 2-095 0

002 1-90 1-60 1-30 1-01 0-73 0-48 1-896 0
20 001 1-94 1-67 1-39 110 0-81 0-55 1-941 0

002 1 69 1-43 115 0-88 0-62 0-40 1-689 0
Modelll

40 001 3-33 2-90 2-44 1-97 1 51 1-08 3-329 0
002 313 2-71 2-26 1-81 1-37 0-97 3-132 0

50 001 313 2-77 2-34 1 89 1-45 103 3-130 0
002 2-89 2-55 214 1-71 1-30 0-91 2-894 0
004 2-57 2-26 1-88 1-49 111 0-77 2-573 0

60 001 2-73 2-52 215 1-75 1-34 0-96 2-733 0
002 2-45 2-28 1-94 1-57 1-20 0-85 2-454 0

Model III
50 001 4-34 402 3-52 2-96 2-39 1-84 4-343 0

002 402 3-72 3-25 212 2-19 1*67 4-021 0
60 001 3-86 3 81 3-39 2-89 2-35 1-83 3-944 2

002 3-50 3-54 3 15 2-68 2-18 169 3-642 2

004 304 3 21 2-86 2-43 1 96 1-50 3-273 3
70 001 2-70 3-42 311 2-68 2-21 1-73 3-441 3

0-02 308 3 61 3-28 2-83 2-34 1-84 3-650 3
ModellV

40 001 0-81 1-27 1-37 1-28 1-09 0-86 1-367 9
002 115 1-39 1-41 1-27 106 0-81 1-426 8

50 001 0-65 1 27 139 1-31 112 0-87 1-391 10
002 102 1-40 1 45 1-31 109 0-84 1-458 8
004 1 28 1-47 1-44 1-26 1-02 0-76 1-478 7

60 001 0-38 1-22 1-37 1-30 112 0-88 1-369 10
002 0-77 1 35 1-44 1-32 1 10 0-84 1-440 9

Mode! V
50 001 0-92 1 61 1-73 1-62 1-39 1-10 1-729 9

0-02 1-20 1-65 1-70 1-55 1-30 100 1-713 8
60 001 0-56 1 51 1-68 1-60 1-39 111 1-679 10

002 0-86 1 55 1-66 1-54 1-30 1-01 1-661 9
004 107 1-55 1-60 1-44 119 0-90 1-612 8

70 001 0-36 1-41 1-59 1-51 1-30 1-02 1-588 10
002 005 1-35 1-60 1-57 1-38 1-12 1-609 12

Model I: schizophrenia and schizoaffective disorder Model II: as I plus recurrent major depression. Model III: as II plus adolescent conduct and emotional disorders Model IV: as
II plus "uncertain" phenotypes (generalised anxiety, minor depressive episode, chronic alcoholism). Model V. as III plus "uncertain" phenotypes. Further methodological
information available from authors
Values of 0 01,0 02, and 0 04 for the population frequency of the affection allele were considered; for an autosomal dominant condition, the population frequencies of affected
earners would be about double these values. The population frequency of the translocation was assumed to be zero (ie, that carriers had inherited the translocation within the
family) Values of 1 -25 and 1 75 were considered for the fixed ratio of female-to-male recombination frequency, but the results were essentially the same so only those for 1 -75
are reported. Mutation rates for the affection locus and the translocation were assumed to be zero.

23) with a history of adolescent psychiatric disorder had
adult psychiatric diagnoses at the time of the study; others,
including the proband, are without symptoms. On the other
hand, 4 of the cases (6,7,8, and 9) are siblings and so would
have been jointly exposed to any adverse social and family
influences. Similar difficulties apply to model V; the
"uncertain" phenotypes are non-specific diagnoses present
at a high rate in the general population. It is not surprising
that inclusion of these diagnoses in the phenotype causes the
lod score to fall.

Nevertheless, the distribution of mental illness in this
family is consistent with a single genetic lesion; there is an
obvious unilateral source ofillness in patient 1, who died in a
mental hospital with a depressive psychosis. Systematic
inquiries in all branches of the family revealed no other
sources of mental illness. Four successive generations are
affected and illness is present in all branches of the pedigree
in which the t(l:ll) rearrangement occurs. The middle
branch appears least affected and contains only 1 case of
schizophrenia or schizoaffective disorder (case 16).
However, psychiatric hospital case-notes showed chronic
illness phenotypically similar to that of affected relatives in
other branches.

The family reported by Smith et al,1 independently
ascertained, also showed major mental illness cosegregating
with a balanced translocation involving the same region of
chromosome 11 but with a reciprocal breakpoint on
chromosome 9. This finding suggests that 11 q21-22 rather
than chromosomes 1 or 9 is the region of importance.
The tyrosinase gene maps to this area; a large family with
schizophreniform psychosis cosegregating with tyrosinase-
negative oculocutaneous albinism has been reported.1718 No
cases of albinism were noted in our family. The human
dopamine (D2) receptor gene is also located in this region of
1 lq.19 Many antipsychotic drugs have high affinities for D2
receptors, and these receptors may be pathologically
involved in the affective disorders and schizophrenia.20'21
Interpretation of our findings must, however, be cautious.
Positive linkage results in both bipolar affective disorder and
schizophrenia have not been confirmed by other groups;22 a
lod score of 3, which is conventionally used as the criterion
for significant linkage in simple mendelian disorders, should
best be considered as a hypothesis to check rather than
strong evidence of linkage in common and complex
disorders such as the functional psychoses. The mental
illness described in this family, although phenotypically
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unremarkable, may well represent a rare variant from an
epidemiological point of view, especially if it results from a
deletion at the translocation breakpoint. Nevertheless, the
findings together point to the q21-22 region ofchromosome
11 as a promising area to examine for a gene or series ofgenes
predisposing to some cases of major mental illness.
We thank all the members of the family who took part in this study and also
the MRC Registry staff, Mrs Susan Collyer and Mrs Rhona de Mey. The
study was supported by the Mental Health Foundation, The Scottish Rite
Schizophrenia Research Program, and SANE. D. St C. is a Wellcome Trust
senior research fellow in clinical science, and W. M. an MRC clinician
scientist.
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Preliminary report: cyclosporin in treatment of
severe active ulcerative colitis

Simon Lichtiger Daniel H. Present

Intravenous cyclosporin (4 mg/kg daily) was given
to fifteen patients with severe active ulcerative
colitis, fourteen of whom had failed to respond to
at least 10 days' treatment with intravenous
steroids. In the acute phase of the open trial, eleven
patients (73%) improved and avoided colectomy;
the mean response time was 5-8 days. Patients
who responded were maintained on oral
cyclosporin (6-8 mg/kg daily) for a 6-month
chronic phase. Six of the eleven patients have
been weaned from steroids and remain in clinical
and endoscopic remission 5-18 months after
discontinuation of cyclosporin; three are well at 5
months and their steroid dose is being tapered; one
patient relapsed after 5 months on oral cyclosporin
and underwent colectomy; and one patient failed
to show continued improvement with oral
cyclosporin but is in clinical remission after
changing to mercaptopurine treatment. Slight
self-limiting adverse side-effects of cyclosporin
were seen, but none necessitated withdrawal
from the study. Cyclosporin seems to be an
effective treatment for patients with severe active
ulcerative colitis who have not responded to
steroids.

Lancet 1990; 336: 16-19.

Introduction

Although the aetiology of chronic inflammatory bowel
disease is unknown, immunological mechanisms are
thought to have a role.1 High-dose intravenous
corticosteroids have been the mainstay of treatment for
severe ulcerative colitis.2 Several studies have concluded
that patients with severe colitis who fail to respond to 5-10
days' treatment with parenteral steroids must undergo
colectomy.3,4 Neither total parenteral nutrition5 nor
intravenous antibiotics6 are effective in severe active
ulcerative colitis.

Cyclosporin is effective in various,diseases thought to be
autoimmune in nature7"9 and two case-reports1011 and one
controlled trial12 have suggested that it has a therapeutic
effect in inflammatory bowel disease. We have carried out a
pilot study of cyclosporin treatment in patients with severe
refractory ulcerative colitis.

Patients and methods
Patients

From June 1987 to June 1989, fifteen patients with severe
ulcerative colitis were treated with cyclosporin. The diagnosis of

ADDRESS: Mount Sinai School of Medicine. New York, USA
(S. Lichtiger, MD, Prof D. H. Present, MD). Correspondence to Dr
S. Lichtiger, 993 Park Avenue, New York, New York 10028, USA.
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DNA Markers and Biological Vulnerability Markers
in Families Multiply Affected with Schizophrenia
Douglas Blackwood, David St. Clair, and Walter Muir
University Department of Psychiatry, Royal Edinburgh Hospital, Edinburgh EH10 5HF, UK

Summary. A family is reported in which the monozygo¬
tic co-twin of a schizophrenic proband was diagnosed
bipolar 1 and their mother had a history of unipolar
major depression. Although their clinical manifestations
varied, the ill members of this family shared an abnor¬
mality in P300 not found in the asymptomatic siblings. In
14 families, linkage to the 5qll—13 region was excluded
when affection status was defined solely by P300 latency
inpendently of the clinical findings. Linkage was also ex¬
cluded when the analysis was restricted to the families
that had no cases of bipolar illness and when the schizo¬
phrenic phenotype was narrowly or broadly defined. It is
concluded that biological markers such as P300 and eye
tracking may help to clarify the overlap of different types
of psychosis and help to define the phenotype for linkage
analyses.

Key words: Schizophrenia - DNA markers - Linkage -
P300 - Eye-movement disorder

Introduction

Uncertainties about the definition of the phenotype is a
major weakness of linkage studies in schizophrenia, and
the status of bipolar illness when diagnosed in first-de¬
gree relatives of probands is a particular source of con¬
troversy. It has been proposed that families in which both
diagnoses occur should be excluded from analysis on the
grounds that two separate genes may be segregating
(Sherrington et al. 1988; Byerley 1989). However, this
argument could equally well be applied to other diag¬
noses such as phobic/anxiety states and even unipolar
depression and, if pursued, would result in only a small
number of highly selected families being studied. Another
approach is to define affected relatives broadly to avoid
making prior assumptions about the status of the differ¬
ent psychoses.

Offprint requests to: D. Blackwood

Biological markers such as auditory P300 and smooth
pursuit eye tracking, which are associated with illness in
multiply affected schizophrenic pedigrees, may help to
resolve the problem of the clinical definition of the
schizophrenia spectrum.

The methods of linkage analysis using polymorphic
DNA markers has recently led to remarkable progress in
our understanding of a growing number of inherited dis¬
eases including several that affect the nervous system.
These include Huntington's disease, Friedreich's ataxia
and Alzheimer's disease, and there is now a realistic
prospect of developing novel forms of treatment and
prevention for these inherited conditions. We can reason¬
ably expect that similar progress will be made in under¬
standing the inheritance of the major functional psych¬
oses, although linkage results to date have been confus¬
ing and sometimes conflicting. A single report has linked
schizophrenia with markers in 5qll-13 region (Sherring¬
ton et al. 1988), but linkage has been excluded from the
same region in other schizophrenic pedigrees (Kennedy
et al. 1988; St. Clair et al. 1989; Detera-Wadleigh et al.
1989).

Linkage analysis (Morton 1955), which aims to test
the non-independent transmission within families of an
illness and a genetic marker, requires several assump¬
tions about the genetics of the disease being investi¬
gated. The mode of transmission of the illness must be
understood, so that values can be attached to genetic
parameters, including the gene frequencies and the pen¬
etrances of homozygous and heterozygous states and,
above all, it is essential to be able to recognise the phe¬
notype. Diagnostic uncertainty is a particular problem
for genetic studies in schizophrenia and the affective
psychoses because relatives of schizophrenic probands
share an increased risk of schizophrenia and a variety of
other psychiatric diagnoses (Kendler et al. 1985). Epide¬
miological studies by Gershon et al. (1988) have found
an increased morbid risk for affective disorders in the
relatives of schizophrenic subjects and have failed to
identify a clear separation of affective and schizophrenic
disorders.
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Debate about the Kraepelinian distinction between
schizophrenia and manic depressive illness continues
(Crow 1986; Kendell 1987), and the issue is illustrated in
recently published linkage studies involving families of
schizophrenic probands. Sherrington et al. (1988) ex¬
cluded from their study all families in which cases of
bipolar illness were found, but found the strongest evi¬
dence for linkage to the chromosome 5qll-13 region
when the schizophrenia phenotype was defined to in¬
clude major and minor depressive illness, phobic disor¬
der, alcoholism and drug use disorder. Kennedy et al.
(1988) excluded linkage to 5qll-13 region in a single
large Swedish pedigree in which there were very few rel¬
atives with affective disorders and there were no cases of
schizoid or schizotypal personality disorder. St. Clair et
al. (1989) reported 14 Scottish pedigrees, each with two
schizophrenic probands. In six of these families there
were no cases of bipolar illness amongst the relatives of
the schizophrenic probands and in 8 families bipolar ill¬
ness was diagnosed in at least one relative. Linkage be¬
tween schizophrenia and 5qll-13 markers was excluded
in both the "pure" schizophrenic families and in the fam¬
ilies in which bipolar illness was also present. Detera-
Wadleigh et al. (1989) excluded linkage to 5qll-13 in
five schizophrenic families, two of which had cases of
bipolar disorder.

The occurrence of schizophrenia and bipolar illness
together in the same large pedigrees described in these
linkage studies could be attributed to the segregation of
two separate genes - one for schizophrenia and one for
bipolar illness (Byerley 1989).

An alternative explanation is that the selection of
pedigrees with large, multiply affected sibships suitable
for linkage studies in schizophrenia could be biased to¬
wards the ascertainment of parents with a relatively
good outcome of illness with more "affective" and fewer
"schizophrenic" features since prominent and persistent
"schizophrenic" symptoms would be expected to be as¬
sociated with a greater reduction in fertility. This view is
supported by an examination of eight "mixed" bipolar/
schizophrenic families reported by St. Clair et al. (1989).
In five of these families a parent of schizophrenic off¬
spring was diagnosed as bipolar and in the remaining
three families the parent who was the obligate carrier
had no psychiatric diagnosis (2 families) or minor de¬
pression (1 family).

If the selection criteria for "affected" relatives for use

in schizophrenia linkage studies is to include a broad
spectrum of psychotic and affective disorders as proposed
by Gershon et al. (1988), the use of biological trait mark¬
ers could further clarify the definition of the phenotype.

Biological Markers in Schizophrenia

The criteria a trait marker must satisfy to be of potential
use in genetic studies include the presence of the abnor¬
mality in a high proportion of cases and its independence
from the clinical state at the time of testing. It must be
under genetic control and should co-segregate with ill¬
ness in families of ill probands (Reider and Gershon

1978). Many markers have been proposed in schizophre¬
nia. Neurochemical and pharmacological approaches
have tended to focus on the monoamine system (review
by Baron 1986) and recently spiperone binding to lym¬
phocytes has been shown to have many of the character¬
istics of a useful marker (Bondy et al. 1987,1989).

However, the most promising candidates to date
have been physiological measures. Holzman has report¬
ed an inefficiency of smooth pursuit eye movements with
increased saccadic intrusions and saccadic tracking in
over 50% of schizophrenic patients as opposed to only
8% of controls (Holzman et al. 1973,1977). Eye move¬
ment disorder appears stable with respect to neuroleptic
medication and clinical state (Iacono et al. 1981; Levy et
al. 1983) and twin studies have shown a high level of
heritability (Holzman et al. 1978, 1980). In families of
schizophrenic probands about 45% of unaffected parents
and siblings have eye movement disorder (Holzman et
al. 1974, 1984), leading Matthysse et al. (1986) and
Holzman et al. (1988) to propose that the clinical symp¬
toms of schizophrenia and disordered eye movement are
both expressions of an underlying "latent" trait that is
genetically transmitted.

The spontaneous electroencephalogram has been wide¬
ly reported as abnormal in schizophrenia, but changes
are not specific or reliable enough for use as vulnerabil¬
ity markers. Averaged event-related potentials have
proved more promising. Many studies have shown a re¬
duced amplitude of middle and long-latency averaged
event-related potential responses in schizophrenia fol¬
lowing auditory, visual and somatosensory stimuli
(Shagass et al. 1977,1978). In unmedicated schizophren¬
ic patients the P50 component of the auditory-event-re¬
lated response to paired clicks often fails to habituate,
thus distinguishing the response found in schizophrenics
from that in normal controls. This may reflect an inabil¬
ity in patients to filter incoming information selectively
(Adler et al. 1982; Freedman et al. 1983). In a family
study Siegal et al. (1984) reported a loss of P50 habitua¬
tion in approximately one-half of the siblings and usually
one parent of schizophrenic probands.

The so-called P300 response generated when a sub¬
ject is presented with a signal that is surprising or unex¬
pected has a reduced amplitude and a prolonged latency
in schizophrenia that may also be a reflection of disor¬
dered selective attention and stimulus evaluation. The
latency increase is independent of medication and clini¬
cal state (Blackwood et al. 1987) and is found in patients
with borderline/schizotypal personality disorder, but not
in a group of hospitalised patients with other personality
disorders and neuroses (Blackwood et al. 1986; Kutcher
et al. 1988). Prolonged P300 latency distinguishes unipo¬
lar from bipolar disorders but does not distinguish be¬
tween bipolar illness and schizophrenia (Muir et al., sub¬
mitted). Monozygotic twins have very similar P300 re¬
sponses, which suggests a genetic basis for the genera¬
tion of the wave form (Polich and Burns 1987).

Both P300 and eye tracking abnormality are present
in a higher than expected proportion of first-degree rela¬
tives of schizophrenics, including some relatives who
have no psychiatric symptoms (Blackwood et al. 1990).
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P300 Latency and Eye Movement Disorder
a Vulnerability Markers
in Schizophrenia Linkage Studies

P300 and eye tracking were measured routinely in the
schizophrenic pedigrees recruited for linkage studies de¬
scribed by St. Clair et al. (1989). Because of the effect of
age on P300 (Blackwood et al. 1989), these physiological
measurements were analysed only in relatives up to the
age of 60 years. P300 was recorded as fully described by
Blackwood et al. (1987). Briefly, electroencephalogra¬
phs recordings were obtained from the vertex position
referenced to the left ear lobe while the subject perform¬
ed an "odd ball" task, listening through head phones to
a series of low-pitched tones (1000 Hz) interspersed ran¬
domly with high-pitched tones (1500 Hz) in a ratio of 9:1.
Subjects were asked to attend to the "rare" high pitched
tones. In the same subjects eye movements were mea¬
sured following the method of Holzman et al. (1974),
slightly modified as described by Muir et al. (in press).

Table 1 shows that the mean P300 latency was pro¬
longed and eye tracking was disordered in a group of 93
schizophrenic patients compared to non-psychiatric con¬
trols. Amongst members of schizophrenic pedigrees P300
latency was considered "abnormal" if it exceeded 346 ms
and eye tracking was abnormal if the signal to noise ratio
was less than 3.1 (i.e. 2 standard deviations from control
means). Table 2 shows the number of subjects in 14 ped¬
igrees with abnormal P300, eye movements or both.
Twenty-four of the 39 schizophrenics (62%) showed a
physiological abnormality when 5% would be expected

Table 1. Mean P300 latency and eye tracking
P300 Latency (rns)
Mean ± SD (n)

Eye tracking
(Signal noise ratio)

Control

Schizophrenia
301 ± 22.6 (212)
338 + 35.3 (94)

4.95 ±0.92 (135)
4.24 ±1.16 (57)

Table 2. RDC Diagnosis P300 latency and eye tracking in 160 fam¬
ily members in 14 pedigrees

Diagnosis Ab¬ Ab¬ Both Normal
normal normal P300 P300
P300 Eye and eye and eye
(>346 move¬ move¬ move¬

ms) ment ment ab¬ ment

(<3.1) normal

Schizophrenia 18 2 4 15
(schizoaffective,
unspecified
functional
psychosis)

Bipolar I and II 4 7

Major depressive
disorder (unipolar) 4 1 2

Other diagnosis 3 1 3
No psychiatric

diagnosis 10 7 2 54

□

MDD
357ms

TV

BP-I scz

288ms 366ms 357ms 294ms

Fig.l. A family in which monozygotic twins have bipolar (BPI)
and schizophrenic (SCZ) illness and their mother has major depres¬
sive disorder (MDD). P300 latency (MS) is significantly prolonged
in the mother and both twins but normal in the asymptomatic broth¬
ers. (A P300 latency of 346 ms is two standard deviations above the
control mean)

by chance. Four out of 11 (36%) relatives with bipolar
illness had abnormal P300 and 19 out of 73 (26%) of rel¬
atives with no psychiatric diagnosis showed an abnor¬
mality.

Figure 1 is an unusual though not unique family (e.g.
McGuffin et al. 1982), which serves to illustrate some of
the main findings of this study of P300 disorder in rela¬
tives of schizophrenic probands. These monozygotic
twins and their mother were independently diagnosed by
psychiatric colleagues who were unaware of the purpose
of the study using the Schedule for Affective Disorder
and Schizophrenia (SADS) interview. Zygosity was con¬
firmed by blood grouping. The research diagnoses were
in accord with the clinical diagnoses in each case. The
manic twin was on treatment with lithium and the schizo¬
phrenic co-twin with neuroleptics. P300 latency was sig¬
nificantly prolonged in each of the ill members of the
family irrespective of the diagnosis whereas the asympto¬
matic brothers had completely normal P300 latency.
This family provides clinical and physiological support
for the view that the occurrence of bipolar illness and
schizophrenia in the same pedigree should not invariably
be attributed to the segregation of two separate genes in
the family.

Linkage Analyses in Schizophrenic Pedigrees

These results are an extension of those reported previ¬
ously by St. Clair et al. (1989) with the data slightly re¬
vised to include three allele changes which resulted from
further analyses. A case of non-paternity included in the
original analysis has been detected and the subject ex¬
cluded from this analysis. The incorporation of these
changes to the original data has increased the negative
lod scores of linkage of schizophrenia to 5qll—13 mark¬
ers, confirming the original report. The two probes which
are most informative were D5S76 (pl05-599Ha) and
D5S39 (pl05-153Ra), which in our study showed linkage
to each other (lod score = 3.5) maximally at a recombi¬
nation fraction of 0.12, the recombination distance re¬

ported by Leppert et al. (1987).
The data were analysed using four separate models:
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Model A

Cases included: schizophrenia, schizoaffective disorder
and unspecified functional psychosis. (Penetrance was
44% calculated from a larger group of 19 schizophrenic
pedigrees.)

Model B

As in Model A but also including affective disorders
(bipolar and major depressive disorder). Penetrance was
77%.

Model C

As in Model B, restricting the analysis to the six families
that had cases of schizophrenia and major depressive dis¬
order only and no cases of bipolar illness.

P300 latency conforms to a normal distribution, and this
variable was entered into the MLINK programme as a
continuous variable.

Data were entered into the LINKAGE programmes
(Lathrop and Lalouel 1985). The two-point lod scores at
specified recombination factions calculated using MLINK
programme are listed in Table 3. Close linkage of schizo¬
phrenia to the two probes was excluded using all diag¬
nostic models.

The results of three-point analysis across the report¬
ed linkage region 5qll-13 are presented in Fig. 2. The
(sex average) map locations for the markers were taken
from Leppert et al. (1987). In Models A and C, which
exclude data from bipolar individuals linkage is excluded
(lod score < —2) between about 10 cM from each mark¬
er. When P300 latency is entered into the calculations as
a continuous variable, linkage is also excluded between
these two markers and about 5 cM beyond.

Model D

P300 latency was used as the sole criterion to define
"cases". In the normal and the schizophrenic population

Table 3. 2 point lod scores of linkage of schizophrenia to 5qll-13
markers

Locus Mo- Recombination fraction
del

0.0 0.05 0.10 0.20 0.30

D5S76 A - 7.6 -3.8 -2.2 -0.7 -0.1

B -17.9 -8.9 -5.7 -2.5 -0.9
C - 9.8 -4.9 -3.0 -1.2 -0.3

D - 3.4 -2.4 -1.7 -0.7 -0.3

D5S39 A - 5.6 -3.9 -2.8 -1.5 -0.8

B - 7.6 -4.6 -3.2 -1.5 -0.6

C - 4.9 -3.1 -2.1 -1.0 -0.4

D - 2.5 -2.0 -1.4 -0.7 -0.3

Discussion

These results confirm and extend an earlier report that
showed no linkage between schizophrenia and the 5qll-
13 region in 14 families. The failure to support the find¬
ings of Sherrington et al. (1988) is not due to differences
in diagnostic procedures or the definition of affected in¬
dividuals amongst relatives. The same diagnostic inter¬
view was used (Schedule for Affective Disorders and
Schizophrenia, Life Time version) and Research Diag¬
nostic Criteria and DSM III R were adhered to. Differ¬
ences cannot be attributed to the inclusion in the Scot¬
tish study of some relatives with bipolar illness because
linkage to the 5qll-13 region was excluded in six families
which had no cases of bipolar disease (Model C) and also
by the analysis using only cases of schizophrenia, schizo¬
affective disorder and unspecified functional psychoses
(Model A).

Fig. 2. Three point lod scores comparing the location
of a possible schizophrenia locus relative to markers
D5S76 and D5S39 completed using the LINKMAP
programme of LINKAGE (Lathrop and Lalouel
1985). Models A to D define the phenotype in various
ways as described in the text. ▲ Model A; O Model B;
□ Model C; ■ Model DI ' 1 1 1 L 1 1 1 I 1 1 I

-50 -40 -30 -20 -10 0 10 20 30 40 50 6 0 70

t t
D5S76 D5S39

DISTANCE IcMI
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Bipolar illness was diagnosed among relatives in 8
out of 14 families in this study and in 2 out of 5 families
by Detera-Wadleigh et al. (1989). This is unexpectedly
high since most family studies show a very small or no in¬
crease in bipolar illness in schizophrenic families. How¬
ever, for linkage studies, families are selected because
they are multiply affected and have large sibship size,
and this may bias towards the selection of families in
which parents of affected children have symptoms which
are more "affective" than "schizophrenic". There is little
justification for excluding these families entirely from
linkage studies, as it is premature to conclude that two
separate genes are segregating to cause these different
psychoses, and in some families (Fig. 1) this is clearly not
the case.

Gershon et al. (1988) proposed that in linkage studies
the definition of affected relatives should include a broad

spectrum of psychotic and affective disorders, and this
view is supported by the distribution of physiological
markers in schizophrenic families. Prolonged P300 la¬
tency is found at the population level in schizophrenia,
bipolar illness and in borderline/schizotypal personality
disorder. Amongst relatives of schizophrenic probands
P300 abnormality is found in subjects with a range of
psychiatric diagnoses and in a some relatives who are
asymptomatic. The interpretation of the physiological
data is speculative and will be convincing only if positive
linkage is found. However, combined with brain imaging
studies and psychological assessment, physiological ab¬
normalities in relatives of schizophrenic probands may
help to define the spectrum of schizophrenia and provide
a reliable basis for defining affected relatives.
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Auditory P300 and Eye Tracking Dysfunction
in Schizophrenic Pedigrees

Douglas H. R. Blackwood, MRCPsych; David M. St Clair, MRCPsych;
Walter J. Muir, MRCPsych; John C. Duffy, MSc

• Several psychophysiological abnormalities associated
with schizophrenia have been proposed as genetic trait
markers of vulnerability to the disorder. Smooth pursuit eye
tracking dysfunction and abnormal long latency event-
related potentials are the most promising candidates. Both
are independent of the effects of psychotropic medication
or mental state at the time of testing, and twin studies dem¬
onstrate that each has a high level of heritability. Having
recorded smooth pursuit eye tracking and event-related
potentials in 20 high-density schizophrenic families, we find
abnormalities in one or both measures in most of the fam¬
ilies studied. The abnormalities, when present, occur in the
family members with schizophrenia and other forms of
functional psychosis, and they have a bimodal distribution
with approximately half the nonschizophrenic relatives also
showing eye tracking dysfunction and/or abnormal event-
related potentials. Some of these relatives had psychiatric
symptoms; others were normal. Our results suggest that
psychophysiological examination can help to clarify the
boundaries of schizophrenia spectrum disorder. By helping
to decide the phenotypic status of nonschizophrenic family
members, this should increase the power of DNA linkage
studies.

(Arch Gen Psychiatry. 1991;48:899-909)

Although twin, adoption, and family studies confirmthat schizophrenia is a familial disease, the mode of
inheritance is unclear and there may be genetic heteroge¬
neity.1 The use of standardized diagnostic criteria such as
the Research Diagnostic Criteria (RDC)2 has improved the
reliability of diagnoses, but their validity remains in
doubt. ITte boundary between schizophrenia and manic-
depressive illness is indistinct and it is uncertain whether
they are wholly independent disorders.3 Similarly, both
borderline and schizotypal personality disorder as de¬
fined by DSM-IU-R4 may form part of the schizophrenic
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spectrum. These problems of diagnosis and classification
severely limit the power of linkage studies in schizo¬
phrenic families.5 For this reason, the identification of a
genetic trait marker associated with illness in families
would represent a major advance and might considerably
improve the prospects of success of genetic linkage stud¬
ies.6,7 The criteria that a trait marker must satisfy to be of
potential use in genetic studies include the presence of the
abnormality in a high proportion of patients and its inde¬
pendence from clinical state at the time of testing. It must
also be demonstrated to be under genetic control and
should cosegregate with illness in families of ill pro¬
bands.8,9 Several psychophysiological indicators of a ge¬
netic liability to schizophrenia have been proposed, but
none, to our knowledge, have been shown to fulfill the
required criteria.

SMOOTH PURSUIT EYE TRACKING

Holzman and others10,11 have now established eye
movement dysfunction as a potential vulnerability trait
for schizophrenia. This eye movement disorder, which is
reported to be present in 51% to 85% of schizophrenic
patients as opposed to 8% of a control population,
consists of an inefficiency of the smooth pursuit system
measured as increased saccadic intrusions and saccadic
tracking. The abnormalities are stable with respect to
neuroleptic medication and clinical state,12,13 and the
results of twin studies have shown a high level of herita¬
bility.14,15 Family studies have revealed die dysfunction in
about 45% of the unaffected parents and siblings of
schizophrenic subjects,16,17 and Matthysse et alls have de¬
veloped the hypothesis that eye movement disorder and
the clinical manifestations of schizophrenia are indepen¬
dent expressions of an underlying "latent" trait that is
genetically transmitted. They propose that the trait may
cause schizophrenia, poor eye tracking, or both, and it
may represent a disease process in the brain giving rise to
different symptoms depending on which anatomic re¬
gions are affected. Most recently, Holzman et al6 have
applied this model to a study of Norwegian twins and
their offspring. The frequency of eye movement disorder
measured in the offspring of twins discordant for schizo¬
phrenia was compatible with the transmission of an un¬
derlying trait by an autosomal dominant gene, in keeping
with their earlier hypotheses.18

Schizophrenia—Blackwood et al 899

Reprinted from the Archives of General Psychiatry
October 1991, Volume 48

Copyright 1991, American Medical Association



EVENT-RELATED POTENTIALS

The spontaneous electroencephalogram had been widely
reported as abnormal in schizophrenia. Changes in a variety
of measures of amplitude, frequency, and laterality occur,"
but they are neither consistent nor specific enough to be of
potential value as vulnerability markers. Changes in event-
related potentials, however, are more promising. One of the
most consistent observations is a decrease in amplitude of
middle and long latency average event-related responses in
schizophrenics following auditory, visual, and somatosen¬
sory stimuli.20'2' Abnormal lateralization of response to so¬
matosensory stimuli has also been reported.22 Amplitude
reduction may occur particularly in responses reflecting se¬
lective attention and stimulus evaluation.23 The most pro¬
nounced changes are in the P300 response, which in schizo¬
phrenia shows a reduced amplitude to surprising or unex¬
pected stimuli using both auditory2"7 and visual para¬
digms.38'31* P300 amplitude reduction has also been found in
a small group of children diagnosed as having schizophre¬
nia40 and in siblings of schizophrenic subjects.41 More recent¬
ly, a prolongation of P300 latency has been found in a high
proportionofschizophrenic patients,31"33'37an effect that seems
to be independent of medication and clinical state of the
subject at the time of testing.32 Similar changes also occur in
subjects with borderline/schizotypal personality disorder.42'43
These P300 latency changes in schizophrenia seem to de¬
pend on the bandpass filter settings at the time ofrecording,
and this may explain why they have only recently been
detected, since different frequencies have been used by dif¬
ferent laboratories.37 The auditory P200 (P2) component, a
positive potential occurring some 200 milliseconds after a
single stimulus, has also been shown in several studies to be
of lower mean amplitude in schizophrenics compared with
controls,20,24'27'31'44"47 and this effect is not due to medication.46

The early twin studies of Lennox et al48 showing that brain
electrical activity is strongly influenced by genetic factors
have been amply confirmed.49"54 Similarly, twin studies have
shown a high degree of heritability for averaged event-re¬
lated potentials.55"58 In particular, the latency of the auditory
P300 response has high concordance inmonozygotic pairs.®-™

Eye tracking disorder and P300 auditory event-related
potentials, therefore, look to be promising candidates as
trait markers for schizophrenia. There is evidence of genetic
control; each is abnormal in a significant proportion ofschizo¬
phrenics and is largely independent of medication and clin¬
ical state. However, none of these measures have, to date,
been sufficiently examined for cosegregation with illness in
schizophrenic families to decide whether they satisfy this
important criterion for a genetic trait marker.

In this study, both event-related potentials and eye
tracking were recorded from members of large schizo¬
phrenic pedigrees. The aims were to test for association
with illness and to examine the interrelationship of ap¬
parently disparate measures that involve different sen¬
sory modalities, and finally to relate psychophysiological
abnormalities with clinical phenotypes to assess the value
of eye tracking disorder and P300 dysfunction as diag¬
nostic aids in linkage studies in schizophrenia.

PATIENTS AND METHODS
Recruitment of Families

Twenty families were studied. A major reason for recruiting
the families was to undertake genetic linkage studies on restric¬
tion fragment length polymorphisms. Accordingly, most of the
families described below were selected because they had at least
900 Arch Gen Psychiatry—Vol 48, October 1991

two index cases with schizophrenia, sibships were large, and
wherever possible, three generations could be studied. The
structure and clinical details of 15 of these families are displayed
in a recent publication.61 However, we have also included three
families with only one schizophrenic member and no known
family history of schizophrenia. Families were identified from
hospital case registers or referred by clinical colleagues from a
number of hospitals, mainly in the south of Scotland. In all cases
where a diagnosis of schizophrenia was made, hospital case
notes were examined. The two index cases in each of 17 families
and the single index case in the three remaining families all ful¬
filled RDC,2 DSM-III-R criteria,4 and the criteria of Feighner et al62
for schizophrenia.

Initial contact with families was made through the psychia¬
trists looking after the index cases. Family members were fully
informed about the nature of the study by interview either at the
hospital clinic or in their home. Those participating in the study
agreed to the following: (1) interview using Schedule for Affec¬
tive Disorders and Schizophrenia (lifetime version)63; (2) record¬
ings of smooth pursuit eye movements and auditory event-
related potentials; and (3) venipuncture for molecular genetic
studies and typing red blood cell and histocompatibility antigens
to confirm paternity.

Recruitment of Control Croups
Normal Controls.—Control subjects were recruited from hos¬

pital staff, volunteers from the list of several local general prac¬
tices, and infantrymen stationed at a local army barracks. Con¬
trol subjects had no history of psychiatric or physical illness and
were unmedicated.

Schizophrenic Control Group.—Ninety-six patients with an
RDC and DSM-IIl-R diagnosis of schizophrenia were studied.
All attended the Royal Edinburgh (Scotland) Hospital for treat¬
ment and follow-up, and diagnosis was confirmed by interview,
case note review, and consultation with psychiatrists. They were
randomly selected and included patients with and without a
family history of schizophrenia.

Auditory Event-Related Potential
The method has been previously described.32 A computer

(Nicolet CA1000 Clinical Signal Averaging Computer) and a P300
stimulator (NIC 1009) were used (Nicolet Biomedical Instru¬
ments, Madison, Wis). Subjects reclined in a chair in a sound-
attenuated room and performed a two-tone auditory discrimina¬
tion task. A silver-silver chloride disk electrode was secured at the
Cz position and an indifferent ear clip electrode was attached to
the left earlobe. The earth electrode was attached to the right ear.
Electrode impedances were less than 2 kilohms in all cases. Tone
pips were delivered binaurally through headphones. Subjects
were asked to count silently "infrequent" tones of 1500 Hz ran¬
domly presented in a series of 1000-Hz tones that were not
counted. The ratio of high to low pitches was 1:9. The stimulus
rate was 1.1 per second; intensity was 75 dB binaurally. Tone du¬
ration was 20 millisecondswith a rise/fall time of9.9 milliseconds.
The electroencephalogram was amplified 10000 times with a
bandpass of 1 to 30 Hz ( —3 dB attenuation points of 12 dB per
octave roll off). The responses to frequent and rare tones were
averaged separately with a sampling rate of 1000 Hz. An artifact
reject circuit excluded trials in which the voltage exceeded 45 p.V;
500 trials were averaged with a sweep time of 750 milliseconds,
including a 75-millisecond prestimulus baseline. Two separate
recordings were carried out at each testing, and the baseline was
estimated from the average response to frequent tones over the
75 milliseconds before stimulus. The P300 response occurred
only following the high-pitched, infrequent tones and was a
positive wave between 260 and 500 milliseconds. The latency was
measured using a cursor on the visual display (Nicolet CA 1000)
and from the paper trace. In those cases where the P300 deflection
did not form a single sharp peak, the latency was measured as
the point of intersection of the tangents to the upgoing and
downgoing slopes. The amplitude of P300 was measured from

Schizophrenia—Blackwood et al



Amplitude

Amplitude

Time
Time

BO

Relative
Power

Normalized EOG tor Control Subject

Frequency of Target - 0.4 Hz

801 (at 0.4 Hz)

Control Subject: Power Spectrum

Ln Signal-Noise Ratio=6.56

80

Relative
Power

Normalized EOG for Schizophrenic Subject

Frequency of Target = 0.4 Hz

507 (at 0.4 Hz)

Schizophrenic Subject: Power Spectrum

Ln Signal-Noise Ratio= 1.84

Frequency (in Steps of0.1 Hz) ll HI,ill il. I. .,. .1

Frequency (in Steps of 0.1 Hz)

Fig 1- —Left, Electro-oculogram (EOG) (10-second period) from a normal subject visually tracking a target moving at 0.4 Hz. After Fourier
transform, spectral power is shown to be confined to the range of the "signal" frequency (0.3 to 0.5 Hz) with insignificant power at higher
frequencies. Right, Electro-oculogram recorded from a schizophrenic subject performing the same task. Fast saccadic eye movements are
measured as "noise" in the frequency range 0.8 to 8 Hz. Increased power at these higher frequencies reduces the Ln signal to noise ratio.

baseline to peak on the pen-recorded trace. Other components of
the waveform were as follows: N1 (negativity, 70 to 120 millisec¬
onds), and P2 (positivity, 140 to 230 milliseconds) both in the av¬
eraged response to "frequent" tones. N2 immediately preceded
P300 in the response to the infrequent tones.

All subjects in the control and schizophrenic groups and most
family members were recorded using the same equipment in the
same sound-attenuated recording room in the hospital. Some
family members living at a distance were recorded on the same
equipment transported to a local hospital.

Smooth Pursuit Eye Movement
The method followed that of Holzman et a)15 modified as de¬

scribed by the authors (W.J.M., D.M.S.C, and D.H.R.B., un¬
published data, 1990). Briefly, the electro-oculogram was re¬
corded in the horizontal plane via silver-silver chloride
electrodes attached 1 cm lateral to the outer canthus of each eye
and a reference earth electrode was attached to the right earlobe.
Impedance was less than 2 kilohms, the electro-oculogram was
amplified X10000, the amplifier band width was 0.016 to 30 Hz,
and the signal was recorded for later analysis on an FM instru¬
mentation tape recorder. The target, a round spot subtending
0.5° of visual arc displayed on a monitor screen moved sinuso-
idally at a frequency of 0.4 Hz subtending an angular amplitude
of 30°. The subjects sat with their heads resting on a chin rest.
The recorded signal was later digitized at a rate of 50 samples per
second to a total of 1024 samples. The reconstructed signal was
displayed on a monitor and 10 seconds of blink-free signal was

Arch Gen Psychiatry—Vol 48, October 1991

selected for fast Fourier transform. Spectral power density in the
range of 0.3 to 0.5 Hz (signal) was compared with power den¬
sity in the range of 0.8 to 8.0 Hz (noise). The natural logarithm
of the signal to noise ratio was used as the measure of smooth
pursuit eye movement, a low ratio indicating increased saccadic
movements and hence greater abnormality. Figure 1 shows rep¬
resentative tracings of "normal" and "abnormal" eye tracking.

RESULTS

Group Characteristics
Families.—Two hundred thirteen family members gave their

consent to this study. Three generations were interviewed in
eight families and two generations were interviewed in 12 fam¬
ilies. However, because of the effects of age on P300 latency,64 TO
analysis of psychophysiological data was confined to the 196
family members who were aged 60 years or younger. Forty-five
of these subjects were schizophrenic (by RDC and DSM-UI cri¬
teria), 107 had no history of mental illness, and 44 had some
other psychiatric diagnoses. These were by RDC, bipolar 1
(n = 6), bipolar II (n = 7), unspecified functional psychosis (n = 3),
schizoaffective disorder (n = l), major depressive disorder
(n = ll), minor depressive disorder (n = 6), generalized anxiety
(n = 3), panic disorder (n = 2), alcoholism (n = 2), alcoholism with
schizotypal features (n = l), and minor depression with schizo¬
typal features (n = 2). Drugs prescribed were tricyclic antide¬
pressants (n = l), neuroleptics (n = 3), and lithium carbonate
(n = 2).
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„ - ■. t - 5 I < s Table 1.—Demographic Data ;

,
. !

Normal
Control Group

Schizophrenic
Control Group

Nonschizophrenic
Family Members

Schizophrenic
Family Members

No. 212 96 151 45

Men-women 122:90 67:29 84:67 15:30

Mean age, y (range) 30.5 (16-59) 31.5 (16-57) 36.9 (16-60)* 34.4 (19-60)

•One-way analysis of variance: F = 9.6. Nonschizophrenic family members were significantly older than the normal and schizophrenic control
groups (PC.01).

Table 2,--Auditory Event-Related Potential Latencies and Amplitudes and Eye Tracking Function in Controls,
Schizophrenic Population, and Schizophrenic and Nonschizophrcnic Family Members*

a

Normal
Control Group

Schizophrenic
Control Group

Schizophrenic
Family Members

Nonschizophrenic
Family Members

One-Way Analysis
of Variance

F Ratio P

Latency rns
Nl 93 ±12.3 (211) 95 ±11.7 (96) 96 ±13.7 (44) 95,4 + 12.9 (150) 1.6 .19

P2 169 ± 19.3 (210) 163 ±15.1 (96) 170 + 23,2 (44) 173.4 + 22.0 (150) 5.2 .002

N2t 212±21.0 (191) 239 ±33.4 (90) 231 +29.1 (43) 228.1 ±29.5 (140) 24.4 <.0001

P300t 301 ±22.6 (212) 338±35.3 (94) 347 ±42.4 (45) 328 + 37.0 (151) 48.6 <.0001

Amplitude, p-V
Nl* 3.4 ± 1.7 (211) 2.7 ±1.8 (96) 2.7 + 1.6 (44) 3.6 + 1.9 (149) 6.8 .0003

P2§ 4.0 ± 1.7 (210) 3.1+1.4 (96) 3.0 + 1.9 (44) 4.0 ± 2.0 (149) 8.0 <.0001

N2* 3.5±2.4 (169) 2.4 ±1.7 (84) 3.7 ±2.5 (41) 3.8 ±2.6 (126) 6.4 .0004

P300T 9.8 ±2.9 (212) 6.4±3.2 (93) 7.1 ±3.2 (45) 9.9 ± 4.0 (151) 28.3 <.0001

Eye tracking, In
signal-noise ratio* 4.95 ±0.92 (135) 4.24 + 1.16 (57) 4.34 ±1.09 (42) 4.56 + 1.14 (147) 8.0 <.0001

•Values are mean ± 5D. Numbers of subjects are in parentheses. Scheffe's test was used to find the significance of differences in group means. N2
and P300 latencies were increased in the schizophrenic control group, schizophrenic family members, and nonschizophrenic family members
compared with the normal control group. N1, P2, and P300 amplitudes were reduced in the schizophrenic control group and schizophrenic family
members compared with the normal control group and nonschizophrenic family members. N2 amplitudes were reduced in the schizophrenic
control group compared with the normal control group, schizophrenic family members, and nonschizophrenic family members. Eye tracking was
poorer in the schizophrenic control group and schizophrenic family members than in the normal control group and nonschizophrenic family
members.

tTwo-tailed Pc.OCH.
♦Two-tailed P<.01.
§Two-tailed PC.05.

Controls.—Two hundred twelve normal controls had event-
related potential recordings and 135 also had eye tracking mea¬
surements. Ninety-six random schizophrenic controls had
event-related potential recordings of whom 57 also had eye
tracking performed. Table 1 gives the main demographic data on
each of these groups. The relatives of the schizophrenic
probands were slightly older than the control groups and also
showed an excess of women. However, in none of the study
groups was there a significant sex difference in latency or ampli¬
tude of any of the event-related potentials or in eye tracking
performance (Student's f test).

The Effect of Age on Event-Related
Potentials and Eye Tracking

There was a small but significant correlation in the control
group between age and P300 latency (Pearson's Product-
Moment Correlation Coefficient, r=.18, P<.01), P300 amplitude
(r = — .31, Pc.0001), and eye tracking performance (r=-.22,
P<.02) within the age range 16 to 60 years. This seems to be
mostly due to changes in later life since there was no significant
age effect with P300 latency, P300 amplitude, or eye tracking
function in the age range 16 to 50 years. This agrees with the view
that P300 latency increases with age mainly after the fifth decade
of life,15-"-70 The correlation between age and P300 latency was
also significant in the schizophrenic control group (r = .29,
P=.004) and in the nonschizophrenic relatives (r- .33,
902 Arch Gen Psychiatry—Vol 48, October 1991

Pc.0001). Age and eye tracking function were not significantly
correlated in relatives (r= -0.13) or in the schizophrenic control
group (r = .04). In the normal control group there was a nonsig¬
nificant correlation between age and N2 latency, N2 amplitude,
P2 amplitude, and Nl amplitude.

Group Event-Related Potential
and Eye Tracking Differences

Table 2 presents event-related potential and eye tracking data
on each of the four main groups: family schizophrenics, family
nonschizophrenics, schizophrenic controls, and normal con¬
trols. It shows that on all the measures examined, the family
schizophrenics were indistinguishable from the random schizo¬
phrenics except for N2 amplitude that was larger in the family
schizophrenics. By contrast, highly significant differences were
found between both schizophrenic groups and the normal con¬
trol population in N2 and P300 latency, Nl, P2, and P300 ampli¬
tude and eye tracking performance.

The Distribution of Event-Related Potential and Eye
Tracking Data in the Nonschizophrenic Relatives Group
In the normal control and schizophrenic groups, all the event-

related potential and eye tracking measures were normally dis¬
tributed using a one sample Kolmogorov-Smirnov goodness of
fit test.7' By contrast, the data in the relatives group were not
normally distributed. These were first examined by using a Phi-P
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Table 3.—Bimodal Distribution of Event-Related Potentials and Eye Tracking in Relatives of Schizophrenic Probands
(E-M Estimate of Mixture Components)

Population 1
(Mean ± SD)

Population 2
(Mean ± SD)

Estimated

Proportion in
Population 1 X' P

P300 latency, ms 3-12 ±24.0 350 + 41.4 0.6 16.4 <.05

P300 amplitude, p.V 11.5 ±5.1 8.4 ±2.2 0.4 23.6 <.01

N2 latency ms 219± 14.4 244 ±37.9 0.6 35.4 <.005

N2 amplitude, gV 6.0 + 3.2 2.7 ±1.3 0.3 41.8 <.001

P2 amplitude, pV 4.7 + 2.7 3.5 + 1.3 0.4 23.2 <.01

Eye tracking, Ln signal-noise ratio 5.2 + 0.6 3.9 ±1.2 0.5 20.8 <.01

vs Q plot73 that showed a bimodal distribution in the case of P300
and N2 latency, P300, N2, and P2 amplitude and eye tracking (Ln
signal-noise ratio); for each of these six measures, the presence
of a mixture of components was clearly indicated by the cyclic
form of the Phi-P plot. What is more, subsequent expectation-
maximization (E-M) estimation of the factors of the two-
component mixture73 showed that the test for two components
was a significant improvement over a single component solu¬
tion. Table 3 gives the mean and SDs of the two component
populations and the estimated proportion of subjects in each
group.

P300 Latency
Figure 2 shows the distribution of P300 latency in normal con¬

trols, schizophrenic controls, and nonschizophrenic relatives.
The hatched area includes values 2 SDs from the control mean

(>346 milliseconds). In the schizophrenic control group, P300
latency data were normally distributed about a mean of 338±35.3
milliseconds (Kolmogorov-Smirnov z = 0.47, P= .98) and 39% of
these subjects had a P300 latency greater than 2 SDs above the
control mean. In the relatives, mean P300 latency was 328 mil¬
liseconds (SD=37.0), but the distribution was bimodal, with one
population having a mean of 312 milliseconds and the second
population having a mean of 350 milliseconds. These two means
corresponded approximately to the means of the control and
schizophrenic populations as shown in Table 2.

Eye Tracking Dysfunction
Figure 3 shows the distribution of eye tracking signal to noise

ratios in the control and schizophrenic populations and among
nonschizophrenic relatives of probands. In the normal control
group, data were normally distributed about a mean of
4.95±0.92 (Kolmogorov-Smirnov z = 1.2, P = .08). Hatchedareas
include cases more than 2 SDs below the control mean (<3.1).
In the schizophrenic control group, eye tracking (signal-noise)
was normally distributed about a mean of 4.2±1.2 (Kolmogorov-
Smirnov z = .65, P=.8) with 12% of cases more than 2 SDs be¬
low the control mean.

In nonschizophrenic relatives, however, there was a bimodal
distribution of Ln signal-noise. A two-component solution was
significantly better than a single-component solution as shown
in Table 3, and the means of the two populations corresponded
approximately to the means of the normal control group and
schizophrenic control group (Table 2).

Discriminate Function Analysis
of Physiological Variables

Since the normal controls and schizophrenic control popula¬
tions differed significantly in P300 and N2 latency, Nl, P2, N2,
and P300 amplitude, and in eye tracking performance (Table 2),
and a bimodal distribution was demonstrated in the nonschizo¬
phrenic relatives group for P300 and N2 latency, P3G0, N2, and
P2 amplitude, and eye tracking, these six variables were entered
into a stepwise discriminant analysis performed on the group of
Arch Cen Psychiatry—Vol 48, October 1991

Table 4.—Stepwise Discriminant Function Analysis
Using ERPs and Eye Tracking in Normal Control Group
(n = 212) and Schizophrenic Control Group (n = 96)*

Step
Variable
Entered

Change in
RAO v P

1 P300 latency 67.4 <.0001

2 P300 amplitude 20.3 <.0001

3 Eye tracking 6.4 .01

4 N1 amplitude 5.0 .03

5 N2 amplitude 4.2 .04

*ERP indicates event-related potential.

212 normal controls and 96 schizophrenic controls. This analysis
identified P300 latency, P300 amplitude, eye tracking, N2 and Nl
amplitudes as significant discriminators of controls from schizo¬
phrenics, as shown in Table 4. The discriminant function derived
from these variables led to the correct classification of 83% of
subjects in these two control groups. Inspection of Table 4 shows
that P300 latency and amplitude were superior to the other mea¬
sures in discriminating controls from schizophrenics. The ex¬
plained variance between groups accounted for by each variable
was as follows: P300 latency (65%), P300 amplitude (20%), eye
tracking (6%), Nl amplitude (5%), and N2 amplitude (3%).

Classification of Relatives Using Physiological Variables
The RDC diagnoses of 151 relatives are shown in Table 5. P300

latency and amplitude and eye tracking were selected as classi¬
fying variables because of their power in discriminating controls
from schizophrenics and their bimodal distribution in non-
schizophrenic relatives. We were especially interested in P300
latency because of its high genetic loading,5,-6° its stability over
time/'1 and its independence of medication and clinical state.32

Table 5 shows the number of relatives in each diagnostic group
who have increased P300 latency, reduced P300 amplitude, or
impaired eye tracking using 2 SDs from the control mean value
to define "abnormality." Table 5 also lists the diagnosis of sub¬
jects allocated to two populations based on the discriminant
function coefficient using the event-related potential and eye
tracking variables listed in Table 4. Compared with controls, the
107 relatives who had never been psychiatrically ill showed a
significant increase in eye tracking abnormality (15 of 107
subjects; x2 = 16.5; df= 1; P<.001) and P300 latency abnormality
(19 of 107 subjects; x2 = 22.0; df= 1; Pc.001). More stringent cri¬
teria may be applied to the physiological data. For example, us¬
ing as a cutoff 3 SDs from the control mean for the P300 latency
(>369 milliseconds) and eye tracking (<2.2), considerably less
than 1% of the general population would be expected by chance
to be abnormal. However, even with these strict criteria, a total
of 21 family members (13%) had abnormal P300 latency and six
(4%) had abnormal eye tracking. One of these 27 relatives had
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Fig 2,- The distribution of P300 latency in the normal control group,
the schizophrenic control group, and in nonschizophrenic relatives
of probands. The hatched areas include values more than 2 SDs
above the control mean. The distributions are normal in the control
and schizophrenic groups and bimodal in families.

both P300 and eye tracking abnormalities. The diagnoses of the
21 relatives with P300 latency more than 3 SDs from the control
mean were as follows: no psychiatric diagnosis (n = 9), bipolar I
and II (n = 4), major depressive disorder (n=3), minor depres¬
sion (n = 2), and unspecified functional psychosis (n = 3). The
diagnoses of the six family members who had eye tracking
signal-noise ratio less than 2,2 were as follows: normal (n = 4),
alcoholic (n = 1), and minor depression with schizotypal features
(n = l).

Classifying the nonschizophrenic relatives group by a dis¬
criminant function coefficient derived from the event-related

904 Arch Gen Psychiatry—Vol 48, October 1991

Fig 3. — The distribution of eye tracking measurements (Ln signal to
noise ratio) in the normal control group (n = 135), the schizophrenic
control group (n=57), and in families (n = 147). Hatched areas are
2 SDs below the control mean. The normal controls and schizo¬
phrenic control data are normally distributed and the family data are
bimodally distributed.

potential and eye tracking data as shown in Table 4 assigned a
total of 56 (37%) as abnormal. This included 30 subjects with no
history of abnormal illness.

The relation between P300 and eye tracking abnormalities in
relatives was examined to test whether poor eye tracking and
abnormal P300 occurred independently in relatives. Using 2 SDs
from control mean as a cutoff, 45 relatives had an abnormality
of either P300 latency or P3G0 amplitude (three subjects had both
latency and amplitude abnormalities) and of these, seven
subjects had abnormal eye tracking. There were 14 relatives with
abnormal eye tracking and normal P300; xs Calculated from a
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Table 5.-Diagnoses (Research Diagnostic Criteria) in 151 Relatives
Normal

P300 Latency,
P300 Amplitude,

and Eye
Tracking

Abnormal
P300

Latency
(>346 ms)

Abnormal
P300

Amplitude
«4.0 p.V)

Abnormal

Eye
Tracking
«3.1)

Discriminant
Function Analysis

Diagnosis Total
Normal
Group

Abnormal
Group

No psychiatric illness 107 70 19 2 15 77 30

Unspecified functional psychosis 3 3 1 3

Bipolar 1 and bipolar II 13 5 8 1 5 8

Schizoaffective depressed 1 1 1

Major depression 11 4 6 2 1 4 7

Minor depression 6 3 2 1 1 4 2

Generalized anxiety 3 3 3

Panic attacks 2 1 1 1 1

Alcoholic 2 1 1 1 1 1

Alcoholic (with schizotypal
features) 1 1 1

Minor depression (with
schizotypal features) 2 1 2 2

fourfold table at 1 df was 0.15 (P>.1), which confirms that P300
abnormality is independent of eye tracking abnormality.

Association of P300 Latency Increase With
Illness in Nonschizophrenic Relatives

Of the 41 family members showing P300 latency greater than
2 SDs above the control mean, 18 (44%) had major psychiatric
illness (bipolar illness, major depression, schizoaffective, un¬
specified functional psychosis), but 19 subjects (46%) had no
history of any psychiatric illness. The finding of P300 abnormal¬
ity in the affective psychoses as well as in schizophrenia is illus¬
trated by the family shown in Fig 4. Herein the affected parent
had a bipolar illness, five offspring were schizophrenic, one had
a severebipolar illness, and one had experienced a brief paranoid
psychosis (unspecified functional psychosis). One parent and
five offspring had no history of psychiatric illness. P300 was re¬
corded in 12 members of this family and P300 latency was longer
in all seven family members with psychosis compared with the
five affected members. This also demonstrates the additional
power of within-family comparisons for assessing P300 changes
because not all the psychotic members in this family would be
classified abnormal using the 2 SDs criteria employed in Table 5.
Figure 5 illustrates the auditory event-related potentials re¬
corded from four members of the family shown in Fig 4.

Association of Eye Tracking Dysfunction
With Illness in Families

It is also clear from Table 5 that eye tracking dysfunction in
families is not restricted to schizophrenia but is also found in
subjects with nonschizophrenic psychoses, nonpsychotic ill¬
nesses, and a significant proportion of those with no history of
any psychiatric illness. Of 107 family members who had never
been psychiatrically ill, 15 (14%) had eye tracking dysfunction.

Heterogeneity in Families
Of 20 families studied, there were three families (22 subjects,

including she with schizophrenia) in which no member had ab¬
normal I'300 latency or eye tracking. It is possible that these
families may represent a subgroup of schizophrenic pedigrees.
To test this hypothesis, family members were classified normal
or abnormal by the E-M estimate of mixture components (Table
3). The resulting data were analyzed using a logistic-linear model
for the number of family members in each family corresponding
to the normal group with the denominator being the total num¬
ber of members of each family. The results indicated heteroge-
Arch Gen Psychiatry—Vol 48, October 1991
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Fig 4,—A family illustrating the association of prolonged P300
latency with both schizophrenia and bipolar illness. SCZ indicates
schizophrenia; UFP, unspecified functional psychosis; and BPI and
BPII, bipolar disorder.

neity between the families (xJ=47; df~ 18; P<.001). Fitting a
separate parameter for three of the families selected based on

showing no P300 latency and eye tracking abnormalities in any
member gave a xJ of 26.9 on 17 df (P>.05), indicating that the
original heterogeneity was accounted for by the three families
who had entirely normal physiological findings.

COMMENT
Several findings emerge from this study. (1) We show

that P300 abnormalities and smooth pursuit eye tracking
dysfunction are significantly increased in patients with
schizophrenia. The method used in this study to measure
eye movements probably gives an underestimate of dys¬
function in the schizophrenic population. (2) Abnormal¬
ities are associated with schizophrenia, but they are also
present in nonschizophrenic family members. (3) Of the
nine physiological measures studied, delayed P300 la¬
tency, reduced P300 amplitude, and eye tracking dys¬
function are the best discriminators of schizophrenics
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Latency, ms

Fig 5,—Auditory event-related potentials, including P300 from mem
frequent tones; dashed line, the response to rare tones.

from controls. (4) Schizophrenic families may be psycho-
physiologically heterogeneous with a minority of families
showing no psychophysiological abnormalities.

Changes in long latency event-related potentials in
schizophrenics and their relatives were not limited to the
P300 response but were also significant for the latency and
amplitude of N2 and the amplitudes of N1 and P2. Fur¬
thermore, the N2 latency and amplitude and the P2 am¬
plitude were bimodally distributed in relatives. Changes
in these separate waveforms indicate a disorder of several
aspects of information processing. In some situations,
there is a close correspondence between the amplitude of
N1 and P300. In tasks that involve the discrimination of
tones of differing frequencies, the N1 response appears to
reflect the detection and P300 appears to reflect the recog¬
nition of the auditory signal.75 However, unlike P300, the
N1 response is insensitive to the subject's cognitive re¬
sponse to the signal. The N2 and P300 respon ses, although
occurring together as part of an endogenous complex, are
generally considered to be distinct components reflecting
different stages of processing of a signal.76-77

In an extensive review of the data examining the ana¬
tomical and physiological substrates of the "exogenous"
N1-P2 and the "endogenous" N2-P300 auditory event-
related potentials, Wood et aF conclude that the N1-P2
906 Arch Gen Psychiatry—Vol 48, October 1991

of the family shown in Fig 4. Solid line indicates the response to

complex is probably derived from several anatomical
sources with a major contribution from the superior tem¬
poral cortex. Temporal lobe structures, including the hip¬
pocampus and amygdala, generate endogenous poten¬
tials that share some of the characteristics of the scalp-
recorded N2-P300 complex; in a recent magnetic
resonance imaging study, P300 latency increase in schizo¬
phrenia was associated with changes in the area of the
amygdala and cingulate cortex, and eye tracking dysfunc¬
tion was found in patients with enlargement of the lateral
ventricles.79 However, the presence of a normal P300 re¬
sponse in patients following temporal lobectomy60 indi¬
cates that the generation of the P300 may involve several
brain regions, and abnormalities of this waveform are not
reliable indicators of temporal lobe dysfunction.

Psychophysiological abnormalities of schizophrenia
appear to be present at the onset of symptoms. In one
study there was no significant difference in P300 latency
between first onset and chronic schizophrenia.81 There is
a small but significant correlation between age and both
P300 latency and eye tracking dysfunction in the control
population but not in the schizophrenic population or in
families. This suggests that the physiological changes re¬
main relatively stable in schizophrenia during the course
of the disease.
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Selection of Families

Most of these families were ascertained because of a

high penetrance of mental illness and hence suitability for
linkage studies. However, among these 20 families were
three with only a single index case of schizophrenia and
no known family history of the illness. Even in these
families, some unaffected relatives showed either P300 or

eye tracking abnormality.
Assortative mating from the viewpoint of physiological

abnormality should also be considered. In two families,
although clinical illness was apparent in only one side of
the family, either eye tracking or P300 was significantly
abnormal in both parents of an index case. Neither the
distribution of physiological abnormalities nor the fre¬
quency or severity of symptoms marked out these fami¬
lies as being different from the rest.

Clinical Associations of Physiological Abnormality
In these families, it is striking that both P300 and eye

tracking dysfunctions are found not only in subjects with
strictly defined schizophrenia and "schizophrenia spec¬
trum" disorder (schizotypal features and bizarre behav¬
ior) but also in subjects with unipolar and bipolar illness,
common minor psychiatric disorders such as alcoholism
and minor depression, and a proportion of relatives with
no history of any psychiatric complaint. Our finding of
schizophrenia and bipolar illness in families requires
comment. In this study, of 72 people with major psychi¬
atric illness, 45 (63%) were schizophrenic and the remain¬
ing 27 (37%) were diagnosed as having bipolar illness,
unspecified functional psychosis, schizoaffective disor¬
der, or major depressive disorder.

Because of different selection criteria, we cannot directly
compare our data with other family surveys of psychiatric
disorders found among relatives ofschizophrenic probands.
Two studies82'8-1 have shown no increase in the rate of uni¬
polar illness in schizophrenic families comparedwith control
families. Kendleret al82 identified 38 (5.3%) cases of unipolar
depression in 723 relatives of schizophrenics and 56 (5.3%)
cases among 1056 relatives of surgical controls. Baron et al83
reported 17 (4.5%) of 376 cases of major depression in rela¬
tives of schizophrenic probands. These rates of unipolar ill¬
ness are similar to those in our study where there were 11
(7.5%) cases of major depressive disorder in 147 relatives. In
contrast, the number of cases of bipolar illness we find is
much greater than shown in these other studies. A possible
explanation for this difference is that our selection criteria,
which included large sibships, would bias the group in favor
of families in which the phenotype includes bipolar symp¬
toms. This would be more likely to occur in a parentofschizo-
phrenic probands (as in the family shown in Fig 4).

These results are in keeping with our population data
on other psychiatric groups that show P300 latency is not
increased among unipolar depressed subjects,32 whereas
in bipolar illness the rate of abnormality is indistinguish¬
able from schizophrenia (W.J.M., D.M.S.C., and
D.H.R.B., unpublished data, 1990). This study shows that
in some families, the spectrum of schizophrenia crosses
current diagnostic boundaries and the presence of P300
and eye tracking dysfunction may permit a distinction to
be made among those common disorders such as alco¬
holism, major and minor depression, and personality
disorders that are part of the schizophrenic spectrum and
those that are chance phenocopies.
Arch Gen Psychiatry—Vol 48, October 1991

P300 latency increase is clearly not specific to the func¬
tional psychoses. It is observed in the aged, in those with
Alzheimer's dementia,31'88'85 and in those with the mental
handicap of Down's syndrome70-86 and fragile X syn¬
drome.87 An amplitude reduction of P300 following visual
stimuli has also been recorded in alcoholics and sons of
alcoholic fathers.88 However, in the absence of obvious
brain pathology and in the age range younger than 60
years, it is reasonable to suppose that within tire pedi¬
grees examined, the occurrence of P300 and eye tracking
abnormalities reflects a brain disorder that in only some
individuals gives rise to schizophrenic symptoms. Our
data support the view of Matthysse et al18 that an under¬
lying latent trait accounts for both the eye tracking
disturbance and clinical features of schizophrenia. We
would extend this by proposing that changes in endoge¬
nous event-related potentials are a further manifestation
of the underlying trait. As genetic trait markers for
schizophrenia, auditory event-related potentials and eye
tracking may be critical for correct case identification in
linkage studies and further investigations into the basis of
these physiological changes may be informative about the
pathologic and anatomic characteristics of schizophrenia.
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Magnetic Resonance Imaging in Schizophrenia:
Altered Brain Morphology Associated
with P300 Abnormalities and

Eye Tracking Dysfunction
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This study was designed to investigate whether auditory P300 event-related potential and
smooth pursuit eye-movement abnormalities in schizophrenia are associated with brain
structural changes measured using magnetic resonance imaging (MRI). Serial coronal
MRI scans obtained from 31 schizophrenic subjects and 33 volunteer controls were

analysed by a rater who had no knowledge of the subjects' diagnoses. The brain areas
} measured bilaterally were the temporal lobe, hippocampus, amygdala, parahippocampal

gyrus, head of caudate, cingulate cortex, frontal cortex, and the lateral ventricles. The
area of the third ventricle, the thickness of the corpus callosum, and the intracranial
area were also measured. Auditory P300 and eye tracking performance were recorded
on all subjects. There was a significant increase in the latency and a reduction in amplitude
ofthe P300 in the schizophrenic group. Only in the schizophrenic group was P300 latency
correlated negatively with the area of the right and left cingulate cortex and positively
with the difference in size between the right and left amygdala. In the subgroup of
schizophrenic subjects whose P300 latency was greater than 2 standard deviations above
the control mean, the area of the left cingulate cortex was significantly smaller than in
controls, and the absolute right-left difference in the area ofthe amygdala was significantly
increased. Eye tracking dysfunction in schizophrenia was not related to changes in the
amygdala or cingulate cortex but was significantly correlated with enlargement of the
lateral ventricles. Schizophrenic subjects with poor eye tracking had significantly larger
lateral ventricles than controls. Eye tracking dysfunction, but notP300 abnormality, was
correlated with the severity ofboth positive and negative symptom ofschizophrenia. These
findings demonstrate that psychophysiological abnormalities are associated with altered
brain structure in schizophrenia.
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Introduction

Changes in the amplitude and latency of event-related potentials following auditory,
visual, and somatosensory stimuli are among the most consistently reported abnormalities
in schizophrenia (Shagass et al 1977, 1978). In particular, abnormalities occur in the
response of schizophrenics to tasks requiring selective attention and the evaluation of
signals. One such response is the P300 wave form generated during a two-tone discrim¬
ination task in which the subject is asked to respond to an infrequent stimulus, a high-
pitched tone, randomly intermingled with a series of low-pitched tones. Several studies
have shown th?tschizophrenics have a reduced P300 amplitude following auditory stimuli
(Roth and Cannon 1972; Levit et al 1973; Verleger and Cohen 1978; Roth Horvath et al
1980; Roth Pfefferbaum et al 1980; Roth et al 1981; Baribeau-Braun et al 1983; Morstyn
et al 1983; Pfefferbaum et al 1984; Barrett et al 1986; Blackwood et al 1987; Romani et
al 1987: Faux et al 1988; Pfefferbaum et a! 1989; EbmeW et n! 1989). P300 latency has
also been found to be prolonged in a high proportion of schizophrenic patients (Pfeffer-
b mm et al 1984; Blackwood et al 1987; Romani et al 1987; Ebmeier et al 1989).

A disorder of eye movement measured as increased saccadic intrusions and saccadic
tracking while the subject focuses on a moving visual target has also been established as
a potential vulnerability trait for schizophrenia (Holzman et al 1974). Eye tracking ab¬
normalities are stable with respect to neuroleptic medication and clinical state (Iacono et
al 1981; Levy et al 1983) and the disorder is found with increased frequency among
parents and siblings of schizophrenic subjects (Holzman et al 1974, 1984) leading to the
proposal that eye movement disorder is one expression of a "schizophrenia" gene trans¬
mitted in some families in an autosomal dominant fashion (Matthysse et al 1986, Holzman
et al 1988).

Although these psychophysiological abnormalities in schizophrenia have been well
replicated, there have been few studies that aim to relate the physiological findings to
underlying anatomical changes. Bartfai et al (1985) reported on association between poor
eye tracking and lateral ventricular enlargement. Romani et al (1987) performed computed
tomography (CT) scans and recorded auditory P300 on 20 schizophrenic subjects. Al¬
though the ventricular size was enlarged and P300 showed prolonged latency and reduced
amplitude in the schizophrenic subjects there was no consistent association between the
P300 abnormalities and ventricular enl -gement. A bilateral decrease in P300 amplitude
maximal over the left temporal area in schizophrenia has been reported (Morstyn et al
1983; Faux et al 1988). McCarley et al (1989) compared these evoked-potentiai abnor¬
malities with changes found on computed tomography scans in nine schizophrenic and
nine control subjects and found the P300 amplitude reduction over the left temporal region
was significantly correlated with left sylvian-fissure enlargement and with positive symp¬
toms of schizophrenia. Recently, however, Pfefferbaum et al (1989) have found no

topographic differences in P300 amplitude between control and schizophrenic subjects.
In the present study we aimed to test the hypothesis that changes in auditory P300

and smooth pursuit eye tracking in schizophrenia are associated with ventricular enlarge¬
ment or abnormalities in temporal lobe structures measured by Magnetic Resonance
Imaging (MRI). There is some evidence to suggest that temporal lobe structures may be
implicated in the generation or at least the modulation of the P300 wave form, and
likewise temporal lobe pathology has been implicated in schizophrenia (Stevens 1973).
There is a well-established association between structural lesions involving the temporal
lobe (especially on the left) and schizophrenia-like illness (Davison and Bagley 1969).
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Postmortem studies have found a reduction in volume of the amygdala, hippocampal
formation, and pallidum internum in the left hemisphere of schizophrenic subjects (Bogerts
et al 1985) and cytoarchitectural abnormalities in the entorhinal cortex, particularly the
parahippocampal gyrus (Jakob and Beckmann 1986). Brown et al (1986), found ven¬
tricular enlargement in the temporal homs and a thinning of the cortex of the jarahip-
pocampal gyrus. A reduced number of hippocampal pyramidal cells ar.d neurones in the
entorhinal region of schizophrenic brains has been reported (Falkai and Bogerts 1986;
Falkai et al 1988). Other studies have shown disarray of hippocampal pyramidal-cell
orientation (Scheibel and Kovelman 1981; Kovelman and Scheibel 1984) but these findings
are controversial, and have not been fully replicated (Altshuler et al 1987; Christison et
al 1989). Jeste and Lohr (1989) have reported significantly lower pyramidal-cell density
in schizophrenic patients than in normal controls and suggested that hippocampal pa¬
thology in schizophrenia may be quite localized. A reduced density of neurons in the
cingulate cortex of postmortem schizophrenic brains was reported by Benes et al (1986)
and Benes and Bird (1987) and Benes et ai (1987) reported increased numbers of vertical
axons, believed to be associated afferents, in the cingulate area.

The brain structures responsible for generating the scalp-recorded P300 response during
an odd-ball listening task, remain unknown. Lovrich et al (1988) reported that topo¬
graphic analysis was consistent with cortical generators of P300 in the supratemporal
and superior temporal gyrus during semantic processing tasks. There is evidence from
patients undergoing investigation of temporal lobe seizures that during a two-tone dis¬
crimination task, endogenous potentials are generated within medial temporal lobe
structures and pathology in the region of the amygdala and hippocampus is accom¬
panied by changes in these potentials (Halgren et al 1980; Squires et al 1983; Meador
et al 1987; Smith et al 1986; Stapleton and Halgren, 1987). However, the result of
other studies suggest that medial temporal structures are probably not the generators of
the scalp-recorded P300. Stapleton et al (1987) examined the topography of endoge¬
nous potentials including the P30C in 11 subjects who had undergone temporal lobec¬
tomy for intractable seizures and found no differences between postoperative patients
and unoperated control subjects. This would support the view that while medial tem¬
poral-lobe pathology may modify the P300 response in some patients, the scalp-re¬
corded P300 is not a reliable indicator of the integrity of medial temporal structures.
Smith et al (1990) concluded from a study of 10 epileptic patients undergoing stereo-
electroencephalography that a major generator of activity responsible for the scalp-
recorded P300 is the inferior parietal cortex, while other regions including frontal cor¬
tex and hippocampus also contribute but to a lesser extent.

This project was designed to compare clinical, neurophysiological, and MRI data in
schizophrenic and control subjects. The clinical and MRI findings are reported by Young
et al (1991) and the relation between the neurophysiological and neuropsychological
impairments in schizophrenia will be described by Roxborough et al (in preparation).

Methods

Subjects
Thirty-one patients consented to take part in the study. All satisfied Research Diagnostic
Criteria (RDC) (Spitzeret al 1978) for schizophrenia based on individual interview, (using
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the Schedule for Affective Disorders and Schizophrenia), review of the case notes, and
discussion with the clinician in charge of the case. All patients were receiving therapeutic
doses of antipsychotic medication, and all were unequivocally right-handed as measured
by a Handedness Scale (Annett 1970). None of the participants had a history of head
injury, substance dependence, or a known neurological condition. Patients were rated for
clinical symptoms using the Brief Psychiatric Rating Scale, BPRS (Overall and Gorham
1962), and the Hamilton Rating Scale for Depression (Hamilton 1960). The Withdrawal
Retardation subscores of the BPRS (Emotional Withdrawal, Motor Retardation, and
Blunted Affect) were taken to indicate negative symptoms and the Thinking Disturbance
subscores on the BPRS (Conceptual Disorganization, Hallucinatory Behavior, Unusual
Thought Content) were used to rate positive symptoms. Premorbid intelligence was
estimated using the National Adult Reading Test (NART) (Nelson 1982) a*>d the score
on this test was converted to an equivalent intelligence quotient (IQ) in the range 87-
128. A control group of 33 healthy volunteers who were matched for age and sex with
the patient group was recruited from hospital staff and students and members of the local
community. All controls were unequivocally right-handed and none had a personal or
family history of psychiatric iiiness, or a history of head injury, substance dependence,
or a known neurological condition.

MRI Scans

MRI scans were performed using a 0.08 Tesla resistive magnetic resonance imaging
system. In a preliminary study a pulse sequence was chosen that produced the clearest
images of medial temporal lobe structures. Matrix size was 256, slice thickness was 8
mm and six averages were performed. In the same preliminary study, the settings that
gave the clearest images of the ventricular system were identified. For the low-resolution
scan the matrix size was 128, slice thickness was 12 mm and one average was done. Ten
coronal slices beginning at the anterior pole of the temporal lobe were obtained first at
the low-resolution settings than the high-resolution settings. The MRI images were fed
to a Quantimet 800 Image Analysis System and areas for measurement were outlined on
the monitor screen by a rater (MM) who had no knowledge of the diagnostic status of
subjects. To ensure consistency five repeated measurements of each area were made and
the mean taken. The coefficient of variation for measurements of the lateral ventricles
from the low-resolution scan was 6.9%. The coefficient of variation for measurements
on the high-resolution scan was less than 8% except for the right amygdala, which was
10.8 and the left amygdala, which was 10.2%. The measurements were given in mm
and sq mm of the actual photographic image, and approximate to one-quarter and one-
sixteenth real size, respectively. The brain areas studied shown on Figure 1 were identified
using an atlas of the central nervous system (Nienwerhuys et al 1979). The intracranial
area (ICA) was measured on the low-resolution scan at the level of C (Figure 1) and was
the area delineated by the inner table of the skull and a straight line extrapolated across
the lower margin, occupied by the brain stem. All measurements were converted into a
ratio relative to ICA for that subject. The ventricular brain ratio (VBR) was taken from
the low-resolution scan section in which the lateral ventricles had the greatest area, the
right and left sides were added together to give a total area, which was then expressed
as a ratio of the ICA to give the VBR. All other measurements were carried out on the
high-resolution scan.
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Figure 1. Illustrations of coronal sections: (a) Anterior to optic chiasm, (b) Level of third ventricle and
amygdala, (c) Level of cerebral peduncles and anterior hippocampus, (d) Level of fourth ventricle. Measured
areas are stippled. AMY = amygdala; CCx = cingulate cortex; CNC = head of caudate nucleus; FCx =
frontal cortex; HIP = hippocampus; LV = lateral ventricle; PHG = parahippocampal gyrus; TL = temporal
lobe; 3V = third ventricle, 4V = fourth ventricle.

Auditory Event-Related Potential
The method has been previously described (Blackwood et al 1987). In this study signal
generation and data acquisition were performed ^sing software developed by the De¬
partment of Medical Physics, University of Edinburgh, on a BBC microcomputer.

Subjects reclined in a chair in a sound-proof room and performed a two-tone auditory
discrimination task. A silver/silver chloride disc electrode was secured at the vertex (cz)
position and an indifferent ear-clip electrode was attached to the ieft ear lobe. The earth
electrode was attached to the right ear. Eye movements were recorded from electrodes
placed at the outer canthus and supra orbitally to the right eye. Electrode impedances
were less than two kilohms in all cases. Tone pips were delivered binaurally through
headphones. Subjects were asked to count silently "infrequent" tones of 1500 Hz randomly
presented in a series of 1000-Hz tones that were not counted. The ratio of high to low
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pitch tones was 1:9. The stimulus rate was 1.1 per sec, intensity was 75 dB binaurally.
Tone duration was 20 msecs with a rise/fall time of 9.9 msec. The EEG was amplified
10,000 times with a band pass of 1 to 30 Hz (-3 dB attenuation points of 12 dB/octave
roll off). The responses to frequent and rare tones were averaged separately with a
sampling rate of 1000 Hz. Trials were excluded when the voltage exceeded 45 microvolts.
The recording of eye movements confirmed that there were no time-locked artifacts
contributing to the scalp-recorded potentials. Five hundred trials were averaged with a
sweep time of 750 msecs including a 75 msec prestimulus baseline. Two separate re¬
cordings were carried out at each testing and the baseline was estimated from the average
response to frequent tones over the 75 msecs before stimulus. The P300 response following
the infrequent tones was a positive wave between 260 and 500 msecs. The amplitude of
P300 was measured from baseline to peak on the pen-recorded trace. Other components
of the wave form were: N1 (negativity 70-120 msec) P2 (Positivity 140-230 msec) both
in the averaged response to "frequent" tones. N2 immediately preceded P300 in the
response to the infrequent tones.

Figure 2 shows representative tracings of auditory event-related potentials recorded
from a control subject and from a schizophrenic subject whose trace showed a delay in
P300 latency.

Smooth Pursuit Eye Movement
The method followed that of Holzman et al (1974). The electrooculogram (EOG) was
recorded in the horizontal plane via silver/silver chloride electrodes attached 1 cm lateral
to the outer canthus of each eye and a reference earth electrode attached to the right
earlobe. Impedance was less than 2 kilohms, the EOG was amplified x 10,000, the
amplifier band width was 0.016 to 30 Hz and the signal was recorded for later analysis
on an FM instrumentation taperecorder. The target, a round spot subtending 0.5° of visual
arc displayed on a monitor screen, moved sinusoidally at a frequency of0.4 Hz subtending
a maximum angular amplitude of 30°. The recorded signal was later digitized at a rate
of 50 samples a second to a total of 1024 samples. The reconstructed signal was displayed
on a monitor and 10 sec of blink-free signal selected for fourier transform. Spectral power
density in the range 0.3 to 0.5 Hz (Signal) was compared to power density in the range
0.8 to 8.0 Hz (Noise). The natural logarithm of the signal-to-noise ratio was used as the
measure of smooth pursuit eye movement, a low ratio indicating increased saccadic
movements and hence greater abnormality.

Results

Subjects
The 33 control subjects (25 men and 8 women) had a mean age of 28.3 years (range 21—
52 years) and mean IQ (calculated from NART score) of 121 (range 110-127). The 31
schizophrenic subjects (24 men and 7 women) had a mean age of 29.3 years (range 20—
50) and mean IQ of 110 (range 91—125). The mean IQ was significantly higher in controls
than in schizophrenics (Student's two-tailed t test: t = 5.0, df = 62, p < 0.001).
However, there was no significant correlation (at the 5% level using Pearson's correlation)
between brain regions and NART score in schizophrenics or controls.
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Normal Control

Figure 2. Representative re¬
cording of auditory event-re¬
lated potentials recorded during
a two-tone discrimination task.
The dotted line is the averaged
response to frequent low pitched
tones and the continuous line
which includes the P300, is the
averaged response to the infre¬
quent "attended" high-pitch
tones. In schizophrenia the P300
response has reduced amplitude
and delayed latency.
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Event-Related Potentials and Eye Tracking
Table 1 shows that the schizophrenic group differed from controls in the latency of N2
and P300, and in the amplitude of P2 and P300 event-related potentials. This group of
schizophrenics, however, did not differ from controls in eye tracking performance, al¬
though in a larger group of schizophrenic subjects a significant impairment of eye tracking
was measured (Blackwood et al in press). The event-related potential results in this smaller
group of patients and controls are similar to our larger study in which P300 latency was
301 ± 22.6 msec and P300 amplitude was 9.8 ± 2.9 microvolts in 212 controls. In 94
schizophrenics P300 latency was 338 ± 35.3 mSec and amplitude 6.4 ± 3.2 microvolts.
Eye tracking (signal/noise ratio) was 4.95 ± 0.92 in 135 controls and 4.24 ± 1.16 in
57 schizophrenics. In the present study the 31 schizophrenic patients were divided into
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Table 1. Differences in the Schizophrenic Group in the Latency of N2 and P300, and the
Amplitude of P2 and P300 Event-related Potentials from that of the Control Group

In signal/noise

Latency (msec)
mean ± SD (n)

Control Schizophrenia

N1 99 ± 19.1 (29) 96 ±12.5 (30)
P2 175 ± 23.5 (29) 164 ± 18.0 (31)
N2 217 + 27.7 (27) 238 ±29.9(31)
P300 300 ± 24.5 (29) 343 ± 40.0 (31)

Amplitude (micro v)
mean ± SD (n)

N1 4.2 ± 4.6 (29) 2.6 ± 1.8 (30)
P2 4.3 ± 2.1 (29) 2.9 ± 1.5 (31)
N2 3.8 ± 3.3 (24) 3.1 ± 3.5 (31)
P300 10.5 ± 3.3 (29) 8.0 ± 5.6 (31)
Eye tracking 4.93 ± 1.12 (28) 4.45 ± 1.16(31)

Two-Tailed r-tests

N2 latency t — 2.8 df = 56 p = 0.007
P300 latency * = 5.1 df = 58 p < 0.0001
P2 amplitude r = 3.0 df = 58 p — 0.004
P300 amplitude t = 2.1 df = 58 p = 0.04

groups with normal and abnormal P300 latency using 2 standard deviations as a cut off
from the mean for the 212 controls. A P300 latency of greater than 346 msec and an
amplitude of less than 4 microvolts were considered "abnormal." Similarly for eye track¬
ing, a signal-to-noise ratio of less than 3.1 was considered abnormal, this being 2 standard
deviations from the mean of 135 controls.

MRI Results

Brain areas expressed as a ratio of intracranial area are shown in Table 2. As reported
elsewhere (Young et al 1991) between-group comparisons of all brain areas using Student's
two-tailed (-test revealed no significant differences between controls and schizophrenics.
Analysis of covariance with age and NART as covariates was carried out and these
variables had no significant effect on the areas measured.

Paired (-tests were used to compare the right and left measurements of the amygdala,
hippocampus, parahippocampal gyrus, caudate, cingulate, temporal lobe, and the lateral
ventricles. The comparison of the right and left measurements of the area of the temporal
lobe and amygdala revealed significant differences between the control and schizophrenic
groups (paired (-test). The temporal lobe area was significantly smaller on the left than
the right in both the control group (( = 5.7, df = 29,p — 0.0001) and the schizophrenic
group (( = 3.2, df = 30, p < 0.003) and the size of the right-left difference in the
temporal lobes did not differ significantly between the control and schizophrenic groups

= 0-75, df = 59, p = 0.5). In controls the left amygdala was significantly smaller
than the right amygdala (( = 3.0, df = 19, p = 0.008), whereas in the schizophrenic
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Table 2. Brain Areas (Expressed as a Ratio of Intracranial Area) X 100

Area Control mean ± SD Schizophrenia mean ± SD
Third ventricle 0.36 ± 0.14 (n = 33) 0.40 ± 0.12 (n = 30)
Ventricular brain ratio 291 ± 170 (n = 33) 315 ± 141 (n = 31)
Amygdala

Right 0.40 ± 0.14 (n = 22) 0.39 ± 0.15 (n = 22)
Left 0.38 ± 0.13 (n = 20) 0.40 ± 0.15 (n = 22)

Parahippocampal gyms
Right 0.30 ± 0.09 (n = 23) 0.30 ± 0.10 (n = 24)
Left 0.30 ± 0.07 (n = 23) 0.29 ± 0.10 (n = 25)

Hippocampus
Right 0.56 ± 0.17 (n = 31) 0.62 ± 0.18 <n = 31)
Left 0.54 ± 0.17 (n = 32) 0.59 ± 0.16 (n = 30)

Caudate

Right 1.08 ± 0.22 (n = 33) 1.15 ± 0.29 (n = 31)
Left 1.06 ± 0.23 (n = 33) 1.11 ± 0.28 (n = 31)

Temporal lobe
Right 11.50 ± 1.60 (n = 30) 10.90 ± 1.30 (n = 31)
Left 10.70 ± 1.40 (n = 30) 10.30 ± 1.40 (n = 31)

Cingulate cortex
Right 1.02 ± 0.24 (n = 25) 0.95 ± 0.21 (n = 26)
Left 1.06 ± 0.27 (n = 25) 0.96 ± 0.20 (n = 26)

Frontal cortex

Right 0.75 ± 0.18 (n = 25) 0.78 ± 0.19 (n = 26)
Left 0.74 ± 0.19 (n = 25) 0.82 ± 0.21 (n = 24)

Corpus callosum (mm)" 14.8 ± 2.0 (n = 33) 14.4 ± 3.0 (n = 31)
Atrophy4 123 ± 11 (n = 33) 124 ±8 (n = 31)

"Thickness of corpus callosum mean ± SD.
'Calculated from the difference between the ICA and cerebral size measured on the same slice.

group there was no significant difference between right and left amygdala. However,
when the difference in area of the right and left amygdala was expressed in absolute
terms regardless of sign this absolute right-left difference of amygdala area was signif¬
icantly greater in the schizophrenic than the control group (r= 2.03, df = 39, p =
0.05).

The main difference between the groups was therefore found in the amygdala. In the
20 controls with right and left amygdala measurements, there was a consistent asymmetry
with the right being larger than the left in all but 3 subjects. In the 21 schizophrenic
subjects with bilateral amygdala measurements, the right and left sides were smaller in
about equal proportions, the left being smaller than the right in 10, the right smaller than
the left in 9, and the difference was 0 in the remaining two cases.

Relation Between P300 and MRI Measures

Pearson's correlation coefficient was calculated for the correlation of P300 latency with
the sizes of the structures. P300 latency correlated positively with ventricular brain ratio
both in the control group (r = 0.42, p = 0.02, n = 29) and in the schizophrenic group
(r = 0.37, p = 0.04, n = 31). Figure 3 illustrates that in the schizophrenic group but
not in controls P300 latency was significandy negatively correlated with the area of
cingulate cortex on the right (r = —0.41, p < 0.04, n = 26) and on the left (r =
-0.40, p < 0.04, n = 26). In controls the correlation of P300 latency with cingulate



BIOL PSYCHIATRY
1991;30:753-769

D.H.R. Blackwood et al

SCHIZOPHRENIA

RIGHT
CINGUIATE

2

15

1

05-

CONTROL

1 21 1 I1 1 1
■ ' ?\,

■ '

-i 1 r-

250 275 300 325 350 37S 400 425 450 250 275 300 325 350 375 400 425 450

LEFT
CINGUIATE

i I r-

11 1
11 IV

. 1 1*11 * 1 2

-i 1 r-

250 275 300 325 35 0 375 ^ 415 450 250 275 300 325 350 375 400 425 450

13 5n

in i "
». » 1 '

250 275 300 325 350 375 WO (25 (50 250 275 300 325 350 375 (00 (25 (50

Figure 3. Pearson correlation between size of the right and left cingulate cortex and between the
absolute difference in size between the right and left amygdala (ordinate) and P300 latency (msec).
As described in the text, in schizophrenics but not in controls, P300 latency is negatively correlated
with cingulate size bilaterally and positively correlated with the difference between right and left
amygdala.

area was not significant on the right (r = -0.2, p = 0.3, n = 25) or the left (r =
-0.1, p = 0.6, n = 25).

The schizophrenic patients whose P300 latency was considered abnormally delayed
(>346 msecs, which is 2 standard deviations above the control mean) were compared
with controls. The mean area (ratio) of the left cingulate cortex was 0.89 ± 0.2 (n =
13) in schizophrenics with P300 abnormality and 1.06 ± 0.27 (n = 25) in controls and
this difference was significant (r = 2.2, p = 0.03). The right cingulate cortex was also
smaller in this group of schizophrenics (0.89 ± 0.2) compared to controls but did not
reach significance. In schizophrenics with normal P300 latency, the area of the cingulate
cortex on the left (0.97 ± 0.18) and on the right (1.03 ± 0.2) did not differ from
controls.

P300 latency was significantly positively correlated with the absolute right-left dif¬
ference in amygdala size in the schizophrenic group (r = 0.47, p = 0.03, n - 21) but
not in the control group (r = 0.09, p = 0.7, n - 20).

The 12 schizophrenics whose P300 latency was abnormally delayed also showed a
greater absolute right-left difference in the amygdala compared to the 20 controls. This
difference in size of the right and left amygdala was significant (r = 2.24, df = 30, p
= 0.03). There were no significant differences between these two groups in the right-
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Table 3. Correlations between P300 Latency and Eye Tracking (Ln Signal:Noise Ratio) with
Clinical Variables in 31 Schizophrenic Subjects (Pearson Correlation Coefficient = r)

Eye tracking
P300 latency P300 amplitude (Ln SignakNoise)

Parameter r P r P r P

Total BPRS 0.32 NS -0.01 NS -0.42 0.02
Thinking disturbance 0.35 NS -0.12 NS -0.48 0.006

(positive symptoms)
Withdrawal/retardation 0.22 NS 0.13 NS -0.37 0.04

(negative symptoms)
Anxiety/depression 0.12 NS -0.13 NS 0.07 NS

left difference score of other structures. In the 12 schizophrenic subjects who had abnormal
P300 latency, the right amygdala was larger than the left in seven and smaller than the
left in five.

)

Relation Between Eye Tracking and MRI Measurements
The correlation between eye movement disorder (Ln signalmoise ratio) and ventricular
brain ratio was significant in the schizophrenic group (r = -0.4, p < 0.03, n = 31)
but not in the control group (r = 0.2, p < 0.03, n = 28) where r = Pearson correlation
coefficient.

The schizophrenic group was subdivided into a group of 14 whose Ln signalmoise
ratio was considered abnormal (<3.1, which is 2 standard deviations less than the control
mean) and a group of 17 with Ln signalmoise ratio greater than 3.1. Brain structures in
controls and schizophrenic subjects with "abnormal" eye tracking were compared.

The NART scores in the schizophrenic group with good (NART = 111) and poor
(NART = 107) eye tracking, did not differ significantly. Analysis of variance comparing
the ventricular brain ratio of controls and schizophrenics with abnormal eye tracking with
NART as a covariate showed a significant main effect (/ = 5.1, df = 2, p < 0.01) for
the right lateral ventricle and for the left lateral ventricle (/ = 5.4, df = 2, p < 0.01)
and NART was not a significant covariant.

There were significant differences between normal controls and schizophrenics wiili
1 abnormal eye movements in the size of the lateral ventricle at the level of the amygdala

on the right side (t - 2.5, df = 45, p < 0.02) and on the left side (t = 2.63, df =
45, p < 0.02). The measurement of ventricular size from which the ventricular brain
ratio was calculated was the largest area of lateral ventricle measured separately on the
right and left. In these measures also there was a significant difference between the control

I group and schizophrenic group on the right (t = 2.26, df = 36, p < 0.03) and left
(t = 2.05, df = 36, p < 0.05), which suggests that poor eye tracking performance is
associated with bilateral enlargement of the ventricular system. There was no difference
in ventricular size between controls and schizophrenics with normal eye tracking.

The correlation of clinical variables with P300 latency, P300 amplitude, and eye

tracking (signalmoise) is shown in Table 3. The BPRS subscore for "Thinking Distur-
5 bance" (positive symptoms) was the sum of the scores for conceptual disorganization,

hallucinatory behavior and unusual thought content. The "Withdrawal-Retardation" sub-
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scale (negative symptoms) was the sum of emotional withdrawal, motor retardation, and
blunted effect. The "Anxiety/Depression" subscale was the sum of somatic concern,
anxiety, guilt feelings, and depressive mood.

P300 latency and amplitude were not significantly correlated with any of the measures
of clinical state. Eye tracking performance, however, was negatively correlated with the
total BPRS score and the subscores for positive and negative symptoms but not with the
anxiety/depression subscale. The clinical findings on 14 schizophrenics with abnormal
eye tracking (Ln signahnoise < 3.1) were compared with 17 patients with normal eye
tracking (Ln signal:noise >3.1) using Student's r-test (two tailed). The groups differed
significantly in total BPRS score (t = 2.7, df = 29, p < 0.01) and in thinking disturbance
(r = 3.6, df = 29, p < 0.001). There was no significant difference between groups in
age, NART, withdrawal/retardation score, or anxiety depression score.

Similarly 17 schizophrenic patients with abnormal P300 latency (>346 msec) were
compared with 14 patients with normal P300 (<346 msec) by r-test (two tailed). There
were no significant differences between groups in age, NART, illness duration, or total
BPRS score or subscores for thinking disturbance, withdrawal retardation, or anxi¬
ety/depression.

Discussion

Schizophrenic subjects with prolonged P300 latency differed from controls in having a
smaller left cingulate area and a loss of the right-left asymmetry of the amygdala that is
found in controls. P300 latency in the whole group of schizophrenic subjects correlated
negatively with the size of the right and left cingulate cortex and positively with increased
right-left variability in the amygdala. Reduced P300 amplitude in schizophrenia was not
associated with changes in the amygdala or cingulate areas. Schizophrenic subjects with
impaired eye tracking performance had increased ventricular size on the right and left
sides.

Ten brain regions were selected for study as being candidates for showing change in
schizophrenia. The statistical methods employed were essentially a series of bivariate
correlations, for a comparison error rate of 5%, the significance needed would be ap¬
proximately p < 0.003. Inferences drawn from these results based on nominal significance
levels should therefore be regarded as indicators of association worth further exploration
rather than conclusive evidence of these.

In keeping with others, we have shown in both schizophrenics and normal controls a
right-left asymmetry of the temporal lobe area with the left being smaller than the right.
Although Geshwind and Galaburda (1985) reported that the planum temporale is larger
on the left than the right in normal subjects, measurement of the whole temporal lobe
by CT scanning (Le May and Kido 1978) an MRI (Jack et al 1988, 1989; Kelsoe et al
1988; Zhu et al 1986; Suddath et al 1989) has shown that this structure is larger on the
right than the left in controls.

MRI studies in schizophrenia have not revealed consistent changes. De Lisi et al (1988)
measured the area of several limbic structures from MRI films obtained from 24 schizo¬
phrenics and 18 controls. The only significant difference between groups was a reduction
in the total limbic area in schizophrenia. Suddath et al (1989) also found a reduction in
the volume of gray matter bilaterally in the temporal lobes of schizophrenics in the region
corresponding to the location of the amygdala and anterior hippocampus. Johnstone et
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al (1989) used MRI to compare patients with schizophrenia, bipolar illness, and normal
controls and found evidence for a smaller left temporal lobe in schizophrenia but not in
the other two groups.

In the present study associations were found in the schizophrenic group between P300
latency and measurements of the area of the amygdala and the cingulate cortex. The
change in the amygdala that correlated with P300 latency was a loss of the right-left
asymmetry found in controls and an increase in the absolute right-left differences. Other
changes in the amygdala have been reported in schizophrenia. Reynolds (1983) found an
increase in dopamine in the left amygdala in schizophrenia and Bogerts et al (1985),
Brown et a! (1986) and Falkai et al (1988) reported abnormal morphology of temporal
lobe structures including the amygdala and parahippocampal gyrus in postmortem brains.

Prolonged P300 latency in schizophrenia was also associated with a bilaterally reduced
cingulate area. Alterations in the arrangement of neurones in the cingulate cortex have
been shown at postmortem in schizophrenia (Benes and Bird 1987; Benes et al 1987),
this structure has connections with many other brain regions implicated in the pathology
of schizophrenia including prefrontal cortex, the hippocampal formation, and the amyg¬
dala (Baleydier and Mauguiere, 1980; Pandya et al 198i). A function of the cingulate is
thought to be the regulation of attention to sensory stimuli (Baleydier and Mauguiere
1980) a role that would offer a link between cingulate pathology and an abnormal P300
response.

This study failed to find any change in hippocampal area in schizophrenia in spite of
a body of recent evidence that changes in this structure may occur (Jeste and Lohr 1989).
However, hippocampal area was only measured in a single coronal slice and our study
might fail to detect changes localized within the hippocampus.

Although some MRI studies have reported abnormalities of corpus callosum mor¬
phology in schizophrenia (Nasrallah et al 1986), a recent attempt to replicate the findings
failed to find differences between controls and schizophrenics in anterior, mid- or posterior
callosal width or other measurements of callosal area (Hauser et al 1989). Our single
measure of callosal thickness similarly showed no difference between the two groups.

In this study P300 latency was significantly correlated with ventricular brain ratio.
Romani (1987) found no correlation between P300 latency and measures of ventricular
system but McCarley et al (1989) found that P300 amplitude reduction was related to
ventricular size measured by CT scanning.

The two physiological measures of P300 latency and smooth pursuit eye movement
clearly differed in their relation to MRI changes with a very strong association between
impaired smooth pursuit eye movement and enlargement of the lateral ventricles in the
right and left sides, and no association between eye movement disorder and changes in
medial temporal structures. Also eye tracking dysfunction, in contrast to P300 latency
and amplitude, was significantly correlated with clinical variables that included both
positive and negative symptoms of schizophrenia. It could be argued that eye movement
dysfunction was merely a secondary consequence of enlargement of ventricles in some
patients. That this is not the case was suggested by observations made on a patient initially
selected for this study but later withdrawn when MRI scanning revealed gross enlargement
of the lateral ventricles secondary to a colloid cyst of the third ventricle. This young male
schizophrenic had normal eye tracking and significantly abnormal P300 latency and
amplitude. His ventricular area was greater than any of the controls or schizophrenics in
the study. At operation to remove the colloid cyst, mild elevation of cerebrospinal fluid
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(CSF) pressure was measured. Postoperatively there was a rapid and dramatic improve¬
ment in his psychotic symptoms although residual paranoid beliefs continued. Three
months after operation his eye tracking performance remained entirely normal and there
was no alteration in his preoperative P300 latency or amplitude. The patient's mother
also suffered from chronic schizophrenia. This single case in which gross enlargement
of the ventricles in schizophrenia occurred secondary to an obstruction in the third ventricle
suggests that ventricular enlargement itself does not cause impaired smooth pursuit eye
tracking and would support the view that eye tracking dysfunction and enlargement of
ventricles are separate manifestations of an underlying pathology in schizophrenia.

From the results of this study it is not valid to draw any conclusions about the anatomical
origins of the P300 wave form nor the anatomical substrate of eye tracking disturbance
in schizophrenia, because the changes found in the amygdala and cingulate may be only
secondary to pathology in other brain regions more directly related to these physiological
measurements. However, the methods used for recording P300 and eye tracking are
suitable for the noninvasive screening of large numbers of inpatients, outpatients and
nonpatients. The identification of neuroanatomical changes associated with P300 and eye
tracking may indicate brain areas that are dysfunctional in schizophrenia.
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Dinucleotide repeat polymorphism
at the human tyrosinase gene
S.W.Morris, W.Muir and D.St Clair*
MRC Human Genetics Unit, Crewe Road, Western
General Hospital, Edinburgh, UK

/3-globin gene framework variant:
an African type?
C.Carestia, L.Pagano1, G.Lacerra, G.Floret#1,
M.De Angioletti, C.de Bonis and L.De Rosa1
IIGB-CNR, via G.Marconi 12, 80125 Napoli and 1Centro
Microcitemie-Ospedale Cardarelli, Napoli, Italy

Source/Description: The tyrosinase gene on chromosome
llqI4—21 (1) has a complex (GA)n repeat situated 5' between
-824 and -733 nucleotides (2). The polymorphism can be typed
using the polymerase chain reaction (PCR). The predicted length
of the amplified sequence was 294 bp.
PCR Primer Sequences:
5'-AAT ATG GOT ACA GCA TTG GA
5'-TGG GCG ATT TGT TCA TTG TG

Frequencies: Estimated from 62 chromosomes of unrelated
individuals (Caucasians). PIC = 0.52.
Allele (bp) Frequency
Al 298 0.10
A2 296 0.31
A3 294 0.02
A4 290 0.55
A5 286 0.02
Observed heterozygosity = 0.58.
Mendelian Inheritance: Co-dominant segregation was observed
in 3 three generation families.
Chromosomal Localisation: Assigned to chromosome 1 lql4—21
(1).
Other Comments: PCR was performed in a total volume of 25
>il containing 75 ng of genomic DNA using 50 pmol of each
oligonucleotide primer in 50 mM KC1, 10 mM Tris pH 8.3, 1.5
mM MgCl2, 200 gM dNTP's, 0.001% gelatin, 1 U Taq
polymerase (Perkin-Elmer/Cetus) and 1 pCi a 32P-dCTP. The
samples were processed through 25 temperature cycles of 1 min
at 94°C, 2 min at 55°C and 2 min 30 sees at 72°C. Sizes of
alleles were determined by comparison to an ml3mpl8
sequencing ladder.
References: 1) Barton,D.E. et al. (1988) Genomics 3, 17—24.
2) Kikuchi.H. et al. (1989) Biochimica et Biophysica Acta 1009,
283 -286.

Source/Description: Human genomic DNA of patients originating
from Southern Italy. We found a variant of the /S-globin gene
polymorphism frameworks, i.e. non-random association of six
single base variations, two of which constitute an Avail
(TVS-2—16 C — G) and a BamHI (about 8 kb 3'/3) RFLPs (1).
The framework variant is characterized by the presence [ + +]
of both RFLPs and by C, C and T at codon 2, IVS-2—81 and
IVS-2—666, respectively, as in framework 1; by T at IVS-2—74,
as in framework 2 and 3 (Fig. 1).

Sequence Variant Linkage: The framework variant was found
associated at 5' with the [ +) haplotype, of African origin
(2), in (3A (1 case) and /3S (27 cases) globin gene clusters and
with [-1 1-] haplotype in the Hb O-Arab cluster (our
observation—1 case) (3). The framework variant was associated
with 13 kb, 7.6 kb and 7.0 kb HpaI/3'0 RFLPs in /SS, /3A and
|SO-Arab clusters, respectively.
Methods: The haplotypes were defined by the RFLP family
linkage studies (4). The framework base substitutions were
identified by DNA PCR amplification and direct sequencing (5);
oligonucleotides 5'CCTTGGACCCAGAGGTTCT3' and
5'ATAAGCACACATATATTCCA3' were used as primers. Fig.
2 shows the 5'-3' sequence IVS-2 nt 54—101 in a /3-S
homozygous patient, who is homozygous for the T and C at IVS-2
nt 74 and 82, respectively.
Other Comments: Only three /3-globin gene frameworks have
been identified in the Mediterranean area (1) and one framework
variant among Asians (6) (Fig. 1). The framework variant
reported here probably represents a population genetic marker
since a 100% association between this variant and die African
5' haplotype [ h] was found, except die case of Hb O-
Arab. It appears to be ancient since it is associated with different
HpaI/3'/3 polymorphic fragments and with normal and mutant
jS-globin genes.

References: 1) Orkin.S.H. etal. (1982) Nature 296, 627 —631.
2) Wainscoat.J.S. et al. (1986) Nature 319, 491-493. 3)
Fioretti.G. etal. Abstract XXXIIICongressoSIE, Verona, June
23 -26, 1991. 4) Carestia.C. etal. (1987) Brit. J. Haemal. 67,
231—237. 5) Lacerra,G. et al. (1991) Blood in press. 6)
Antonarakis,S.E. et al. (1982) Proc. Natl. Acad. Sci. USA 79,
6608 -6611.
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ABSTRACT

Olfactory marker protein (OMP) shows olfactory neuron-
specific expression in rodents [1,2,3]. We recently reported
tight linkage on mouse chromosome 7 of OMP to the shaker-1
deafness mutant, between the tyrosinase and globin loci [4],
Here we Isolate and map the human homologue. Our results
show that OMP maps immediately centromerk to tyrosinase
on the long arm of human chromosome 11. Genetic linkage
to this region has recently been established for Usher
Syndrome Type I [5], an autosomal recessive blindness and
deafness disorder and a putative homologue of the shaker-1
mutant. OMP is thus a candidate gene for both congenital
deafness defects.

INTRODUCTION

Olfactory marker protein (OMP) is of unknown biological
function. It is found in a wide variety of vertebrates and is
expressed predominantly in mature, functioning olfactory receptor
neurons where it is present as a highly abundant cytoplasmic
protein [1,2,3]. Molecular genetic mapping of the mouse Omp
gene to a series of radiation induced albino deletion chromosomes
established that it mapped distal to both tyrosinase and mod-2
and proximal to the globin locus, in an interval of approximately
2cM [6], This analysis placed Omp in the same minimal deletion
interval as the mouse mutant shaker-1. Shaker-1 is an autosomal
recessive deafness mutant which shows associated circling and
head-tossing behaviour and hyperactivity [7]. Homozygotes have
abnormalities in eighth-nerve and cochlear potentials, in the
absence of detectable structural changes in the cochlea.
Electrophysiological observations suggest that the inner hair cells
or afferent innervations are the primary site of the defect and
likely site of sh-1 gene expression [8], As a prelude to positional
cloning of the defect, we previously undertook to refine the
genetic location by RFLV analysis of an extensive intraspecific
backcross segregating for the shaker-1 mutation. Typing for Omp,
we observed a single recombinant in one thousand progeny [4],
This result suggested that Omp maps within 200kbp of sh-1 and
might in fact constitute the locus.

Similarities between a number of hereditary deafness
syndromes in mice and humans have been noted [9]. New insights
may come from further comparative studies of orthologous

chromosomal regions [10], We therefore undertook to isolate the
human OMP homologue and establish its map location. Previous
comparative studies of genes on mouse chromosome 7 have
established extensive homology with human chromosome 19q,
1 lp and 1 lq and to a lesser extent 15q [ 11]. Mod-2 is exceptional
in that the human homologue, ME2, has been assigned to 6p [12],
The mouse map for the sub-region of current interest, with the
corresponding human chromosome locations in parenthesis, can
be summarised as follows: Fes (15q)—Tyr (llq21)-Mod-2
(6p)—Calc I/ Hbb (llpl5). Our genetic linkage studies in the
mouse place Omp and sh-1 5.36cM distal to Tyr and 1.2cM
proximal to Hbb [4], Taken together with the complementary
deletion mapping studies [6], our a priori expectation was that
OMP in the human would most likely map to 1 lpl5, or possibly
6p. Interestingly, recent studies have indicated linkage of Usher
Syndrome I (an autosomal recessive disorder characterised by
profound congenital deafness, vestibular areflexia and progressive
retinitis pigmentosa) close to TYR on 1 lq [5], the region to which
we now localise OMP.

RESULTS

Isolation of the human OMP homologue
In the mouse, like the rat [2], OMP is a single-copy gene encoded
by one exon of 490bp [4]. Primers derived from the rat sequence
were used successfully in cross-species PCR to amplify an
intraexonic fragment of identical size from human genomic DNA
(data not shown). This was used as a hybridization probe to screen
a human cosmid library. A single recombinant was colony
purified and confirmed to correspond to the probe by sequence
analysis of an appropriately amplified fragment (data not shown).

Mapping of the human OMP homologue
a) Segregation in somatic cell hybrids carrying derived human
chromosomes 11. A single-copy sub-fragment of the human
cosmid which encompassed the OMP gene was used to probe
a panel of somatic cell hybrids carrying various portions of human
chromosome 11. Figure 1 shows the results which localise the
gene on the long arm of chromosome 11 close to TYR. MIS
7.4 and 39.8 carry the t(l;ll)(q43;q21) reciprocal translocation
chromosomes we have described previously segregating with

* To whom correspondence should be addressed
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Figure 1. Mapping of human OMP to translocation, X-irradiation, and CMGT
human-rodent somatic cell hybrids carrying portions of human chromosome 11,
The Bgffl digests (5gg per track) loaded from left to right in Tracks 1 to 13 were,
MIS 7.4 (-ve), MIS 39.8 (+ve), X63 (-ve), E67-1 (-ve), E67-4 (+ve), CF52
(+ve), MAFU (+ve), II (+ve), WG3H (-ve), WJX 3.4 (+ve), WJX 7.4
(+ve), WJX 5.4 (-ve), WJX 11.2 (-ve). A Molecular Dynamics Phopholmager
was used to detect the hybridization. Human specific hybridization is at -1.6Kbp
(scored above as +ve or -ve for each sample tested) while the rodent specific
hybridization is at — 5Kbp. MAFLI is a lymphoblastoid cell line established from
a patient with schizophrenia [13] and a reciprocal t(l;l I)(q43;q21) translocation
which has been segregated in the MIS 7.4 and 39.8 hybrids [15]. J1 is a human
chromosome 11 only hamster hybrid [26]. X63 and WG3H are mouse and hamster
cell lines, respectively. CF52 is an t(ll;16)(ql3;pll) translocation hybrid [14],
The WJX series are radiation reduced hybrids derived from J1 [15], while E67-1
and E67-4 are HRAS1-CMGT reduced hybrids [16].

major mental illness, comprising schizophrenia and
schizoaffective disorder, in a large Scottish pedigree [13]. CF52
carries a well characterised t(ll;16)(ql3;pll) translocation
breakpoint [14]. The four radiation fusion hybrids (WJX series)
[15] and two HRAS1-CMGT hybrids (E67-1 and E67-4) [16]
each retain one or more sub-fragment of human chromosome
11 and help to accurately place each marker tested. The mapping
results with OMP place the human gene on the long arm of
chromosome 11 telomeric to FGF4 (and therefore also FGF3,
see later), close to TYR and centromeric to the schizophrenia
translocation breakpoint. Table 1 shows a full comparison of the
OMP mapping result with other markers tested previously [15].

b) DNA in situ hybridization. To confirm and refine the OMP
map location, we carried out DNA in situ hybridization with
fluorescently labelled cosmids to banded human metaphase
chromosomes, as previously described [15,17]. Figures 2a and
b show the results of hybridization with a cosmid clone for
tyrosinase [18] and the OMP cosmid respectively, analysed by
scanning fluorescent confocal microscopy. Seventeen R banded
chromosomes showing hybridization were examined for each
cosmid; we conclude that tyrosinase maps to llql4.3 and that
OMP maps to llql3.5. Fractional length measurements from
the tip of the short arm to the site of hybridization, determined
on the same set of images, gave FLPTER measurements of 0.6
(range 0.58 —0.64) for OMP and 0.68 (range 0.64—0.71) for
tyrosinase. To confirm the more centromeric location of OMP,
we performed a double hybridization experiment. OMP and the
chromosome 11 specific alphoid repeat probe PLC 11A [19] were
both labelled with biotin and visualised with avidin-texas red.
Tyrosinase was labelled with digoxygenin and visualised with
FITC-labelled anti-digoxygenin. The results are shown in
Figure 2c. High resolution mapping to interphase chromosomes
under otherwise identical hybridization conditions is shown in
Figure 2d. The relative positions of hybridization is unchanged,
but the absolute distance separating the hybridization signals is
altered, reflecting differential chromosome (decondensation.
Figure 3 summarises the results obtained with TYR and OMP
on R-banded chromosomes.
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Figure 2. In situ localisation of TYR and OMP. a: Representative fluorescence
in situ hybridization with OMP. Hybridization and detection was as described
in the Materials and Methods. The site of OMP hybridization on each of the
two human chromosomes 11 is arrowed, b: Representative fluorescence in situ
hybridization with TYR. Hybridization and detection was as described in the
Materials and Methods. The site of TYR hybridization on each of the two human
chromosomes 11 is arrowed, c: Dual hybridization of metaphase chromosomes
with TYR and with OMP plus PLC 11 A. Hybridization and detection was as
described in the Materials and Methods. The site of OMP hybridization on each
of the two human chromosomes 11 is arrowed. The strong red signal corresponds
to the hybridization of PLC 11A to the centromere and the green signal to TYR.
d: Dual hybridization of interphase chromosomes with TYR and with OMP plus
PLC 11A. Hybridization and detection was as described in the Materials and
Methods. The hybridization of OMP to each of the two human chromosomes
11 is arrowed. The strong red signal corresponds to the hybridization of PLC
11A to the centromere and the green signal to TYR.

DISCUSSION

The albino locus in the mouse, which encodes tyrosinase, has
been extensively studied. The availability of a number of
experimental and spontaneous deletion mutants has allowed the
fine mapping of flanking genes. Comparative studies show that
the region shares homology with at least three human
chromosome segments represented by Tyr (llq21), Mod-2 (6p)
and Hbb (llpl5) [11], As murine Omp maps between Mod-2
and Hbb [4,6], our a priori expectation was that human OMP
would map to 6p or 1 lpl5. However, our present study excludes
linkage to HBB and clearly shows that human OMP maps at
llql3.5 in the human, close to TYR. The present result adds
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Tabic 1. Marker analysis of translocation, X-irradunion, and CMGT human-rodent somatic cell hybrids carrying portions of human chromosome 11

LOCUS MIS 7.4 MIS 39.8 CF 52 WJX 3.4 WJX7.4 WJX5.4 WJX11.2 E67.1 E67.4

HBB - + ND _ _ -f + _

SI - + ND - - - - ND ND
TYR LI - + - + - + - - +
PGA - + - + + - - + -

MDU 1 - + - + + - - - -

HSTF1 - + - + - - - - -

GST 3 - + - + - - - + -f
D11S527 - + + + - - - - -

D11S533 - + + + + - - - +

OMP - + ■f + + - - - +
TYR - + + - + - + - +

D11S388 + - + - - - + - -

STMY + - + - - + + - +

CLG + - + - - + + - +

D11S385 + - + - - + - +
NCAM + - + - + - + - +
DRD2 + - + - + - + - -

D11S351 + - + - - + + - -

THY1 + - + - - + + - -

MIC 9 + - + - - + + - -

See legend to Figure 1 for details of DNA's. Marker analysis for OMP was as described in Figure 1. All other markers were mapped by Southern blot analysis
and/or PCR analysis, as described and published in detail elsewhere [15], with the exception of D11S527 for which the original PCR conditions [22], with slight
modification, were used.

to the comparative map and suggests that the divergent evolution
of this region between mouse and man is even more complex
than thought previously; we must now account for the presence
of a second region of homology to 1 lq on mouse chromosome
7 in the region between Mod-2 (6p in human) and Hbb/Calc I
(1 lpl5 in human). Equally, it should be possible to use this new
comparative map information to further define the transcription
map of the region and therefore the shaker-1 locus, as any
transition from one syntonic region in the human to another will
only occur between rather than within homologous genes.

Usher Syndrome I is the most common combined cause of
deafness and blindness in the developed world [5]. Recent genetic
studies have provided evidence for linkage of Usher Syndrome
I to 14q in French families from the Poitou-Charentes region [20],
to lip in an isolated Louisiana Acadian population [21], and to
1 lq in other families from the USA, Sweden, Ireland and South
Africa [5]. The 1 lq linkage studies place the latter Usher I locus
distal to FGF3 (and therefore also FGF4) and almost certainly
proximal to TYR [5]. The highest LOD score was observed with
the polymorphic marker D11S527 [22] (Z=4.15, @=0.1).
D11S527 was isolated from a cosmid 'contig' which has been
mapped by fluorescence in situ hybridization to llql3.5 [23],
This matches closely our localisation of OMP. It is of note that
we observe discordance between OMP and D11S527 and between
OMP and TYR each in two (different) reduced hybrids, whereas
there is complete concordance between OMP and another closely
linked and highly polymorphic marker, D11S533 [24]. This
observation suggests that D11S533 will be a useful marker in
further genetic linkage studies in Usher Syndrome Type I families
and at the same time illustrates the power of fragmentation hybrids
for high resolution physical mapping.

We estimate from our previous genetic studies of mouse OMP
that the gene lies within 200kbp of the shaker-1 deafness mutant
[4], The similarities in the mode of inheritance, penetrance and
basic pathology of the hearing defect in shaker-1 mice and Usher
Syndrome I patients are provocative. We have examined mice
carrying several independent sh-1 alleles by electroretinography
and although we have found no evidence for visual impairment

L P

OMP
TYR

Figure 3. Summary of hybridisation results with TYR and with OMP on R-banded
chromosomes. Hybridization and detection was as described in the Materials and
Methods. The site of hybridization of TYR (17 metaphases) and of OMP (18
metaphases) is shown.

in young adult mice (Steel and Brown, unpublished), a careful
study of ageing mice for evidence of eye degeneration is justified.

The function of OMP is unknown, but expression studies
suggest an involvement in olfaction and a direct or indirect role
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in neurotransmission is possible [1,2,3]. Some Usher Syndrome
patients show increased numbers of compound nasal cilia with
abnormal arrangements of the axonemal microtubules [25]. Since
the outer limbs of the photoreceptors are modified cilia and the
sensory epithelium of the inner ear is derived from ciliated
epithelial cells, a unifying hypothesis would be that the spectrum
of sensory abnormalities in Usher Syndrome I stem from a single
basic defect in cilial development. Taken together with the genetic
linkage in Usher Syndrome I and in sh-1, it is tempting to
speculate that these defects are true homologues and that OMP
is either directly implicated in or very closely linked to both
disorders. We are carrying out further molecular cloning and
mutation screening experiments to test both hypotheses.

MATERIALS AND METHODS
Isolation of a human OMP cosmid

A PGR reaction was performed on total human DNA using primers and conditions
as described previously for the mouse [4J. The resultant 490bp product was
radioLabelled by random priming and used to screen a total genomic DNA library
(generous gift of Dr W Biclcmore) prepared by partial digestion with Sau3A and
insertion at the BamHI she of the Lawrist cloning vector. A single positive
hybridising colony was identified, purified and confirmed as being human OMP
by PCR amplification using the above protocol and direct sequencing of the product
(data not shown).

Hybrid cell culture, DNA analysis and marker analysis
Somatic cell hybrids were maintained and characterised, and DNA prepared for
Southern blot and PCR analysis as described previously [15,16]. A —900bp PstI
fragment encompassing the OMP gene was subcloned from the OMP cosmid
and used as a hybridization probe under standard conditions to 5/tg aliquots of
BglH digested human, rodent and human-rodent somatic cell hybrid DNA. A
Molecular Dynamics Phospholmager was used for hybridization detection.

In situ hybridization
Metaphase spreads were prepared from human peripheral lymphocyte cultures
and hybridised to biotin labelled cosmids; foe signals were detected using alternate
layers of avidin-FITC, biodnylated anti-avid in, and avidin-FITC as described
previously [15,17]. The slides were mounted in antifadem containing propkfium
iodide and DAPI to produce an R banded propklium iodide pattern. Images were
obtained and analysed with a Biorad MRC 600 scanning confocal microscope.
In double hybridization experiments, the tyrosinase cosmid was Labelled with
digoxygenin and detected with FTTC-conjugated sheep anti-digoxigenin Fab
fragments (Boehringer-Mannheim) while the OMP cosmid and the chromosome
11 specific centromere probe PLC 11A were labelled with biotin and detected
with alternate layers of avidin-Texas red, biotinylated anti-avidin and avidin-Tcxas
red.
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Schizophrenia-associated Chromosome Ilq2l Translocation:
Identification of Flanking Markers and Development
of Chromosome I Iq Fragment Hybrids as Cloning
and Mapping Resources
Judy M. Fletcher,* Kathryn Evans,* David Baillie,* Philip Byrd,*'1 Diane Hanratty,*
Suzanne Leach,* Cecile Julier,f John R. Gosden,* Walter Muir,* David J. Porteous,*
David St. Clair,* and Veronica van Heyningen*
•Medical Research Council Human Genetics Unit, Western General Hospital, Edinburgh; and tCentre d'Etude du Polymorphlsme Humaln, Paris

Summary
Genetic linkage, molecular analysis, and in situ hybridization have identified TYR and D11S388 as markers
flanking the chromosome 11 breakpoint in a large pedigree where a balanced translocation, t(l;ll)(q43;q21),
segregates with schizophrenia and related affective disorders. Somatic cell hybrids, separating the two
translocation chromosomes from each other and from the normal homologues, have been produced with the aid
of immunomagnetic sorting for chromosome 1- and chromosome 11-encoded cell-surface antigens. The genes
for two of these antigens map on either side of the llq breakpoint. Immunomagnetic bead sorting was also used
to isolate two stable X-irradiation hybrids for each cell-surface antigen. Each hybrid carries only chromosome
11 fragments. Translocation and X-irradiation hybrids were analyzed, mainly by PCR, for the presence of 19
chromosome 11 and 4 chromosome 1 markers. Ten newly designed primers are reported. The X-irradiation
hybrids were also studied cytogenetically, for human DNA content, by in situ Cotl DNA hybridization and by
painting the Alu-PCR products from these four lines back onto normal human metaphases. The generation of
the translocation hybrids and of the chromosome llq fragment hybrids is a necessary preliminary to
determining whether a schizophrenia-predisposition gene SCZD2 is encoded at this site.

Introduction

A large Scottish pedigree (K26) has been described (St.
Clair et al. 1990) in which major mental illness, classifi¬
able as schizoaffective disorder, was seen to segregate
with a balanced translocation, t(l;ll)(q43;q21). The
family had been initially ascertained through a cytoge¬
netic survey of mental hospitals and borstals (Jacobs et
al. 1970). Subsequently (St. Clair et al. 1990) it was
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found that 23 members of this family had psychiatric
diagnoses conforming to the details set out in Research
Diagnostic Criteria for mental and/or behavioral dis¬
orders (Spitzer et al. 1987). Thirty-four of the 77 indi¬
viduals karyotyped carried the translocation. Sixteen of
the 23 family members who had psychiatric diagnoses
had major mental illness; two others, not analyzed cyto¬
genetically, had committed suicide. The five remaining
cases with psychiatric diagnoses but without the trans¬
location did not have major mental illness (one had
generalized anxiety, one had minor depressive disorder,
and three were alcoholics). No physical dysmorphism
or mental handicap had been observed in this carefully
studied family.

Pedigrees with familial aggregations of common dis¬
eases, with both genetic and environmental compo¬
nents, are now used to unravel the specific genetic con¬
tributions to such disease, in the hope of gaining insight
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into the biochemical pathways affected, thus allowing
us to think about therapy and prevention. A large pedi¬
gree where the disease segregates tightly with a cytoge¬
netic abnormality is an ideal starting point for identify¬
ing the genetic component implicated at least in that
family. Obviously, a cosegregating translocation may
result in functional inactivation of a particular gene at
or near the breakpoint site, but we are aware that the
breakpoint may only be a closely linked marker for a
dominantly acting disease-predisposing allele that hap¬
pens to be present in this family, at a nearby locus. Two
other, smaller families have been described with less
clear-cut cosegregation of mental illness with two inde¬
pendent chromosome llq translocations, one with
chromosome 9 and one with chromosome 6 (Smith et
al. 1989; Holland and Gosden 1990). The breakpoints
were not accurately defined. However, their existence
strengthened our interest in defining the exact site of
the translocation breakpoint in pedigree K26.

Cytogenetic banding analysis was carried out on pe¬
ripheral blood chromosomes from selected individuals,
to confirm and refine the position of the breakpoint.
Lymphoblastoid cell lines were set up from key family
members, both translocation carriers and noncarriers.
Genetic linkage analysis was carried out with available
polymorphic markers in the region of the translocation,
by using markers both from chromosome 1 and from
chromosome 11. We expected to see suppression of
recombination in the vicinity of the translocation but
hoped to define more accurately the site of the break¬
point. Using markers which showed little or no recom¬
bination with the disease and the translocation in this
family, we used chromosomal in situ hybridization to
determine the position of the breakpoint, with the aid
of suitable large insert markers. However, with a view
to defining the breakpoint much more closely by posi¬
tional cloning strategies, we also embarked on segregat¬
ing the two translocation-derived chromosomes into
separate somatic cell hybrids, using cell-surface marker
selection strategies which we had developed for our
work on the short arm of chromosome 11 (Seawright et
al. 1988). The two independent pairs of mouse-human
hybrids so produced showed TYR to be above the
breakpoint and showed STMY1 to be below it. In situ
hybridization confirmed the tyrosinase assignment to
the derived chromosome 11 and showed the next most

closely linked distal llq marker, D11S388 (cosmid
CJ52.4) (Julier et al. 1990), to be below the breakpoint.
The chromosome 1 breakpoint was also defined with
available markers and was found to be between D1S103
and D1S8. We then used DNA from the reciprocal

translocation hybrids MIS7 and MIS39 to set up and
refine PCR-based analyses for a number of chromo¬
some llq loci.

Cell-surface marker analysis revealed early on that
the two chromosome llq markers MDU1 and MIC9
were, respectively, above and below the translocation
breakpoint. Therefore we set out to produce stable
chromosome-fragment hybrids, by X irradiation of the
chromosome 11-only hybrid J1CI4 (Jones et al. 1984),
selecting for each marker separately. These were des¬
tined to be both a mapping and a cloning resource, for
the production of new markers in regions defined by
earlier markers.

Material and Methods

Genetic Analysis of Selected Family Members
DNA was available for linkage analysis, from 10

translocation carriers and 5 noncarriers in the pedigree.
Individuals came from five branches of the family, each
separated by several meiotic events. Analysis was
carried out either by DNA blotting using informative
restriction digests or by PCR followed by sizing of dinu-
cleotide repeats on sequencing gels. Suitable markers
were chosen above and below the breakpoint positions
suggested by cytogenetic banding analysis on both
translocation chromosomes: on chromosome 11—
D11S97 Geffreys et al. 1988), TYR (Spritz et al. 1990;
Giebel et al. 1991), D11S388 Gulier et al. 1990), and
D11S35 (Litt et al. 1990); on chromosome 1—D1S81
(Nakamura et al. 1988), D1S103 (Weber et al. 1990),
and D1S8 (Royle et al. 1988). Of these, D11S35,
D1S103, and, latterly, TYR (Morris et al. 1991) were

analyzed as dinucleotide repeats.

Cell Culture and Fusion

Peripheral blood lymphocytes were isolated from a
number of cytogenetically normal and translocation-
carrying members of the pedigree. In most cases, perma¬
nent B lymphoblastoid cell lines were produced by Ep-
stein-Barr virus (EBV) transformation (van Heyningen,
in press). Two cell lines, MAFL1 and ROMAR, from
translocation individuals with major mental illness have
been used for most of the marker analyses. Culture of
peripheral lymphocytes and EBV cell lines was in RPMI
1640 medium with 10% FCS. Preexisting cell hybrids
were grown in appropriate medium: CF37, carrying an
X-ll translocation chromosome (Mohandas et al.
1980) was grown in HAT medium; CF52 has an 11-16
translocation chromosome as its sole human chromo¬
some complement and was grown in medium selective
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for APRT (Koeffler et al. 1981). CF37 and CF52 were
the gift of Dr. T. Mohandas. The CMGT hybrids E67.1
and E67.4 have been described elsewhere (Porteous et
al. 1986) and have been analyzed in detail for short-arm
markers (Porteous et al. 1987). They were grown in
RPMI 1640 with 10% FCS.

The thioguanine-resistant, HPRT" mouse cell lines
used for fusion were Sp2/0-Ag4 (Shulman et al. 1978)
and RAG (Klebe et al. 1970). Polyethylene glycol
(PEG)-induced fusion, with MAFLI as the human par¬
ent, was carried out according to a method described
elsewhere (van Heyningen, in press). The Sp2/0 hy¬
brids, MIS series, grew in suspension and were sub-
cloned by limiting dilution. The attached cell hybrids,
MAR series, derived from RAG were subcloned by
seeding about 100 cells into small Falcon flasks and
transferring cell-surface marker-positive colonies into
2-ml wells 10-14 d after plating.

J1CI4 (a gift from Dr. Carol Jones; Jones et al. 1984)
is a hamster cell hybrid carrying an intact chromosome
11 as its only human component. WG3H is an HPRT~
hamster cell line used as the recipient in X-irradiation
fusions (Westerveld et al. 1971). Both of these cells
were routinely grown in RPMI 1640 with 10% FCS.

Cell-Surface Marker Selection and Analysis
Hybrid cell selection for the expression of cell-sur¬

face markers expected on each "half" of the transloca¬
tion chromosome was carried out under sterile condi¬
tions by using magnetic beads. The monoclonal
antibodies used were in the form of sterile culture su¬

pernatant produced in our laboratory from hybridoma
cells which we had bought or received as gifts. The
hybridomas to detect MIC10 (on chromosome 1),
MIC11, MIC4 (=CD44), MDU1, and MIC9 were, re¬

spectively, TRA2.10 (Andrews et al. 1985), from Dr.
Peter Andrews; 163A5 (Woodroofe et al. 1984), from
Dr. Frank Walsh; F10.44.2 (Goodfellow et al. 1982),
from Dr. John Fabre; 4F2, from ATCC (HB-22); and
4D12 (Jones et al. 1984), from Dr. Peter Goodfellow.

Dynabeads M450 (sheep anti-mouse immunoglobu¬
lin conjugated) were used. The stock suspension is 4
X 10s beads/ml (30 mg/ml). The most efficient separa¬
tion is expected if all the available second antibody sites
are saturated with specific monoclonal antibody. One-
milligram (33 p.1 = 1.3 X 107) aliquots of beads were
washed three times in sterile buffer (PBS and 1% BSA).
They were then incubated with end-over-end rotation
in 1 ml of each antibody in separate Eppendorf tubes
for 10 min. The antibody was discarded after the beads
were separated using the Dynabeads magnetic separa¬

tor, and the coated beads were washed three times in
buffer, to remove any unbound antibody.

A very small number (1-2 beads/cell) of coated
beads were gently added to the cells suspended in PBS
and incubated at room temperature with rotation of
the samples, for 30 min. The beads, some with cells
attached, were then separated magnetically and were
washed three times in sterile serum-free medium and

finally were gently resuspended in culture medium and
were transferred to 2-ml wells.

For attached cells (the MAR hybrids) direct antigen-
positive clone selection of attached cells is possible in a
Falcon flask. The 30-min incubation of a 25-cm2 flask
with 104 coated beads/1 ml PBS is followed, without
washing but with gentle rocking of the flask, by inspec¬
tion, under the microscope, for bead-binding clones
which can then be transferred into a 2-ml well by using
separate sterile bacterial loops for each.

Cells with beads attached are handled as little as pos¬
sible, to prevent mechanical damage. They continue to
proliferate, and the beads are diluted out. Selection can
be repeated and may be alternated with subcloning and
quantitative fluorescence-activated cell sorter (FACS)
analysis.

FACS analysis was carried out according to a method
described elsewhere (Seawright et al. 1988; van Heynin¬
gen, in press), except that the cell sorter used was a
Becton Dickinson FACSCAN. Anti-AFP monoclonal
antibody was used as a negative control. The propor¬
tion of cell-surface marker-positive cells was estimated
from the machine-derived plot of cell number against
the log of fluorescence intensity.

Production of Cell-Surface Marker-selected
X-lrradiation Hybrids

The chromosome 11-only hybrid J1CI4 (Jones et al.
1984) was used as the potential fragment donor, and
the HPRT- Chinese hamster cell line WG3H was used
as the rodent fusion partner. A total of 2 X 107 log-
phase J1CI4 cells were harvested by gentle trypsiniza-
tion and were washed and resuspended in 2 ml of fresh
medium containing 10% FCS in a bijou bottle which
fits our gamma-irradiating cobalt source. A total of
16,000 rads were delivered to these cells. The cells were
then washed in serum-free medium and fused with 1.7
X 107 freshly harvested and washed WG3H cells, by
using our routine PEG fusion protocol. The fusion
products were plated into 8 X 75-cm2 flasks. HAT se¬
lection was implemented 16 h later. Two weeks after
fusion, MDUl-positive and MIC9-positive clones were

sought in the flasks, initially by using Dynabeads coated
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with both antibodies. The positive colonies were
picked with bacterial loops, were grown up as clones in
25-cm2 flasks, and were reselected with the two anti¬
bodies separately and sequentially. Clones were FACS
analyzed for all four chromosome 11 -encoded cell-sur¬
face markers, and samples were cryopreserved at every
stage. After repeated subcloning we obtained four rela¬
tively stable independent hybrid clones, two carrying
each cell-surface marker in the absence of the others:
WJX3 and WJX7 are 100% MDU1 positive; and WJX5
and WJX11 are 100% M1C9 positive.

Mitotic Chromosome Preparation
The techniques used for both lymphoid cells and so¬

matic cell hybrids were essentially as described else¬
where (Fletcher, in press). For chromosome analysis by
in situ hybridization, cell synchronization with fluoro-
deoxyuridine is recommended. Mitotic cell prepara¬
tions can be stored in methanohacetic acid (3:1) for at
least 6 mo at -20°C. Spreads on slides were made as

required.

Chromosomal In Situ Hybridization
The markers used for this analysis were suggested by

preliminary linkage and hybrid cell results on determin¬
ing flanking markers. Probes were labeled with biotin
by nick-translation using routine methods (described in
detail in Gosden 1990).

Slides were prepared 3-4 d before the hybridization
was carried out. The hybridization protocol was as de¬
scribed by Gosden (1990).

Detection was essentially as described by Pinkel et al.
(1986), using (a) avidin-FlTC (Vector Labs) as reporter
and (b) linking layers of F1TC with biotinylated anti-
avidin. The slides were counterstained with propidium
iodide and were mounted in Citifluor antifade:glycerol.
They were examined on a Leitz Ortholux II microscope
equipped with Ploemopak fluorescence filters, and suit¬
able metaphase spreads were scanned and stored with
the BioRad Lasersharp MRC 600 confocal laser scan¬

ning system attached to the same microscope.
The markers used to define the breakpoint were a

lambda phage clone of tyrosinase and the next distal
marker, cosmid CJ52.4. The latter defines the locus
D11S388 (Julier et al. 1990).

Cytogenetic Analysis ofX Irradiation-Fragment Hybrids
The human DNA content of these hybrids was ana¬

lyzed in several different ways. Mitotic chromosome
preparations from the subcloned stabilized hybrids

were hybridized with biotinylated human Cotl DNA
(GIBCO BRL), and signal was developed with a single
layer of avidin-FlTC and was counterstained with pro¬
pidium iodide in Citifluor by the method above. Hy¬
bridization conditions used were as described by Gos¬
den and Hanratty (19916).

The origin of the human fragments in these hybrids
was also determined by chromosome painting. For this
the hybrid cell DNA was subjected to interrepeat se¬
quence (IRS)-PCR using several primers for the human
Alu and LI interspersed repeated sequences (table 1;
Gosden and Hanratty 1991a; Dorin et al. 1992). The
PCR products were labeled with biotin by nick-transla¬
tion and were used as a probe for in situ hybridization
back onto normal human mitotic spreads of relatively
extended chromosomes. Considerable suppression, by
adding 500 ng of unlabeled human Cotl DNA to 50 ng
labeled IRS-PCR product for each slide, was required
to give chromosome-specific results. Hybridization and
detection were essentially as described above for spe¬
cific marker in situ analysis.

Marker Analysis
DNA was prepared, by standard procedures de¬

scribed elsewhere (van Heyningen, in press), from fro¬
zen cell pellets, for all of the cell lines. Most marker
analysis was by PCR, and the products were analyzed
on agarose (1.5% for fragments of 500 bp). DNA blot
analysis was carried out for the chromosome 1 probes
D1S8 and D1S81.

Designing and Setting Up PCR Assays
for Chromosome 11 Markers

The aim was to set up PCR-based assays to quickly
analyze somatic cell hybrids for the presence of human
chromosome 11 markers on both mouse and hamster
backgrounds. Except for a few short-arm markers, we
concentrated on well-spaced long-arm markers. Where
no published primer sequences were available, we de¬
signed our own, either from published gene sequences
or, in the case of D11S388, D11S385, and D11S351,
from data obtained by sequencing a fragment of the
insert from cloned probes. In order to try to keep the
PCR human-specific, primers were designed from un¬
translated regions or introns, wherever such informa¬
tion was available. Theoretical conditions were calcu¬
lated for each primer pair and then were refined by
experimentation. Final primer sequences and annealing
temperatures are shown in table 1. For chromosome 1
markers—renin (REN) (Theune et al. 1991) and
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Table I

PCR Primers Used to Detect Genes In Somatic Cell Hybrids and for IRS-PCR for Painting Human DNA Content
of Hybrid Cells back to Normal Karyotype

Repeat Primer(s)

Annealing
Temperature

<°C)

Fragment
Size
(bp) Reference (remarks)

15'ATG GTG CAC CTG ACT CCT GAG G 3'}
J5' GCC ATC ACT AAA GGC ACC GAG C 3'j
f5'CCC TGG AAA CAC TIT CTG CC 3'1
[5' GGC TGG GTT GGA GGC AAG G 3'

. f5' ACA ATA TGT TTC TTA GTC TG 3'1
[5' TGG TAA CAC TAG ATT CAG C 3' J

J5' GCA TCT CTG ACA CCA ATC AG 3' 1
J5'TGG AGA AGA GAC AGA TGG AG 3'j

. f5'TCT TCA AAG CCT CTG CAG TAC C 3'|
[5' CTC ATC TCC AAC CTG TCT A AC C 3' j

|5' GAT GAG TGC ACG TTC AAG GAG 3'1
15' CAG AGA TGC TCC ACG CCA TAC 3'

_ [5'GGG AGG GAT GAG ACT AGG ATG 3'1
|5' GGA GGT TCA CGT ACT CAG GGG 3' j

TYR 15' GCA ACT TTG GCT TTT GGG GA 3'1
[5' CTG CCA AGA GGA GAA GAA TG 3'j

m 1S3S8 [5' CAT CCA CGC TGT TGG TCT GC 3'
(5' CAG TAA GAA CCA AAG AAA GGT TAC 3'J
15'CAG TTT TCT CCT CTA CCA AGA C 3']
J5' ACT GGC TTT ACT TAG CTC TAT G 3'j

r. r J5' AGT CAG TAC AGG AGC CGA ACA G 3'1
J5'GGA GAA AAG CTG TGC ATA CTG G 3'j

m „ 15' TTT TAT AGG GAC AGG ATC TTG C 31
[5' GGC TGT ATA ATC TTG TGT TCT C 3'j

NCAM j5'TGG AAA TCT 077CCA AAC A7CGGA G 3' 1
J5' AAT TAG AAC TTT GGA GAG GGA TGG G 3'j

nR J5' GAG GCC CTC TCA CTG ACA C 3' 1
[5' AGT GCA GGG CCC TGC TGG A 3'j

nm„ |5' CTT GGG TAG CTG GTA CTA CAG G 3' 1
J5'AGG TCA CTA CAC ATC AAA ACA GC 3'j

THY, |5' CAG AAG GTG ACC AGC CTA ACG 3'1
[5' CTG AGC ACT GTG ACG TTC TGG 3'j

D1S103 J5' ACG AAC ATT CTA CAA GTT AC 3'1
5' TTT CAG AGA AAC TGA CAT GT 3'j

65 355 ln-house design

65 120 Lewis et al. 1988; in-house
sequence and design

51 260 Giebel et al. 1991 (exon 4
oligos PI and P2; Mspi
to distinguish from
TYR)

54 188 W. Cookson, personal
communication

57 859 Gottesdiener et al. 1988;
in-house design
(nt -1023 to -174)

62 542 Yoshida et al. 1987; in-
house design (nt 4161
to 4703)

60 450 Cowell et al. 1988; in-
house design (exons 5-7)

55 512 Giebel and Spritz 1990
(exon 1 oligos)

51 118 Julier et al. 1990; in-house
(variable) sequence and design

50 300 Sirum and Brinkerhoff
1989; in-house design
(nt —300 to -4)

59 517 Angel et al. 1987; in-house
design (nt -434 to +83)

54 286 Julier et al. 1990; in-house
sequence and design

55 179 Barton et al. 1990

(nt -848 to -663;
designed by G. Gillett)

55 390 R. Todd, personal
communication (exon 2)

59 209 Julier et al. 1990;
in-house sequence and
design

40 324 Cotter et al. 1989 (with
slight modification)

55 >85 Weber et al. 1990

(variable)

(icontinued)
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Repeat Primer(s)

Annealing Fragment
Temperature Size

(°C) (bp) Reference (remarks)

5' End Alul
Consensus]
3' End Alul
Consensus]
L1H
HumanLlA ...

HumanLIB —

{' AAAGTGCTGGGATTACAGG 3'
GTGGCTCACGCCTGTAATCCCy

15' GTGAGCCGAGATCGCGCCACTGCACT 3'
5' TGCACTCCAGCCTGGGCAACA 3'

5' CATGGCACATGTATACATATAGTAAC(A/T)AACC 3'
5' CACAGGAAGGGGAACATCACA 3'
5' GGGGAGGGATAGCATTAGGAG 3'

60

60

60
60
60

Various Dorin et al. 1992

D1S103 (Weber et al. 1990)—published PCR condi¬
tions were used.

A problem which had to be overcome in the tyrosin¬
ase analysis was the existence of the tyrosinase-like
gene (TYRL1), which was described in detail while the
present work was in progress (Giebel et al. 1991). This
allowed us to resolve TYRL1 from TYR by using
primers to TYR exon 4, which is common to both loci;
but, after Mspl or Hpall digestion of the PCR product,
TYR gives rise to 120-bp and 140-bp fragments, while
the TYRL1 products are 29 bp, 91 bp, and 149 bp (data
not shown). For the detection of TYR alone, primers
for exon 1 were used (table 1).

Results

Genetic Analysis
With the more distant but highly informative chro¬

mosome 11 breakpoint-flanking markers D11S97 and
D11S35, two and three obligate recombinants, respec¬
tively, were found among the 10 translocation carriers.
For the closer but less informative flanking markers
TYR and D11S388, no recombinants were found, even
when DNA was reanalyzed for the recently described
TYR dinucleotide-repeat polymorphism (Morris et al.
1991). On chromosome 1 several recombinants are seen

with the highly informative distal marker D1S8, but
none was found with the proximal markers D1S103 or
D1S81—both of which are highly polymorphic refer¬
ence markers. These results were emerging as the cell
hybrid analysis and the in situ hybridization were get¬
ting under way and gave us an idea of the markers to
study, especially for the latter technique.

Marker Analysis of the Hybrid Cell Panel
The stabilized, repeatedly subcloned, cell-surface

marker-selected translocation hybrids were analyzed
mainly by PCR, once segregation of the two derived
chromosomes from their normal homologues had been
ascertained by cell-surface marker expression (fig. 1).
The X irradiation-fragment hybrids were screened in
the same way. Included in the panel for analysis, both
by PCR and for cell-surface markers, were potentially
useful preexisting translocation hybrids and earlier
CMGT fragment hybrids. High-molecular-weight
DNA was used for all analyses.

The PCR primers shown in table 1 were used to ana¬
lyze the complete hybrid cell panel, including some ear¬
lier CMGT chromosome-fragment hybrids. The com¬
plete data set is shown in table 2, where the position of
the translocation breakpoint is clearly defined by hy¬
brids MIS7 (=MAR12) and M1S39 (=MAR1), and the
marker analysis of the fragment hybrids gives an idea of
what chromosome llq regions are present for future
marker isolation.

Molecular Cytogenetic Analysis of the X Irradiation-
Fragment Hybrids

The human DNA content of the WJX hybrids was
analyzed by in situ hybridization using human Cotl
DNA. Figure 2 shows the distribution of the chromo¬
some 11 fragments in each hybrid. In three of four cases
there appears to be a single block of human DNA, but
in WJX7 three separate blocks are seen, although all
three are located on the same recipient chromosome.
The appearance of the single extended region in WJX5
is nonuniform.
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Table 2

Marker Analysis of Translocation, X Irradiation, and CMGT Hybrids

Status of Cell I.ine(s)*

MIS7
and

MAR12

M1S39
and

MAR1

CF37
and

CF52 WJX3 WJX5 WJX7 WJX11 E67.1 E67.4

CHR 11 markers:
HBB - + ND - + - - + -

D11S87 - + ND - - - - ND ND
MIC11 - + - - - - - + +

CD44 - + - - - - - - +

TYRL1 - + - + + - - - +

PGA - + - + - + - + -

MDU1 - + - + - + - - -

FGF4 - + - + - - - - -

GST3 - + - + - - - + +

TYR - + + - - + + - +

D11S388 + - + - - - + - -

STMY1 + - + - + + + - +

CLG + - + - + + + - +

D11S385 + - + - + + + - +

NCAM + - ND - - + + ND ND

DRD2 + - ND - - + + ND ND
D11S351 + - + - + - + - -

THY1 + - + - + - + ND ND
MIC9 (+) - + - + - + - -

CHR 1 markers:
M1C10 + - ND ND ND ND ND ND ND
REN + - ND ND ND ND ND ND ND
D1S103 + - ND ND ND ND ND ND ND

D1S8 - + ND ND ND ND ND ND ND

a A plus sign (+) denotes presence of marker; and a minus sign (—) denotes absence of marker. ND = not determined.

Chromosome painting onto a normal human meta-
phase spread was also carried out to study directly the
chromosome 11 regions from which the human frag¬
ments were derived. Figure 3 reveals an apparently sin¬
gle contiguous region of chromosome 11 q in WJX3,
WJX7, and WJX11. Three distinct regions, two on the
short arm and one on the long arm, are seen only in
WJX5, as expected on the basis of marker analysis (ta¬
ble 2). Marker analysis would suggest the presence of
discontinuity in WJX7 too. Cotl analysis of the hybrid
showed three separate blocks of human DNA in WJX7,
and the results in table 2 reveal two gaps—first, in the
HSTF1,GST3 region and, second, around D11S388.
This suggests that two small interstitial deletions have
interrupted contiguity, and the three separate blocks of
human DNA seen in the hybrid cell line may represent
the separate insertion of each contiguous segment.
However, as the gaps are small, the human DNA con¬

tent of WJX7 appears as a single block when painted
back onto normal human chromosomes.

In Situ Hybridization to Determine the Site
of the Translocation Breakpoint

Figure 4 shows the results with the flanking markers
on mitotic chromosomes prepared from peripheral leu¬
kocytes of translocation carrier and affected patient
ROMAR. Figure 4a shows the breakpoint-distal
marker D11S388 hybridizing to the large derived chro¬
mosome 1 and to the normal chromosome 11 homo-
logue, and figure 4b shows the TYR signal on the nor¬
mal chromosome 11 and on the visibly smaller, derived
chromosome 11.

Discussion

Schizophrenia and related major mental illness are
very common in the general population (Gottesman
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Figure 2 Human DNA content of the WJX hybrids, revealed by in situ hybridization with Cotl fraction of human DNA, a, WJX3. b,
WJX5. c, WJX7. d, WJX11. For each cell line a representative mitotic spread is shown on the right, with an enlarged view of the human
fragment-bearing chromosome in the left panel.

and Shields 1982). The etiology of these diseases is not
understood but is almost certainly heterogeneous. So¬
cial, environmental, and genetic components interact
to cause disease. Twin studies point to a major genetic
contribution (Gottesman and Shields 1982), which is,
however, likely to be due to several different interact¬
ing genes. Any insight into the physiological/biochemi-
cal abnormalities which are involved in the onset of
disease may give a lead in designing improved therapy
and, perhaps, in devising preventive measures. Under¬
standing the underlying pathology in one form of the
disease may lead to other candidate genes or to environ¬
mentally alterable targets.

With this philosophy in mind, we set out to identify,
as a pointer to one candidate genetic component, the
translocation breakpoint which cosegregates closely
with schizophrenic illness in this large kindred. We
have succeeded in showing that the breakpoint lies be¬
tween two adjacent genetically linked markers, TYR

and D11S388, initially placed 4 cM apart (C. Julier,
unpublished results) but most recently estimated to be
about 7.8 cM apart at Ilql4-q21 (NIH/CEPH Collab¬
orative Mapping Group 1992). The DNA distance be¬
tween two such markers is impossible to predict, since
the relationship between genetic and physical distance
is not constant, so that in part of the nearby llql3
MEN1 region 1 cM corresponds to only 300 kb (Jan-
son et al. 1991). The next step is to identify the exact
site of the breakpoint, with the aid of further markers
in the TYR-D11S388 interval. With this in mind we

segregated the reciprocal translocation chromosomes
into stable mouse-human hybrids, for quick assignment
of any newly isolated markers. We have also produced
the four WJX series of X-irradiation hybrids carrying
llq fragments selected with cell-surface markers
known to map above and below the 1 lq21 breakpoint.
Of these, WJX11 in particular reveals a contiguous
block of markers which appear to cross the transloca-
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Figure 3 Human DNA from each WJX hybrid, isolated by Alu-PCR and painted back onto normal human mitotic spreads, a, WJX3,
showing a subcentromeric block of DNA on llq. b, WJX5, revealing the presence of three distinct blocks, from llpter, 11 p 11 -p 12, and
Ilq23-q24 (the degree of Cotl suppression was not quite sufficient in this case, showing hybridization to some other chromosomes), c, WJX7,
showing a single relatively centromere-proximal block on llq. d, WJX11, with a more distal llq block of DNA. Each chromosome 11
homologue is shown enlarged separately in a small panel.

tion breakpoint. We cannot be certain of the integrity
of the DNA without PFGE analysis, since, for example,
in CMGT hybrids (of which E67.1 and E67.4 are repre¬
sentative), we almost invariably find the human DNA
components to be rearranged when looked at by long-
range techniques (Bickmore et al. 1989). Alu-PCR
painting similarly reveals discontinuity in some chro¬
mosome-fragment hybrids (Dorin et al. 1992). Never¬
theless, such hybrids provide an excellent source of
new markers for the chromosome regions indicated to
be present by the preexisting markers (Porteous et al.
1987; Bickmore et al. 1989). However, to narrow
marker isolation more closely to the region of interest,
we propose to try coincidence sequence cloning
(Brookes and Porteous 1991)—for example, between
MIS39 (=MAR1) and WJX11, which carry overlapping
human fragments on a mouse cell background and

hamster cell background, respectively. Using this tech¬
nique should allow us to isolate new markers solely for
the human region which the two cells have in common,
which is around the translocation breakpoint. Other
approaches in progress that are seeking to produce
markers for the region of interest include (a) the produc¬
tion of microdissection libraries and (b) the isolation of
TYR and D11S388 yeast artificial chromosome (YAC)
clones, followed by YAC walking between these
clones. New markers produced are quickly mapped
onto the translocation hybrids M1S7, M1S39, and
CF37. Markers present in both MIS39 and CF37 or
WJX11 are automatically in the region of interest. Can¬
didate YAC clones for crossing the breakpoint can be
identified by in situ hybridization (Breen et al. 1992)
onto the translocation cell line MAFLI.

In the process of producing and analyzing the so-
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Figure 4 In situ hybridization of the two adjacent Hanking
markers on mitotic spreads from an affected translocation carrier, a,
D11S388, which hybridizes to the derived 1 {upper left) and to the
normal 11 homologue (lower left), b, TYR signals, seen on the normal
11 homologue (upper left) and on the truncated-looking derived 11
(lower left).

matic cell hybrids described, we have contributed to
the mapping effort on chromosome llq. We have de¬
vised human-specific PCR assays for a number of gene-
specific markers and have developed new sequence-
tagged sites for the D11S351, D11S385, and D11S388
(Julier et al. 1990) loci. The localization of the FACS-
selectable cell-surface marker MDU1 (Seawright et al.
1988), which is also the cloned gene 4F2 (Gottesdiener
et al. 1988), has been refined to the region proximal to
TYR but deleted in Jl-44 on llq (Jones et al. 1984;
Tanigami et al. 1992). It is interesting to note that,
although there is considerable fragmentation of the re¬
tained chromosome fragments in WJX5 and WJX7,
markers known to be closely linked, such as the
CLG/STMY1/D11S385 complex and NCAM/DRD2
(McConville et al. 1990), are not separated. These re¬

sults suggest that such fragment hybrids will be useful
for short-range mapping.

Linkage studies of chromosome llq markers with
schizophrenia have recently been carried out (Muir et
al, 1991). Interest in a possible disease association with
this chromosomal region has been influenced by (1) the
finding of three Ilq21-q23 translocations (Smith et al.
1989; Holland and Gosden 1990; St. Clair et al. 1990),
(2) the existence of several published cases of schizo¬
phrenia in albino patients, implicating the tyrosinase
region (Baron 1976; Clarke and Buckley 1989), and (3)
the presence of possible candidate loci, such as the do¬
pamine D2 receptor (Grandy et al. 1989; Seeman et al.
1989). Although the results of these studies generally
have been negative, it is not possible to exclude the
involvement of a major locus SCZD2 in this region, in
as many as 20% of cases, making the isolation of genes
from the breakpoint region an important approach for
identifying specific schizophrenia-predisposition genes
which may be implicated in only a proportion of cases.
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Neuropsychological and P300 abnormalities in
schizophrenics and their relatives
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synopsis Schizophrenic subjects (N = 30) performed less well than controls (TV = 30) on
neuropsychological tests sensitive to frontal and temporal lobe impairment and showed prolonged
latency of the P300 event-related potential. Relatives of schizophrenic probands were also tested.
Relatives with an abnormal P300 had a similar range of neuropsychological deficits as were found
in the schizophrenic group and relatives with a normal P300 response performed as well as the
normal control group. The results suggest that neurophysiologieal and neuropsychological testing
of relatives may help to clarify the mode of inheritance of schizophrenia in some families.

INTRODUCTION

That schizophrenia is an inherited illness is now
not seriously questioned, but genetic studies are
hampered by uncertainty concerning the valid
definition of this phenotypc. The diagnosis of
the illness is based on clinical symptoms, and
there are no means of determining whether an
apparently unaffected relative could be a carrier
for the schizophrenic trait. A biological marker
more frequently in schizophrenics and in a
proportion of their clinically well relatives than
in the general population could assist in identi¬
fying the phenotype.

Auditory event-related potentials, and in
particular the P300 component to novel or
unexpected stimuli, fulfil many of the criteria for
a biological marker for schizophrenia. The P300
waveform is reduced in amplitude and prolonged
in latency in schizophrenic patients compared to
normal control subjects (Pfeflferbaum et al. 1984;
Gordon et al. 1986; Blackwood et al. 1987;
Romani et al. 1987; Ebmeier et al. 1989). The
delayed P300 of schizophrenics appears to be
independent of medication effects, clinical state
(Blackwood et al. 1987), duration of symptoms,
and the clinical sub-type of the illness (St Clair

5 Address for correspondence: Dr H. Roxborough, University
Department of Psychiatry, Royal Edinburgh Hospital, Morningstde
Park, Edinburgh EH 10 5HF.

et al. 1989)>)• Furthermore, the proportion of
first-degree relatives of schizophrenic probands
with event-related potential changes is much
higher than the incidence of the abnormality in
the general population (Blackwood et al. 1991 a).
It is not known, however, what other features
there are in common between schizophrenic
subjects and their relatives with delayed P300.

It is well established that many schizophrenic
subjects show attentional deficits when per¬
forming certain vigilance tasks. One such test,
the Continuous Performance Test (CPT), is a
visual task in which a series of stimuli such as

numbers or letters are presented for brief
intervals. When a designated 'target' is pre¬
sented, the patient is asked to respond by
pressing a button. Schizophrenic subjects tend
to make more errors on this test than normal
controls, alcoholics, or patients with affective
and schizoaffective disorders (Orzack & Kornet-
sky, 1966; Walker, 1981; Walker & Shaye.
1982). Others have found poor signal detection
during CPT in a subgroup of children of
schizophrenic mothers compared to control
groups of children. Such high-risk children are
also characterized by increased distractibilily
(Rutschmann et al. 1977; Erlenmeyer-Kimling
& Cornblatt, 1978; Nuechterlein, 1983) and
poor performance on visual search tasks (Neale
et al. 1984). On the basis of such findings it has
been suggested that attentional dysfunction
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(which includes impaired target discrimination
in a CPT) may be an early indication of
vulnerability to schizophrenia (Lewine, 1984).

Schizophrenics also show changes in other
neuropsychological measures and deficits in tests
thought to be associated with frontal lobe and
temporal lobe function have been repeatedly
reported. Flor-Henry & Yeudal! (1979) found
evidence for dysfunction of the non-dominant
fronto-temporal lobes in a series of 54 schizo¬
phrenics when compared to controls with affec¬
tive disorder. Taylor & Abrams using a battery
of neuropsychological tests found that a large
percentage of the schizophrenics they studied
had a profile of deficits suggestive of bilateral
fronto-temporal damage (Taylor & Abrams,
1984). Kolb & Wishaw (1983) found a similar
pattern and, in addition, no evidence for any
alteration in tests of parietal function.

Gruzelier et al. (1988) reported significant
differences in tests associated with both frontal
lobe and temporo-hippocampal function in 36
schizophrenic patients when compared to 29
normal controls. Deficits in tests addressing left-
sided temporo-hippocampal function were par¬
ticularly marked in the schizophrenic group.
Schizophrenics also performed less well than
controls on spatial and non-spatial conditional
associate learning tests and such impairments
are thought to indicate fronto-hippocampal
dysfunction. Schizophrenics also seem to have
difficulty in recognizing the errors they make
and in correcting them given the opportunity to
do so (Malenka el at. 1982) and it has been
suggested that inputs to the hippocampus may
play a role in such monitoring (Frith & Done,
1988).

In addition to the neuropsychological findings
there is evidence implicating the fronto-temporal
regions in the pathogenesis of schizophrenia.
Since the first report of ventricular enlargement
in schizophrenics shown by computerized axial
tomography (Johnstone et al. 1976) there have
been numerous descriptions of dilation of the
lateral and third ventricles and thinning of the
cortex (reviewed by Weinberger, 1983; Reveley,
1985). Using nuclear magnetic resonance
imaging of coronal sections some (Besson et al.
1987) but not all groups (Smith et al. 1987) have
reported enlargement of the lateral ventricles in
schizophrenia. Recent neuroanatomical studies
have revealed possible structural changes in the
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hippocampus and para-hippocampal gyrus U
the brains of schizophrenics (Bogerts et al. 1985;
Falkai & Bogerts, 1986) and reports investigating
regional cerebral blood flow and metabolism in
schizophrenics have found evidence for frontal
lobe dysfunction (Buchsbaum et al. 1982; Farkas
et al. 1984; De Lisi et al. 1985; Weinberger et al.
1986; Sagawa et al. 1990).

A magnetic resonance imaging study has
shown that P300 event-related potential ab¬
normality in schizophrenia is associated with a
reduction in the area of the cingulate cortex
measured bilaterally (Blackwood et al. 19916).

The present study was designed in the light of
these findings to examine the symptom-free
relatives of schizophrenic probands for evidence
of the same type of neuropsychological ab¬
normalities as are found in schizophrenic sub¬
jects. We chose to examine the families taking
part in linkage studies. Details of some of these
pedigrees have been published (St Clair et al.
1989 a).

METHOD

Subjects
Patients were referred for this study by their
responsible clinician with a clinical diagnosis of
schizophrenia. They were all in-patients or out¬
patients of the Royal Edinburgh Hospital and
able to give informed consent. All were inter¬
viewed using the Schedule for Affective Dis¬
orders and Schizophrenia - lifetime version
(SADS-L; Endicott & Spitzer, 1978) by a
psychiatrist (D.B. or W.M.) and met both
Research Diagnostic Criteria (RDC; Spitzer et
al. 1978) and DSM-III-R criteria (American
Psychiatric Association, 1987) for definite
schizophrenia. All subjects were on neuroleptic
medication and none had a history of neuro¬
logical disorder. The severity of symptoms was
assessed by the Brief Psychiatric Rating Scale
(Overall & Gorham, 1962) and by the Hamilton
Rating Scale for Depression (Hamilton, 1960).
Table 1 lists the demographic data on the group.

Thirty relatives of schizophrenic probands
from families participating in concurrent genetic
linkage studies were invited to take part in the
present study. They were not relatives of the
schizophrenic patients who form the comparison
group in this study. They were all interviewed
using the SADS-L and described no past or
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Table I. Demographic and clinical data on
schizophrenic patients, relatives and control
subjects

Schizophrenic Relatives Controls
A =30 A = 30 N=30

Male/female" 23/7 12/18 23/7
Age" mean (s.d.) 29-3 <8-7) 38-7(15-1) 28-7 (9-2)
NARTC mean (s.d.) 109-7 (10 6) 111-6 (7-5) 120-8(4-9)
WAIS" mean (s.d.) 104-7 (14 1) 113-4(10-8) 128-3 (9-7)

" P < 0-001, F =■ 7-73, ar- 2,87, 3 > 1 — 2 3 **fOV*s.
c /'<00001, 16-77, df — 2,87,3> 1 -2 V S,™;0*, by ,
" f < 0 001. F= 26-08,dl" = 2, 74,1 < 2 < 3 J &'hc'K posr-hac

tests.

current history of schizophrenia or bipolar
disorder or of neurological disorder. Three
relatives received a diagnosis ofmajor depressive
disorder and one of minor depressive disorder.
The remaining 26 relatives had no psychiatric
illness. They were all free of psychotropic
medication.

Thirty healthy subjects drawn from hospital
staff, students and members of the local com¬

munity formed a normal control group. They
gave no history of psychiatric or neurological
illness and were taking no medication.

Recording of event-related potentials
Event-related potentials were recorded in a
screened, sound-attenuated room. Signal ac¬
quisition, processing arid storage were under
microcomputer control. Auditory stimuli were
delivered binaurally through headphones at an
intensity of 70 db above hearing level and with
an inter-stimulus interval of IT s. Subjects were
instructed to count silently tones of 1-5 kHz
presented randomly in a regular series of lower
pitched 1 -0 kHz tones. The overall ratio of high-
pitched to low-pitched tones was 1:9.

Bipolar recordings were made between Ag/
AgCl electrodes at the Gz position and an
indifferent electrode at the left ear-lobe. A
ground electrode was positioned at the right ear
lobe. In all cases inter-electrode impedances
were less than 2 kfl.

The EEG signal was amplified by 10000 and
passed through analogue filters with a bandpass
of 1 to 30 Hz (3 db down). The signal was then
digitized at a rate of 1 kHz over a period of 1 s.
A total of 500 epochs were recorded and the

data for low and high pitched tones averaged
separately. The subject then rested for 5 min and
a second series of 500 epochs was recorded in the
same manner.

An electrooculogram (EOG) signal was re¬
corded from bipolar leads at the outer canthus
and the supraorbital midline of the right eye.
This signal was amplified 1000 times and passed
through analogue filters with a bandwidth of
016 to 30 Hz (3 db down), and was averaged for
low and high pitched tones separately to the
EEG. All trials on either the EEG or EOG leads
where signal amplitude was greater than ±45
microvolts were excluded on the EOG averaged
data.

ERP rating
The latency and baseline to peak amplitude of
the P300 component of the waveforms were
measured. P300 was defined as the maximum
positivity of the waveform between 260 and
500 ms after the stimulus presentation. Latency
was measured visually using a cursor on the
computer trace, or when the deflection did not
form a sharp peak the latency was measured at
the point of intersection of the tangents to the
ascending and descending slopes (Goodin et al.
1978) measured on a computer-generated hard
copy of the data to a digital plotter.

Neuropsychological tests
The neuropsychological tests were administered
by H.R. blind to P300 recordings. Testing took
an average period of 40 min.

Frontal lobe function

The tests used were: the Wisconsin Card Sorting
Test, reported to be sensitive to bilateral frontal
lobe function (Milner, 1963, 1964; Robinson et
al. 1980; Milner & Pelridcs, 1984), Verbal
Fluency, measuring left frontal lobe function
(Milner, 1964; Benton, 1967; Newcombe, 1969;
Milner & Pet rides, 1984) and Copying ofDesigns
Test, sensitive to right frontal-lobe function.

The 64-card version of the Wisconsin Card
Sorting Test (WCST) was chosen in which the
subject had to sort the cards according to the
criteria of colour, number and shape. The
number of errors made was recorded. Total
number of errors, rather than perseveration and
other errors, was used as various writers have
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associated the different types of errors with
frontal-lobe function in general, without more
specific localization (Lezak, 1975; Milner &
Petrides, 1984). Two versions of the Verbal
Fluency Test were used. In the first, the subject
was asked to name as many words as he could
beginning with the letters S, then A and then F
in one minute for each letter, and in the second
to name as many items as he could belonging to
the categories animals, fruit and flowers. The
score is the total number of words produced in
each condition. The Copying of Designs Test
required copying the 10 designs from the Benton
Visual Retention Test. Errors of specific types
were recorded, and the subject's score was the
number correctly copied.

Temporal lobe function
The tests chosen were Hebb's Recurring Digits
Test which has been shown to be sensitive to left
hippocampal function (Milner, 1970. 1971) and
Corsi's Block Tapping test which is sensitive to
the function of the right hippocampus (Corsi,
1967; Milner, 1971). These are thought to
measure the same learning processes, the former
using verbal material and the latter visuo-spatial
material. Both tests involve finding memory
span, that is digit span or the number of blocks
correctly tapped, when copying the sequence
given by the tester. The span is then increased by
one and a series of sequences are presented with
every third sequence repeated. Normal subjects
show a learning curve to the repeated sequence
while subjects with hippocampal damage show
impaired learning. The subject's score is his or
her span and the number of presentations
required to learn the repeated sequence.

Other neuropsychological tests
Free verbal recall tests taken from Toglia &
Battig's (1978) word lists were used. Two lists
containing words with no emotive content, but
which were highly related, were used (animal
related and education related). Recall of related
items reflects the ability to form and use
associative connections. This test was used
because of the well documented loose associative
thinking in schizophrenic patients.

To assess full scale, verbal and performance
1Q, five subtests of the Wechsler Adult In¬
telligence Scale were administered, Vocabulary,
Similarities, Digit Span, Picture Completion and

Block Design. The scores from each were
prorated and totalled to give an equivalent Full
Scale score. The National Adult Reading Test
was used to estimate pre-morbid 1Q. The IQ was
assessed because of its possible interaction with
the other tests.

Statistical analyses
All analyses were performed using the Statistical
Package for the Social Sciences (SPSS-X, 1986).
One-way analyses of variance were used to
compare the IQ scores and P300 latency and
amplitude of the groups. Where appropriate,
that is when there was a significant correlation,
analyses of covariance using premorbid IQ as a
covariate were used to compare the performance
of the groups on the neuropsychological tests.
Analyses of co-variance are valid to deal with
problems of differences of distribution of scores
on dependent variables when certain conditions
are met, namely an overlap of at least a third of
the scores from the groups concerned. Pre¬
morbid, rather than current IQ, was used in
analyses of co-variance because current IQ may
be interpreted as reflecting the current level of
deterioration seen in neuropsychological tests,
whereas, if deterioration on neuropsychological
tests is independent of deterioration in IQ, but
nonetheless related to IQ, it is pre-morbid IQ
which is the relevant factor. Age was not
significantly correlated with any of the variables.
Kruskal- Wallis non-parametric analyses ofvari¬
ance were used when Kolmogorov-Smirnov
goodness-of-fit tests showed the data not to be
normally distributed. Pearson's Product Mo¬
ment correlations were used to describe the
bivariate relationships between P300 latency
and performance on the neuropsychological
tests. A stepwise discriminant function analysis
was carried out to identify the psychological
variables most effective in differentiating schizo¬
phrenic patients from normal controls. The
same classification function coefficients were

then used to attempt differentiation of relatives
with abnormal P300 latency from relatives with
normal P300 latency.

RESULTS

As shown in Table 1, there was a significantly
lower male: female ratio in the group of relatives
than in the groups of schizophrenic patients and
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Table 2. Latency and amplitude of P300 in controls, schizophrenics and relatives (mean (s.d.))
1 2 3

Schizophrenic Relatives Controls P
N ~ 30 ,V= 30 N = 30 (ANOVA)

P300 latency* (ms) 344(41) 338 (40) 300 (25) 0 0001
P300 amplitude" (uv) 39(28) 26(18) 53(17) 0-004

Comparison of differences between means using ScheiTe procedure: * 1 = 2 > 3 (P < O-01);111 — 2 < 3 (P < 0 01),

Table 3. Analyses of variance comparing performance ofschizophrenic patients, relatives and
control subjects on neuropsychological tests showing means (standard deviations)

1

Schizophrenic
N = 30

2
Relatives
V = 30

3
Controls
N = 30 P

* Wisconsin Card Sorting Test errors1 204 (15*8) 120 (6-5) 93 (3-0) 0009
I> 2 — 3
002

1 - 2 < 3
0-0001

1 < 2 < 3
0-32
0*01

1 <3
0*12
0-11
0:0001

1 = 2 <3
0-43t

* Verbal Fluency letters1

Verbal Fluency categories9

Hebb's Recurring Digits - Span4
Hebb's Recurring Digits-Times to learn8

39-2 (11-6)

31-7 (8-4)

7-4(1-1)
4-9(1*9)

43-8(11-0)

46*1 (109)

7*1 (1-0)
4*1 (1-6)

55-5 (1 1 1)

54-8 (10-8)

8-0(0-8)
3-5 (1-3)

Corsi's Block Tapping Test-Span"
Corsi's Block Tapping Test Times to learn7
* Verbal Recall Categories"

50(10)
4-4(2-0)
9-8 (2-4)

5*4(10)
4-7(1-6)

11-8 (2*6)

6*0(0*7)
3*7(1*3)

15*8(2*7)

Benton's Copying Design 9-4(1-5) 9*2(1-2) 9*8(0*4)

* N ART [Q used as a covariale where IQ correlates slgnifianUy with test (uncorrected means are reported),
t Kruskat Wallis ANOVA.
>■/?-4-92, Uf — 2. 85: a/•" = 4 04, df=2,76; »f- 19-31. df-2,69; 'F- 116. df-2,75: »F=4-95, df-2,75; »F-2-IS. df- 2, 75:

7F = 2-30. df«2,75; •>- 17-16, df-2.84.

normal controls x2 = 11 73, df = 2, P< 0-003).
The group of relatives was also significantly
older than the other two groups (F = 7-73,
df = 2, 87, P < 0 001). The relatives included
seven parents, 10 siblings, 11 second-degree
relatives. In the schizophrenic group, the mean
BPRS score was 8-9 (±2 3 s.d.) and the mean
Hamilton score 4-5 (±3-9 s.d.). Mean duration
of illness was 72-1 months. Fourteen schizo¬
phrenics were out-patients, eight had been hospi¬
talized less than 6 months, six for less than 30
months and two for longer than 30 months.
One-way analysis of variance showed that the
control group had significantly higher current
and pre-morbid IQ scores than the other groups.
Further analyses use pre-morbid IQ as a
covariate where the neuropsychological tests
correlated significantly with IQ (see Method
section). The range of NART scores for the
schizophrenic group was 91-125, for the relatives
97-124, and for controls 109-127. The overlap

in the distributions of scores between schizo¬
phrenic patients and controls was 67% and
between relatives and controls 65%. Age was
not used as a covariate, as it did not correlate
significantly with any of the neuropsychological
tests and Blackvvood el al. (1988) have shown no
significant effect of age on P300 latency in a
large control group within the age range used in
this study.

Neurophysiologies! tests
The schizophrenic patients and the relatives'
groups had significantly longer P300 latency and
smaller P300 amplitude than the normal control
group (see Table 2). The relationship between
neuropsychological tests and P300 latency was
examined because the latency of P300 is rela¬
tively independent from the effect of neuroleptic
medication and the clinical state of patients at
the time of testing (Blackwood et al. 1987).
Discriminant function analysis has shown that



310 H. Roxborough and others

P300 latency is the most powerful of the event-
related potential variables for distinguishing
between schizophrenic patients and controls
(Blackwood el al. 1991a).

Neuropsychological tests
Comparison of the groups on the neuropsycho¬
logical tests is presented in Table 3, showing
means and standard deviations. Pre-morbid IQ
correlated significantly with Wisconsin Card
Sorting Test, Verbal Fluency Letters and verbal
recall categories, and was, therefore, used as a
co-variate for the analyses on these variables
alone. The means reported are uncorrected.

1. Frontal lobe function
Schizophrenic patients were significantly dif¬
ferentiated from control subjects and relatives
on the Wisconsin Card Sorting Test (WCST). In
tests of verbal fluency the control subjects
performed significantly better than both the
relatives and the schizophrenic patients, and in
the categories condition all three groups were
significantly differentiated. No difference was
found on Benton's copying design test.

2. Temporal lobe function
Schizophrenic patients were significantly dif¬
ferentiated from control subjects on times to
learn the repeated sequence in the Hebb's
Recurring Digits Test, but not in the span of
digits. Corsi's Block Tapping Test did not
differentiate the groups.

3. Verbal recall

Control subjects performed significantly better
than both schizophrenic patients and relatives.

The relation between P300 latency and
neuropsychological tests
The group of relatives was then divided into
those with 'normal' P300 latency and those with
"abnormal' P300 latency. The cut-off point for
abnormality was 350 ms, which was the mean +
2 s.d. of the P300 latency of the normal controls.
A group of 11 relatives had abnormally pro¬
longed P300 latency and 19 relatives had P300
latencies within the 'normal' range. The 'ab¬
normal' relatives consisted of four males and
seven females, average age 35-7, s.d. 12-1 years,
with a mean WA1S IQ of 110-8, s.d. 6-5. The

'normal' relatives consisted of eight males and
11 females, average age 40-4, s.d. 16-6 years,
with a mean WAIS IQ of 115-1, s.d. 11-5. The
two groups did not differ in sex distribution
(Fisher's Exact P = 0-28), in average age (t =

0-89) and in average IQ (t = 1 -3). The com¬
parison of the two groups of relatives with the
schizophrenic patients and controls on the tests
which differentiated in the analysis reported
above are shown in Table 4.

/. Frontal lobe function
Performance on the Wisconsin Card Sorting
Test did not significantly differentiate either of
the two relatives' groups from the control group
or the schizophrenic group (F = 3-34, df = 3, 87,
P = 0-02). Performance on the Verbal Fluency
letters tests (F = 3-82, df = 3, 79, P = 0-01) and
in the categories tests (F — 14-51, df=3, 71,
P = 0-0001) differentiated the 'abnormal' rela¬
tives from the control subjects, the schizophrenic
group and 'abnormal' relatives not being differ¬
entiated. The 'normal' relatives were not dif¬
ferentiated from control subjects.

2. Temporal lobe function
The number of times the repeated sequence was
presented in the HRDT before it was learned
(F = 6-28, df = 3, 73) was significantly higher in
the schizophrenic and 'abnormal' relatives
groups than in the control group. It was also
significantly higher in the 'abnormal' relatives
than in the 'normal' relatives.

3. Verbal recall

In the verbal recall test, the control subjects
remembered significantly more category words
than the schizophrenic patients and abnormal
P300 relatives (F= 11-54, df = 3, 87). The nor¬
mal relatives also remembered significantly more
words than the schizophrenic subjects,

Intereorrelation of variables

Pearson Product Moment Correlation Coef¬
ficients of P300 latency with performance on the
neuropsychological tests are shown in Table 5.
Significant correlations were found for P300
latency and the verbal fluency tests, and time to
learn in Corsi's Block Tapping Test for the
schizophrenic patients and for P300 latency and
verbal fluency categories tests and times to learn



Neuropsychological and P300 abnormalities and schizophrenia 311

Table 4. Analyses of variance comparing performance of schizophrenic patients, relatives and
control subjects with subgroups of relatives on neuropsychological tests showing means (standard
deviations)

1
2

Relatives
3

Relatives 4

Schizophrenic Abnormal P300 Normal P300 Controls
A/«30 A'=11 N « 19 A'« 30 P

* Wisconsin Card Sorting Test errors1 20-4(15-8) 12-0(6-5) 12-1 (6-7) 9-3(3-0)
* Verbal Fluency Idlers' 39-2(11-6) 38-5 (11-4) 46-8 (9-9) 55-5 (11-1)

Verbal Fluency categories! 31-7(8-4) 41-1(7-4) 48-9(11-8) 54-8(10-8)

Hcbb's Recurring Digits - Times (o learn1 4-9 (1-9) 5-2(1-2) 3-3 (1-3) 3-5(1-3)

* Verbal Recall categories' 9-8(2-4) 11-2(1-7) 12-1(2-2) 15-8(2-7)

002
I > 4

001
4> 1 -2

3 > 2
00001

4 -- 3 > 1
4 > 2
0-001

1 =2>4
2 > 3
00001

4 > 1 =2
3 > I

' NART IQ used as a covariale where IQ correlates significantly with test (uncorrected meuns are reported).
VP- 3-34, df«3. 84; »T= 3-82, df= 3,75:'F- 14-51, df«3, 68; *F = 6-28, df= 3,74; *F= 11-54, df*3, 83.

Table 5. Pearson Product Moment Correlation Coefficients for P300 latency with
neuropsychological tests

1

Schizophrenic
2

Relatives
3

Controls
Ar =30 N « 30

Wisconsin Card Sorting Test 0-26 008 -001
Verbal Fluency Letter 040* 0-12 0-30
Verbal Fluency Categories -0:41* -0-34* -0-34*
Hebb's Recurring Digits-Span 004 -013 -016
Hebb's Recurring Digits-Times to learn 0-16 066** —0-78**
Cora's Block Tapping Test-Span —0 21 0-13 018
Cora's Block Tapping Test—Times to learn 0-32* 0-27 -005
Verbal Recall Categories 0-05 -0-18 -018

*/'<0-05; **/»<0-01.

in Hebb's Recurring Digits Test for the relatives
and control subjects. No significant correlations
were found with current or pre-morbid IQ.

Discriminant function analysis
Discriminant function analysis was applied to
the data to determine whether performance on
the cognitive tests would correctly classify
subjects into schizophrenic and control groups.
The seeond part of this analysis used the derived
classification coefficients from the schizophrenic
and control subjects to classify the relatives into
normal and abnormal P300 groups.

The following variables were entered into a
stepwise discriminant function analysis for the

schizophrenic and control subjects: errors made
on the Wisconsin Card Sorting Test, total
category words recalled in verbal recall tests,
verbal fluency categories test, times to learn in
Hebb's Recurring Digits Test and NART scores.
These variables were selected to include one

measure of each of the cognitive functions. Pre¬
morbid IQ was included as a variable as a
further test of the importance of IQ in the
discrimination between schizophrenics and nor¬
mal controls. Three of these variables were

selected by stepwise discriminant function analy¬
sis as significant in the following order: total
category words recalled (Wilk's A = 0-37.
P < 0 00001; verbal fluency categories test
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(Wilk's A = 0-31, P < 000001); Hebb's recur¬
ring digits - times to learn (Wilk's A = 0-27,
P < 0 00001). Wisconsin Card Sorting (Wilk's
A = 0-27) and NART (Wilk's A = 0-27) were not
included as significant discriminants in the
analysis. The standardized canonical discrimi¬
nant function coefficients were: total category
words recalled 0-60; verbal fluency categories
test 0-58; Hebb's recurring digits = —0-41. The
analysis correctly classified 19/20 (95%) of the
schizophrenic and 20/22 (91 %) control subjects.

These classification coefficients were then used
to classify the relatives into two groups according
to their neurophysiological test scores. Of
relatives, 9/11 (82%) with abnormal P300 were
assigned to the abnormal neuropsychology (i.e.
schizophrenia) group and 6/9 (67 %) of relatives
with normal P300 were assigned to the normal
neuropsychology group. This discriminant func¬
tion analysis correctly classified 75 % of relatives
by P300 category.

DISCUSSION

Previous studies have demonstrated that the
P300 component ofauditory event-related poten¬
tials is abnormal in a proportion ofschizophrenic
patients. The present study has confirmed these
findings and has also found latency and am¬
plitude changes in the P300 of a significant
percentage of clinically well relatives of schizo¬
phrenic subjects (Blackwood et at. 1991 a).

These relatives were divided into normal and
prolonged P300 latency subgroups using a cut-off
of two standard deviations above the control
group mean. The performance on a batiery of
neuropsychological tests did not differ between
the normal P300 latency relatives group and
normal controls, nor between abnormal P300
latency relatives and schizophrenics. Import¬
antly, however, significant differences were
found between the two subgroups of relatives.
The subgroup with prolonged P300 latency
performed more poorly on the Verbal Fluency
Letters test and on Hebb's Recurring Digits
than their normal P300 latency counterparts.
Deficits in these tests are thought to be associated
with frontal and temporal lobe dysfunction and
thus the prolonged P300 latency subgroup of
relatives show a similar profile of neuropsycho¬
logical impairment to that found in schizo¬
phrenic patients in both this and previous

studies. These relatives were completely drug
free at the time of testing and showed no
symptoms of schizophrenia or any other mental
illness.

Using classification function coefficients de¬
rived from discriminant function analysis to
differentiate schizophrenic subjects from con¬
trols, 95% of actual schizophrenics and 91 % of
controls were correctly classified. In other words,
93% of subjects in these two groups were
assigned to the correct group using neuro¬
psychological data. Significant discriminants
were total category of words recalled, verbal
fluency for categories and Hebb's recurring
digits-times to learn. Pre morbid IQ was not
included as a significant discriminant When the
same classification function coefficients were

applied to the group of relatives ofschizophrenic
patients, then 82% of relatives with abnormal
P300 latency were assigned to the abnormal
neuropsychology (i.e. schizophrenia) group and
67 % of relatives with normal P300 latency were
assigned to the normal neuropsychology group.
Thus, 75% of relatives were correctly classified
as being in one or other P300 latency group on
the basis of neuropsychological data.

The identification of a subgroup of relatives
of schizophrenic subjects who show a profile of
both neurophysioiogical and neuropsychologi¬
cal changes indistinguishable from schizo¬
phrenics themselves has important implications.
It lends support to the hypothesis that such
relatives may be clinically asymptomatic carriers
of a gene conferring a vulnerability to the illness.
It is suggested that the use of such physiological
and psychological measures may assist in de¬
fining the transmission and carrier status in
genetic linkage studies of schizophrenia which
are at present confounded by problems of
definition of the phenotype.
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marker ""Tc-exametazime was carried out in 14 acutely ill drug-free
schizophrenic patients from whom P300 event-related potential, smooth
eye pursuit eye tracking and verbal fluency were measured within a few days
of scanning. Smooth pursuit eye movement abnormality correlated
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and abnormal perfusion in the left anterior cingulatc region.
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Patients with schizophrenia show an increase in ab¬
normalities of several components of scalp-recorded
endogenous event-related potentials (ERPs) (1). Eye
movement dysfunction is also frequently observed in
these patients (2), and it has been proposed that
changes in the latency and amplitude of the P300
event-related potential and impaired smooth pursuit
eye tracking could be used as trait markers for
schizophrenia (3). These non-invasive tests, which
are easy to perform, could significantly contribute to
an understanding of the genetic transmission of
schizophrenia within families by defining a schizo¬
phrenia phenotype, the boundaries of which are
otherwise uncertain.

Abnormal smooth pursuit eye movements were
found in 40% of relatives (including 34% ofparents)
of schizophrenic probands compared with 10% of
relatives of nonschizophrenic psychiatric controls

(4). Evidence that eye tracking abnormality could be
a familial marker for schizophrenia included the
finding in a group of relatives of schizophrenic pa¬
tients that the dysfunction conforms to a bimodal
distribution (5, 3) and a twin study showing greater
concordance for eye tracking dysfunction in monozy¬
gotic compared with dizygotic twins (6). Matthysse
et al. (7) have proposed a genetic model under which
a latent trait determined by a single major locus
found in 4% of the general population and 84% of
schizophrenics may give rise to schizophrenia, poor
eye tracking or both.

Similarly, there are grounds for proposing P300 as
a useful marker of vulnerability for schizophrenia.
Abnormalities of latency and amplitude are found in
the patient population and in relatives (8-18). In
relatives, as with eye tracking dysfunction, P300
latency is bimodally distributed and P300 latency
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appears independent of medication and clinical
symptoms at the time of testing and is stable over
time (3, 19). Monozygotic twins generate remark¬
ably similar P300 waveforms, which suggests that, in
the normal population, P300 latency and amplitude
are under some degree of genetic control (20).

The validity of P300 and eye tracking disorders as
markers, however, remains uncertain. It is clear that
neither P300 nor eye movement disorder are specific
for schizophrenia, since changes in the former occur
with normal ageing and in the dementias (12,21, 22).
Changes in P300 latency and amplitude are also
reported in manic-depressive illness (18, 23) and in
some groups ofalcoholics and their relatives (24, 25).
A lack of specificity in the general population need
not invalidate the use of these markers within pedi¬
grees, particularly if other conditions, such as de¬
mentia and organic brain disease, are excluded in
family members. An examination of the relationship
of P300 and eye movement abnormalities with psy¬
chological impairments and brain imaging findings
in schizophrenia may help to elucidate the brain dys¬
function underlying this condition.

P300 latency and amplitude are associated with
some specific neuropsychological deficits in schizo¬
phrenia. Roxborough et al. (26) have reported a sig¬
nificant correlation between P300 latency abnormal¬
ity and poor performance in verbal fluency in
schizophrenic subjects but not in controls. Signifi¬
cantly, it was also shown that clinically well first-
degree relatives who had abnormal P300 latency
were impaired in verbal fluency tasks compared to
relatives with normal P300 latency.

Studies that have combined structural neuroim-

aging with eye tracking measurement in schizo¬
phrenic patients have yielded conflicting results.
Some studies have reported a weak association be¬
tween the presence of eye tracking impairment and
enlargement of the lateral ventricles (27-29), but
other studies reported no association (22, 30, 31) or
an inverse association (32) between these two mea¬
sures. Levy et al. (34) and Lieberman et al. (33) have
also reported an interesting inverse association be¬
tween eye tracking function and abnormalities mea¬
sured by magnetic resonance imaging, of medial
temporal lobe structures in schizophrenia. Subjects
with abnormal eye tracking were less likely to show
hippocampal abnormalities (reduced size or dyspla¬
sia with enlargement of the temporal horn of the
lateral ventricle) than subjects with normal eye track¬
ing.

Romani et al. (14) performed computed tomogra¬
phy scans and recorded auditory P300 from 20
schizophrenic subjects and showed no association
between ventricular enlargement and P300 latency
or amplitude. However, McCarley et al. (35) found
from computed tomography scans in 9 schizophren¬

ics and 9 control subjects that enlargement of the left
sylvian fissure was significantly correlated with a
reduction in P300 amplitude over the left temporal
region. A more recent study combining P300 record¬
ings with magnetic resonance imaging (MRI) in
schizophrenia showed that grey matter volume re¬
ductions in the left posterior superior temporal gyrus
were significantly associated with P300 amplitude
reduction and left-right topographic asymmetry (36).
Blackwood et al. (29) measured several brain regions
from serial coronal MRI scans recorded from 31

schizophrenic patients and 33 controls. P300 latency
recorded from the vertex was increased in the schizo¬
phrenic group, and this increase correlated with en¬
largement of the lateral ventricles and also with a
reduction in area of the right and left anterior cin-
gulate cortices.

The present study was designed to examine cor¬
relations between both P300 and eye tracking dis¬
order and regional tracer uptake in a group of un-
medicated actively ill schizophrenic subjects using
single photon emission computerized tomography
(SPECT). This is part of a study reported by Eb-
meier et al. (37) in which 20 drug-free schizophrenic
patients were examined using SPECT with the in¬
travenous blood flow marker 99mTc-exametazimc
during the acute psychotic phase of illness. Com¬
pared to controls, the schizophrenic patients showed
a bilateral hyperfrontal pattern of tracer uptake, with
reduced uptake in the left anterior temporal cortex
and the right and left anterior cingulate cortices. The
frontal increase and left temporal reduction in up¬
take were in keeping with the positron emission
tomography (PET) study of Wiesel (38), who re¬
ported a hyperfrontality pattern of 2-deoxyglucose
uptake and reduced superior temporal uptake in a
group of unmedicated acutely ill schizophrenic sub¬
jects. One explanation of reduced exametazime up¬
take in a region is a reduction in brain tissue in the
underlying cortex. The reduced uptake in the right
and left cingulate is in keeping with our previously
reported finding from magnetic resonance scanning
of reduced right and left anterior cingulate areas in
schizophrenic subjects who also had prolonged P300
latency (29). A follow-up study of these schizo¬
phrenic subjects is being carried out to determine the
blood flow changes that can be attributed to clinical
state as opposed to those that can be considered
trait markers.

The neural generation of the scalp recorded audi¬
tory P300 response is not completely understood,
but several lines of evidence, including topographic
analysis (39), depth electrode recording (40-45) and
studies on patients with discrete neural lesions
(46, 47) have suggested that the auditory cortex and
associated areas in the superior temporal and infe¬
rior parietal regions are critical for P30Q generation.
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P300, eye tracking and SPECT in schizophrenia

The anatomical and ncuropathological basis for
the eye movement disorder found in schizophrenia
is largely unknown, although patients have normal
brain stem control of vertical and horizontal track¬
ing and normal oeulocephalic and vestibulocular re¬
flexes, suggesting that the disorder is placed higher
than the brainstem (48-50) and is most probably
due to frontal cortical dysfunction (51).

Based on our previous findings, our hypothesis
was that increased P300 latency in schizophrenia
would show a significant association with regional
brain perfusion in those brain areas implicated in
P300 generation (superior temporal and inferior pa¬
rietal regions) or found to be abnormal in SPECT
studies of schizophrenics (frontal, anterior temporal
and anterior cingulate cortex). Similarly, we hypoth¬
esized that eye movement disorder in schizophrenia
would be associated with changes in frontal cortical
perfusion. P300 and eye tracking were correlated
with regional tracer uptake using a within group de¬
sign in 14 drug-free acutely ill patients with schizo¬
phrenia. To reduce the number of comparisons
made, we decided to use P300 measured from the
midline parietal position (PZ), for comparison with
regional perfusion because P300 at this electrode site
had previously been shown to best discriminate be¬
tween schizophrenics and controls (52). T3 and T4
electrode sites were also examined for left-right com¬
parisons.

The anatomical areas chosen for analysis from the
SPECT images were preselected (53). The proce¬
dure for SPECT recording was therefore standard¬
ised and identical to that followed in other studies by
this group and in particular, the study which showed
regional differences in uptake between these drug-
free schizophrenic patients and controls (37). P300
was recorded from midline sites because we have
previously shown that P300 latency at Cz (3, 19) and
at Pz (52) best discriminates schizophrenics from
controls. In the present study, the P300 wave from
Pz was analysed by a computer algorithm that avoids
observer bias in peak detection as fully described by
Glabus et al. (54).

Material and methods

Recruitment and clinical assessment

To be included in this study, patients had to be ac¬
tively psychotic at presentation to the Royal Edin¬
burgh Hospital, i.e., experiencing delusions or hal¬
lucinations, or displaying formal thought disorder in
the absence of any organic aetiology. Patients meet¬
ing criteria for a DSM-III-R diagnosis (55) ofschizo¬
phrenia were included if they were neuroleptic-naive,
or had not received oral neuroleptics for at least 2
weeks or intramuscular medication for 2 months.
Patients were clinically assessed, using the Schedule

for Affective Disorder and Schizophrenia (SADS)
and the Brief Psychiatric Rating Scale (BPRS) (56).
Handedness was measured by the Annctt Handed¬
ness Scale (57). P300 latency and amplitude and eye
tracking were compared with a group of 20 controls
described in a previous study (52). These controls
were recruited from hospital staff and from the local
community and were interviewed by a psychiatrist.
They had no history of neural or mental disease or
disorder, were on no medication and all were right
handed. These controls were not scanned.

Verbal Fluency Test (58, 59)
The subject was asked to say as many words as he
or she could think of beginning with the letters F, S
and A in categories of animals, fruits and flowers in
1 rain. Proper names and the same word with a dif¬
ferent suffix were disallowed. The total score was the
sum of all acceptable words produced in the 6 trials.

Wechsler Adult Intelligence Scale (WAIS) (60)
Subsets of the WAIS were administered and used to
rate total WAIS-R scores. Test used were object
assembly, similarities, digit span and digit symbol.

The National Adult Reading Test (NART) (61)
The NART comprises a list of 50 phonetically ir¬
regular words which subjects are asked to read
aloud. The score is based on the number of errors

made and is a valid and reliable measure of premor¬
bid ability in schizophrenia (62).

Imaging protocol
All patients were scanned using a single-slice 12-
detector scanner (SME-Multi-X 810, Strichinan)
with an in-slice resolution of 7.5 mm (full width half
maximum) at a slice thickness of 15 mm, and a sen¬

sitivity of 520 counts per second per kBq/ml (53).
Intermediate resolution (572 hole) focusing collima¬
tors were used. The imager is situated within the
Royal Edinburgh Hospital, in close proximity to the
academic and acute general admission wards.

Subjects were carinulated in an arm vein and al¬
lowed to rest for at least 20 minutes before injecting
500 MBq of ""'Tc-exametazime. During the injec¬
tion, subjects were lying comfortably on the imaging
table with eyes patched, and environmental noises
were kept to a minimum for 5 min after start of the
injection.

Eight transaxial slices parallel to the orbito-meatal
plane were acquired. A mid-ventricular slice, includ¬
ing the basal ganglia and a slice approximately 2 cm
above, was analysed. In these regions, regional
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perfusion measurements were reproducible and re¬
liable and are the standard measurements in this
laboratory (53). They include the regions of interest
for P300 and eye tracking.

Analysis of imaging data
For the quantitative analysis of uptake patterns,
templates were drawn from a standard brain atlas as

shown in Fig. 2 (63). These templates were sym¬
metrically and linearly deformed to tit the outline of
the brain defined by the 40% isocontour line of the
brain activity map. This changes the size and shape
of the overall template, leaving the relative relation¬
ship of regions of interest to each other intact. It has
the disadvantage of not taking into account indi¬
vidual variations in anatomy, but it provides an ob¬
jective and reliable method of determining relative
uptake patterns. The template was fitted blind to
clinical details. Average interrater errors of regional
uptake measures in our system are within 5% of the
mean measures (53).

Regional count densities were transferred from
the imaging program (SME 810 Software Version
2.61) and analysed using SPSS for the Apple Ma¬
cintosh (Version 4.0). Regional count densities were
normalized by division by the area weighted mean of
occipital and calcarine areas of interest in the two
slices as shown in Fig. 2. Normalization to occipi¬
tal portions of the brain was preferred because, for
correlations, the ratio consisting of two mutually ex¬
clusive brain areas is easier to interpret than ratios
to whole brain or whole slice averages.

Event-related potentials

Recordings were made in a sound-attenuated room
with subjects seated in a reclining chair. Bipolar re¬
cordings were made between silver/silver chloride
electrodes at three midline sites (frontal (FZ), cen¬
tral (CZ), parietal (PZ) left temporal (T3) and right
temporal (T4), according to the 10-20 electrode sys¬
tem of the International Federation (64). The elcctro-
oculogram (EOG) was recorded from electrodes
placed at the supraorbital position and the lateral
canthus of the left eye. A ground electrode was po¬
sitioned at the left ear lobe. Impedances were less
than 2 kfi. The subjects were required to count the
high-pitched tones and report at the end of the trial
how many high tones they had heard.

ERPs were recorded according to the following
procedures: the electroencephalography (EEG) data
were amplified by 10000 with a bandwidth of 0.16
to 30 Hz (-3 d B) by a Digitimer D-160 amplifier
system. The data were then sampled via an analogue
to digital converter with 12-bit resolution. The sam¬

pling rate per channel was 250 FIz. The data sweep

Fig. 1. Grand average auditory P300 waveforms at five electrode
sites recorded from 14 schizophrenic subjects during the perform¬
ance of a two-tone discrimination task. t

commenced with the collection of 244 ms of pre-
stimulus baseline EEG. This was followed by the
stimulus and 752 ms Of post-stimulus EEG data. All
data were monitored by a software procedure as it
was sampled, and any data exceeding ±45 pV ab¬
solute size caused automatic rejection of the whole
data sweep for all channels. Prior to processing, all
data were smoothed with a bi-directional digital fil¬
ter. The filter had the characteristics of a 15 Hz
( - 3 dB), 1 pole, low pass Butterworth. When ap¬
plied as a bidirectional filter there was zero phase
shift, and the - 3 dB point moves to approximately
10 Hz. The stimulus probability was set at 1/10 (rar- i

eifrequent), and stimuli were generated in random
order. Forty-ms tones were generated at 1000 IIz
(frequent) and 1500 Hz (rare) and were delivered
binaurally at 75 dB SPL, through headphones.

The P300 latency (ms) was measured by the least
mean square method (54) and the amplitude (pV)
was defined as the highest point in the curve. The
midline parietal lead (PZ) was selected because, in
other studies, this gave good discrimination between
schizophrenic and control groups (52). 1

Smooth pursuit eye movements were recorded via
nonpolarizable Ag/AgCI disc electrodes attached
1 cm lateral to the outer canthus of each eye with a (reference attached to the right ear lobe. The EOG
was differentially amplified x 1000 and passed
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through analogue filters with a bandpass of 0.016 to
30 Hz (3 elB down) and a roll-off of 12 dB per oc¬
tave. The amplified eye movement signal was simul¬
taneously recorded on an FM instrumentation tape
recorder. The target, a round spot subtending 0.5 of
a visual arc, was displayed on a monitor screen. The
spot moved sinusoidally at a frequency of 0.4 Hz
and subt ended a maximum angular amplitude of30°.
Subjects sat with their heads on a chin rest and were
instructed to follow the target while keeping their
head steady.

The signal record on FM tape was digitized at a
rate of 100 samples per second by standard A/D
conversion techniques and the reconstructed signal
displayed on a monitor. This sampling rate, in con¬
junction with the filter roll-off characteristic, pre¬
vented any possibility of aliasing into the bands of
interest in the subsequent Fourier transform. The
middle 10 s of each record were selected and pro¬
cessed so that the maximum peak-to-peak amplitude
was the same for each subject (normalization). Eye
blinks were easily detected by their large size and
distinctive polarity reversing shape. The normalised
signal was then shaped by a Manning window to
minimize the effect ofend-discontinuities on the sub¬

sequent Fourier transform. The spectral power den¬
sity was calculated with a microcomputer with 12 bit
resolution using a 512 point fast Fourier transform
written in Basic. Power density in the range of the
signal (0.31-0.5 Hz) was compared to power den¬
sity in the "noise" range defined as 0.8-8 Hz (65).
The natural logarithm of the signal-to-noise power
density ratio (In S/N) was used as a measure of
smooth pursuit efficiency.

Results

Grand average ERP waveforms from 5 electrode
sites recorded from 14 schizophrenic subjects are
illustrated in Fig. 1. Clinical data for the 14 schizo¬
phrenic subjects from whom P300. and eye tracking
recordings were obtained before drug treatment are
shown in Table 1. ERP and eye tracking data from
the schizophrenic group and 26 control subjects

Table 1. Clinical details irom 14 drug-tree schizophrenic subjects who were scanned by
SPECT

Mean Range

Age (years) 33.9 24-48
Age of onset of illness (years) 25.7 15-36
Duration of illness (years) 8 < 1-22
Brief Psychiatric Rating Scale 26 18-37
NARTIQ 98.6 70-122
WAISIQ 95.2 65-119
Sex 8 male, 6 female
Handedness 12 right, 2 left

P300, eye tracking and SPECT in schizophrenia

Table 2. Comparison of P300 (recorded from PZ) and eye tracking in schizophrenic
subjects and controls

Schizophrenic group
n= 14

Control group
n=26

P300 latency (msl
Mean+SD 391+53.1 355+26.5

f=2.4
df=38
P< 0.05

P300 amplitude (pV)
Mean+SD 6.9+4.0 12.1+3.2

r=4.2
df=38
A< 0.001

Eye tracking
(signal noise)

4.3+1.5 4.95+0.92 f= 1.6
NS

(who were not scanned) is given, in Table 2. Twelve
schizophrenic subjects were tested for verbal flu¬
ency. Schizophrenic patients were actively psychotic
as reflected by their relatively high scores on the
BPRS. Eleven of 14 were experiencing hallucina¬
tions during the days on which tests were performed
and 13 had mild to severe paranoid delusions. None
showed clinically important levels of elation or of
excitation and only two were rated depressed on the
BPRS scale. Eight subjects were drug-naive. This
group of schizophrenic subjects had significantly de¬
layed P300 latency, reduced P300 amplitude and
impaired verbal fluency compared with controls. Eye
tracking performance however, did not differ signifi¬
cantly front controls.

Table 3 shows the uptake ratios of tracer to 12
predetermined regions of interest in the 14 schizo¬
phrenic subjects. P300 (recorded from Pz) eye move¬
ment, verbal fluency scores and normalised regional
tracer uptake conformed to a normal distribution.
Pearson product-moment correlations were calcu¬
lated for P300 latency, P300 amplitude, eye tracking
(signal-to-noise ratio) and verbal fluency with re¬
gional uptake of exametazime in 8 regions of inter¬
est in the lower slice and 4 regions in the upper slice.

Table 3. Uptake ratios (mean+SD) of "!"Tc-label!ed exametazime (normalized to cal-
carine and occipital cortex) in 12 preselected regions of interest in 14 schizophrenic
subjects

Right Left

Upper slice
Frontal cortex 0.94+0.05 0.97+0.06
Parietal cortex 0.98+0.05 1.01+0.03
Anterior cingulate 1.10+0.08 1.07+0.08
Posterior cingulatc 1.17+0.08 1.17+0.06
Lower slice
Frontal cortex 0.96+0.05 0.97+0.04
Medial temporal 1.02+0.04 1.03+0.04

Superior temporal 1.0+0.05 0.06+0.04
Anterior cingulate 1.01+0.09 1.04+0.09
Posterior cingulate 0.86+0.09 0.90+0.1
Caudate 0.92+0.13 0.95+0.11
Putamen 1.0710.06 1.05+0.08
Thalamus 1.01+0.07 1.02+0.05
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Correlation of P300 latency, P300 amplitude, eye movement
dysfunction and verbal fluency with regional uptake of exametazime

Fig. 2 shows the significant correlations and their
localization for P300 latency and eye tracking signal-
lo-noise ratio. Fig. 3 illustrates the correlations of
P300 latency with left frontal and left parietal re¬
gional uptake. Fig. 4 of eye tracking with right and
left frontal uptake, and Fig. 5 of eye tracking with left
anterior and posterior cingulate perfusion.

P300 latency showed a positive correlation with
regional uptake in the left frontal (r = 0.63, P = 0.01)
and the left parietal region (r = 0.70, P = 0.006) in the
upper slice only. Correlations with right-sided re¬
gions were not significant. When the two left handed
subjects were excluded from the analysis, the
product-moment correlation became slightly higher
for P300 latency with both left frontal (r=0.68,
P = 0.02, « = 12) and left parietal (r = 0.72, P= 0.008,
« = 12) regions.

P300 amplitude did not show significant correla¬
tion with regional uptake in any of the regions of
interest on the right or the left side.

Pearson Product
Moment Correlation

Anterior Cingutate

Frontal

Caudate

Putamen

Anterior Temporal

halamus

Signal/Noise P3-Latoncy

-0 27 -0:22 0.01 0.14

-0.29 -0:24 -0.32 -0 13

•0.19 -0.17 -001 -028

-0.42 0,01 0.48 -0.23

-0 S3 -0 39 0.49 0.41

Posterior Temporal -0.43 0 33 0.21 -0 15

Posterior Cingulate -0.04 -0 14 -010 0 05

Reference Region

Anterior Cingulate -0.64 -0.40 0139 0,13

Frontal -0.69 -0.55 0.63 0.23

Parietal -0:39 -0.38 0.70 008

Posterior Cingulato -0.66 -0 38 0.39 0.13

Reference Region

Fig. 2. Pearson product-moment correlations between regional
cxamclazime uptake (expressed as a ratio with occipital/calcarinc
uptake) eye tracking and P300 latency in 14 drug-free acutely
psychotic schizophrenic patients

. Fig.Significant Pearson product-moment correlation of P300
latency {recorded from PZ) with regional perfusion in left frontal
and left parietal cortex, in 14 drug-free schizophrenic subjects

Eye movement

The quality of smooth pursuit (signaknoise) was
negatively correlated with regional uptake in the right
frontal (/• = - 0.58, P = 0.04) region of the lower slice
and the right. (r= -0.55, /> = 0.04) and left
(/•= -0.69, P- 0.007) frontal regions of the upper
slice. There were also significant correlations with
anterior (r= -0.64, />=0.015) and posterior
(r= - 0.66, P = 0.012) cingulate regions on the left.

Exclusion of the 2 left-handed subjects from the
analysis also increased correlations in every case.

Right-left differences
P300 latency and amplitude recorded from left tem¬
poral (T3) and right emporal (T4) leads were anal¬
ysed. P300 latency from the left temporal lead cor¬
related significantly with tracer uptake in the left
parietal (r=0.72. P = 0.02, «=10) but not left fron¬
tal region. No significant correlations were found
with P300 latency or amplitude recorded at T4. To
examine further for laterality effect, L-R indices for
regional uptake were calculated for each region and
correlated with P300 latency, P300 amplitude and

LEFT FRONTAL P300 LATENCY AND CEREBRAL BLOOD FLOW

p300tATENCY
(m see]

•84

BLOOD FLOW (UPTAKE RATIO)

LEFT PARIETAL c^O

PxjqLATENCY
(msec)

400
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Fig. 4. Significant product-moment inverse correlation of eye
tracking performance (signaknoise) with regional perfusion in right
and lefi frontal cortex in 14 drug-free schizophrenic subjects

signal-to-noisc ratio. P300 amplitude and eye track¬
ing showed no significant correlations. P300 latency
showed significant positive correlations with the left-
right difference in anterior temporal (lower slice)
(r = 0.69, P = 0.006) and parietal regions (upper slice)
(r- 0.61, P = 0.02), i.e., the greater the left-sided ex¬
cess in blood flow, the greater the increase in P300
latency. For the 12 right-handed patients alone, these
correlations were even greater (anterior temporal:
/• = 0.72, P = 0.009; parietal: r = 0.62, P = 0.03). P300
latency recorded from T3 (but not T4) also corre¬
lated significantly with the left-right difference in an¬
terior temporal region (r=0.77, P= 0.009, /;= 10).

Verbal fluency
The mean verbal fluency score was 66 + 12.6 for this
group of schizophrenics which compared with
102+13.3 for the group of 26 controls. One-way
analysis of covariance with NART and AGE as
covariates showed schizophrenics performed more
poorly than controls (F= 11.6; df= 1; P< 0.002).

P300, eye tracking and SPECT in schizophrenia

EVE TRACKING AND CEREBRAL BLOOD FLOW

Fig. 5. Significant product-moment inverse correlations between
eye trucking performance (signaknoise) and left anterior and pos¬
terior cingulate regional perfusion in 14 drug-free schizophrenic
subjects

Partial correlation coefficients were calculated for
verbal fluency with tracer uptake in the pre-selecled
regions of interest, adjusting for the effect of IQ as
measured by the NART. Verbal fluency for letters
and categories was negatively correlated with tracer
uptake in left frontal (r= - 0.62, P = 0.04) region in
the lower slice and with the inferior frontal left-right
difference in tracer uptake (r= - 0.67, P= 0.03).

Multiple comparisons

The number of comparisons was reduced by the
pre-selection of one electrode site (Pz) for P300 and
of the 12 brain regions analysed by SPECT. A total
of 48 comparisons were made (4 variables at 12
sites), so by chance less than three would be ex¬

pected to be significant at the 5% level.
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Discussion

The principal findings are that P300 latency is highly-
correlated with left parietal and left frontal (r = 0.63.
P=0.01) tracer uptake in a small group of 14 drug
free actively psychotic patients. Eye tracking dys¬
function correlated with bilateral frontal and left an¬

terior and left posterior cingulate tracer uptake.
There was also an inverse correlation between ver¬

bal fluency and left frontal tracer uptake. The diver¬
gence of anatomical correlates of P300 and eye
tracking are in keeping with clinical findings in fami¬
lies where eye tracking and P300 abnormalities tend
not to occur in the same subjects (3).

The method used to localize regional changes of
tracer uptake in this present study allows only ap¬
proximate anatomical localization of regions of in¬
terest. However, the finding in the present study that
P300 abnormality is significantly correlated with
tracer uptake in left parietal cortex is in keeping with
the wide range of evidence suggesting an important
role for the left auditory association cortex in P300
generation (39-47).

The association of P300 latency with left frontal
and left parietal uptake and of verbal fluency with
left frontal activity is of interest in view of recent
findings of verbal fluency impairment in schizo¬
phrenic patients and their relatives. In schizophrenic
patients, P300 latency delay was significantly corre¬
lated with poor performance in a verbal fluency test
(26, 52). Frith et al. (59), in a PET study of 4 nor¬
mal subjects performing a verbal fluency test, found
an increase in left dorsofrontal cortical activity and
a bilateral decrease in activity in the auditory and
superior temporal cortices. It was proposed that the
superior temporal regions are sites of stored word
representations and the inhibition of these areas by
left prefrontal cortex was the basis of verbal fluency.
Shedlack et al. (66) examined 20 elderly subjects
using SPECT and showed that verbal fluency was
associated with reduced uptake in the left temporal
(perisylvian) cortex. Thus the correlation between
P300 latency increase and impaired verbal fluency
performance measured in schizophrenic patients is
in keeping with frontal and temporoparietal blood
flow changes in this condition. In this case a (pre¬
sumably pathological) increase in frontal metabo¬
lism is associated with abnormal event-related po¬
tentials and cognitive performance.

In the present study. P300 amplitude did not cor¬
relate with regional tracer uptake measured by
SPECT in any of the brain regions examined.

This group of schizophrenic subjects showed a
hyperfrontal pattern of regional metabolism (37).
The inverse correlation between right and left fron¬
tal blood flow and eye tracking performance there¬
fore indicates that abnormal eye tracking is associ¬

ated with abnormal frontal regional perfusion and is
in keeping with the conclusion of Levin (51) that the
disorder of eye movement control in schizophrenia
is due to a failure of an inhibitory input from the
frontal eye fields to the superior colliculus and basal
ganglia structures.

The relation between eye movement disorder and
regional perfusion in the cingulate cortex is of some
interest. Ebmeier et al. (37) reported a reduction in
tracer uptake in the left anterior cingulate cortex in
this group of schizophrenics compared to controls.
Contrary to what we predicted from the results of a
previous MRI study (29), P300 latency did not show
significant correlation with right or left cingulate per¬
fusion. However, eye tracking performance was in¬
versely correlated with regional perfusion in the left
anterior and posterior cingulate. In other words,
normal eye tracking was associated with abnormally
reduced cingulate blood flow. A correlation between
normal eye tracking and abnormal morphology of
medial temporal lobe structures in schizophrenia has
been reported by Levy et al. (34). Smeraldi et al. (32)
also reported a significant association between lat¬
eral ventricular enlargement and normal eye track¬
ing. An inverse relation between eye tracking abnor¬
mality and abnormal regional brain morphology or
blood flow would suggest that separate pathological
processes give rise to these features.

The finding that both eye tracking abnormality
and P300 latency abnormality in schizophrenia cor¬
relate highly with blood flow in specific brain re¬
gions, while preliminary, is of interest in understand¬
ing the pathophysiology of schizophrenia. These
results support the view that changes in P300 and
eye movement, although not specific for schizophre¬
nia, nevertheless could be the direct result of under¬
lying brain pathology responsible for the clinical pre¬
sentations of the disease. Further work is in progress
to examine in first degree relatives of schizophrenic
probands the relation between P300, eye tracking,
neuropsychological impairments and alterations in
regional cerebral blood flow.
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"Schizoid" Personality in Childhood: Auditory
P300 and Eye Tracking Responses at Follow-Up in
Adult Life1

D. H. R. Blackwood, W. J. Muir, H. M. Roxborough, M. R. Walker, R.
Townshend, M. F. Glabus,2 and S. Wolff
University of Edinburgh Department of Psychiatry

The auditory P300 response and smooth pursuit eye tracking were recorded
from a group of 23 male adult subjects who had been diagnosed in childhood
as having schizoid personality. No differences were found in these physiological
measures between the study group, their matched controls of other child psy¬
chiatric patients, and a group ofpopulation controls. The essentially negative
findings are discussed in the light of abnormalities of these psychophysiological
responses previously found in schizophrenic patients, in some of their biological
relatives, and in other groups ofpsychiatric patients, including autistic children
and adults with a diagnosis of borderline and schizotypal personality disorder.
Results suggest that "schizoid" children, despite their high scores on a measure
of schizotypy, do not have schizophrenia spectrum disorder or that schizotypy
is a heterogeneous condition.

INTRODUCTION

We report here the results of a controlled psychophysiological study
of a group of "schizoid" children grown-up. A follow-up study into adult
life or boys diagnosed schizoid on referral to a child psychiatric clinic, and
group of individually matched controls given other diagnoses has been de-

1Rosemaiy Townshend was funded by a grant from the Scottish Home and Health
Department; W. J. Muir was supported for part of the time by the Wellcome Trust; and
Maura T. Walker by the Medical Research Council and the Leverhulme Trust.

^Department of Medical Physics, Royal Infirmary of Edinburgh.
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scribed previously (Wolff, Townshend, McQuire, & Weeks, 1991). Because
we anticipated that most of the former schizoid subjects would at follow-up
fulfil the criteria for schizophrenic spectrum disorders, in particular DSM-
m defined schizotypal personality disorder (American Psychiatric Associa¬
tion, 1980), we used in the follow-up examination both the Schedule for
Schizotypal Personalities (SSP; Baron, Asnis, & Gruen, 1981) and the Di¬
agnostic Interview for Borderlines (DIB; Gunderson, Kolb, & Austin,
1981). The SSP did indeed differentiate very highly between the groups,
and 24 out of 32 schizoid subjects fulfilled the criteria for DSM-III schi¬
zotypal personality disorder compared with 6 of the 32 controls. Schizoid
subjects also scored higher on the DIB, but the difference between these
two samples was not of statistical significance.

Abnormalities of some psychophysiological responses have been
found in schizophrenic patients and their biological relatives and also in
autistic children. Some of these abnormalities have been found in adult

psychiatric patients with borderline and schizotypal personality disorders.
We therefore examined these physiological measures in our two groups of
subjects to see whether they might clarify the relationship between adult
schizophrenia and a childhood diagnosis of schizoid/schizotypal personality.

A reduction in the amplitude and increase in latency of some com¬
ponents of auditory event-related potentials, in particular the P300 re¬
sponse, have been reported in schizophrenic patients (Barrett, McCallum,
& Pocock, 1986; Blackwood et al., 1987, Ebmeier, Mackenzie, Potter,
Salzen, 1989; Faux, Torello, McCarley, Shenton, & Duffy, 1988; Levit, Sut¬
ton, & Zubin, 1980; Pfefferbaum, Wenegrat, Ford, Roth, & Kopell, 1984;
Romani et al., 1987; Roth & Cannon, 1972; Roth, Horvarth, Pfefferbaum,
& Kopell, 1980; Verleger & Cohen, 1978), as well as in their first-degree
relatives (Blackwood, St. Clair, Muir, & Duffy, 1991a), and in adult psy¬
chiatric patients given diagnoses of borderline and schizotypal personality
disorders (Blackwood, St. Clair, & Kutcher, 1986; Kutcher, St. Clair,
Gaskell, & Muir, 1987). The prolonged P300 latency measured in some
schizophrenics was shown to be independent of clinical state and neurolep¬
tic medication in a follow-up study of a group of schizophrenic patients
from whom P300 recordings were first made when acutely ill and drug-free
and recordings were repeated at intervals up to 2 years after initial assess¬
ment Despite medication and marked improvement in clinical state in the
group as a whole, the P300 latency and amplitude measurements remained
unaltered (Blackwood et al., 1987).

P300 abnormalities are clearly not specific to schizophrenia since
changes in latency and amplitude of P300 are found in bipolar illness (Muir,
St. Clair, & Blackwood, 1991), in normal aging and dementia (Goodin,
Squires, & Staff, 1978; Pfefferbaum et. al., 1984) in Down syndrome (Black-
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wood, St. Clair, Muir, Oliver, & Dickens, 1988) and alcoholism (Begleiter,
Paijesz, Bihdri, & Kissin, 1984), presumably as a result of a variety of brain
pathologies affecting the generators of scalp-recorded potentials. In normal
controls, P300 latency correlates with age but the effect is significant only
in the group of subjects aged over 50 years and not in the younger popu¬
lation (Blackwood et al., 1988).

Reduced P300 amplitude has also been reported in autistic children
even when those with neurological abnormalities had been excluded
(Courchesne & Young-Courchesne, 1988; Dawson, Finlay, Phillips,
Galpert, & Lewis, 1988) while children with receptive developmental dys¬
phasia were found to have a different type of abnormality (Courchesne &
Young-Courchesne, 1988). Parents of well functioning autistic children
have been found to have mild schizoid traits (Wolff, Narayan, & Moyes,
1988) and biological relatives of autistic children are known to have an
excess of social as well as cognitive deficits (Bolton & Rutter, 1990). The
possibility therefore existed that the P300 abnormalities found in autistic
children might be associated with a predisposition to such personality traits.
However, despite the lack of diagnostic specificity, event-related potential
abnormalities can be usefully used as biological markers for schizophrenia
and related conditions if parents with conditions such as alcoholism and
dementia are excluded from the study. In particular, P300 and eye tracking
abnormalities, which reflect disorders for information processing, may be
useful in studying the relations between schizophrenia and personality dis¬
orders, including schizoid, schizotypal and borderline groups.

Another biological trait which may be useful in defining a schizo¬
phrenic phenotype is the eye movement dysfunction which has been re¬
ported in schizophrenic patients and their close relatives (Holzman,
Solomon, Levin, & Waternaux, 1984; Holzman et al., 1974) and is found
in 50-85% of schizophrenic subjects compared with 8% of a control popu¬
lation. Eye movement abnormalities also occur in about 40% of nonschi-
zophrenic parents and siblings of schizophrenic probands. Matthysse,
Holzman, and Lange (1986) postulated that eye movement disorder is a
useful biological marker for schizophrenia and related conditions.

Reanalyses of the Danish adoption studies, using DSM-III criteria,
suggested that schizotypal and paranoid personality disorders are geneti¬
cally related to schizophrenia (Kety, 1983; Kendler, Gruenberg, & Strauss,
1981; Kendler & Gruenberg, 1982). DSM-III schizoid personality disorder,
a rarer condition, has also been found more common in the biological rela¬
tives of schizophrenic patients than in control groups, but not significantly
so (Baron et al., 1985; Lowing, Mirskey, & Pereira, 1983).

If schizoid personality diagnosed in childhood is part of the spectrum
of schizophrenic disorders, we would predict prolonged P300 latency, di-
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minished P300 amplitude, and impaired eye tracking within our schizoid
group compared with the matched group of nonschizoid patients.

THE SAMPLES

The choice of proband and control subjects, their matching, and the
follow-up procedures (including a detailed semistructure interview by a re¬
search social worker (R.T.) blind to the childhood diagnosis) have been
described elsewhere (Wolff et al., 1991). In brief, 32 former child psychi¬
atric patients, all boys, who had been diagnosed as schizoid in childhood
(by S.W.) were compared in adult life (at a mean age of 27 years) with an
individually matched group of other child psychiatric clinic attenders. The
schizoid subjects were recruited from a larger group of psychiatrically re¬
ferred children given this diagnosis by S.W. in the course of over 20 years.
They were initially labeled schizoid because their clinical picture resembled
descriptions of schizoid personality disorder in the older psychiatric litera¬
ture. DSM-III and DSM-III-R criteria for schizoid, schizotypal, and para¬
noid personality disorders were not then available. The following core
features appeared to characterize schizoid children, and discriminated be¬
tween schizoid and other referred children in adult life also, both in an

early follow-up study at a mean age of 22 years (Wolff & Chick, 1980) and
in a more recent follow-up at a mean age of 27 years (Wolff et al., 1991);
solitariness; impaired empathy and emotional detachment; rigidity of men¬
tal set, especially the single-minded pursuit of special interests; increased
sensitivity, at times with paranoid ideas; and unusual styles of communica¬
tion.

For each schizoid child, control children were chosen by an inde¬
pendent psychologist to match the schizoids individually for sex, age at re¬
ferral, IQ, and occupational class of the father. Schizoid subjects were, as
a group, slightly above average intelligence and came from an upwardly
skewed social class background.

The 32 matched pairs (our total interview sample) were interviewed
in adult life by a social worker blind to the childhood diagnosis, using a
semistructured interview (Wolff, 1991; Wolff et al., 1991). At a mean age
of 27 years, 24 of the schizoid subjects but only 6 of the controls fulfilled
DSM-III criteria for schizotypal personality disorder, using the Baron
schedule for schizotypal personality disorder. Of the 10 Baron scales for
schizotypy, the following 5 differentiated significantly between the schizoid
subjects and their matched controls: ideas of reference, magical thinking,
impaired rapport, odd communications, and social isolation. No clinical or
other differences, except in severity of disorder, could be detected between
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those schizoid subjects who scored within and without the schizotypal range.
Despite the DSM-III and DSM-III-R differentiation between schizoid and
schizotypal personality disorders, our subjects could not be clearly subdi¬
vided in this way.

A childhood case note analysis (Wolff, 1991) showed that the pre¬
senting symptoms of the 32 schizoid and the 32 control children fell into
the following categories (S/C): conduct disorder, 5/5; mixed conduct and
emotional disorder, 6/9; emotional disorder, 1/10; hyperkinetic syndrome,
2/2; school refusal, 1/1; soiling, 1/3; enuresis, 0/1; educational failure, 6/0;
multiple symptoms of schizoid personality, 10/0; parental symptoms only,
0/1. Fifteen schizoid children compared with 5 controls had serious or mul¬
tiple specific developmental disorders usually affecting language related
skills. In addition, 24 schizoids and 4 controls were described as loners; 17
schizoid and no controls had special interest patterns; and 11 schizoids and
no controls had a record of multiple or striking fantasies.

Not all the subjects who took part in the main interview referred to
above, which usually took place in their homes, agreed to come to the
hospital for electrophysiological study. Satisfactory P300 recordings were
obtained from 20, and eye tracking from 17 pairs. None of these gave a
history of neurological disorder.

The results in the two groups of former patients were compared with
normal control data for P300 from a sample of 212 subjects previously re¬
cruited from hospital staff and local general practices described fully by
Blackwood et al. (1991a). These control subjects had a mean age of 30.5
years (range 16-59 years) and gave no history of psychiatric or neurological
illness and were unmedicated. Eye tracking had been recorded from 135
of these normal controls.

METHOD

The subjects' IQ was estimated using the Ravens Matrices and the
Mill Hill Vocabulary scales. All subjects were scored on the Baron SSP
and on the DIB. Psychophysiological testing was done by investigators blind
to their diagnostic status.

P300 Recording

Subjects reclined in a chair in a sound-attenuated room and per¬
formed a two-tone auditory discrimination task. A silver/silver chloride disc
electrode was secured at the Cz position and an indifferent ear clip elec-
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trode was attached to the left ear lobe. The earth electrode was attached
to the right ear. Eye movements were recorded from electrodes placed at
the outer canthus and supraorbitally to the right eye. Electrode impedances
were less than 2 kilohms in all cases. Tone pips were delivered binaurally
through headphones. Subjects were asked to count silently infrequent tones
of 1500 Hz, randomly presented in a series of 1000-Hz tones which were
not counted. Recordings were considered satisfactory if subjects made less
than 10% errors in counting the target tones. The ratio of high to low
pitch was 1:9. The interstimulus interval was 1.1 second, and the intensity
was 75 dB binaurally. Tone duration was 20 msec with a rise/fall time of
9.9 msec. The EEG was amplified 10,000 times with a band-pass of 1 to
30 Hz (-3 dB attenuation points of 12 dB/octave roll off). The responses
to frequent and rare tones were averaged separately. Trials were excluded
when the voltage exceeded 45 mV on either EEG or EOG (electrooculo-
gram) leads. The recording of eye movements also confirmed that there
were no time-locked artifacts contributing to the scalp recorded potentials.
Five hundred trials were averaged with a sweep time of 750 msec. Two
separate recordings were carried out at each testing and both recordings
were used in the measurement of latency and amplitude. In each case the
highest amplitude was chosen and, if there was a discrepancy in latency
between the two cases, a mean was taken. The baseline was estimated from
the average response to frequent tones over the 75 msec before stimulus.
This baseline, being the average of the larger number of trials, was con¬
sidered more appropriate than a baseline of the rare stimuli. The P300
response following the infrequent tones was a positive wave between 260
and 500 msec. The amplitude of P300 was measured from baseline to peak
on the pen-recorded trace. The choice of band-pass frequencies and elec¬
trode recording sites is clearly of great importance (Ebmeier, Glabus, Pot¬
ter, & Salzen, 1992). In this study, a narrow band-pass of 1-30 Hz was
used and recordings obtained from the Cz position, so that all data were
comparable with a very large group of schizophrenic and control subjects
previously recorded (Blackwood et al., 1991a). More recently, we have
shown that a wider band-pass of 0.16 to 30 Hz and recording from the
central parietal region (PZ) also acquires P300 wave forms which discrimi¬
nate schizophrenic from controls on the basis of latency and amplitude
changes (Glabus et al., 1994).

Smooth Eye Pursuit Movement

The electrooculogram (EOG) was recorded binocularly in the hori¬
zontal plane. Nonpolarizable Ag/AgCl disc electrodes were attached 1 cm
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lateral to the outer canthus of each eye with a reference ground attached
to the right ear lobe after skin preparation with a cleansing gel. Electrode
impedances were less than 2 kohm in all cases. The EOG was differentially
amplified x 1000 and passed through analog filters with a band-pass of
0.016 to 30 Hz (3 dB down) and a roll-off of 12 dB per octave. The am¬
plified eye movement signal was simultaneously recorded on an FM instru¬
mentation tape recorder and a dynograph. The target, a round spot
subtending 0.5 of a visual arc was displayed on a monitor screen. The spot
moved sinusoidally at a frequency of 0.4 Hz and subtended a maximum
angular amplitude of 30°. Target movement was controlled by microcom¬
puter software.

The signal record on FM tape was digitized at a rate of 100 samples
per second. The middle 10 seconds of each record were selected and proc¬
essed so that the maximum peak-to-peak amplitude was the same for each
subject (normalization). The normalized signal was shaped by a Hamming
window (Lynn, 1984) to minimize the effect of end discontinuities on the
subsequent Fourier transform. The spectral power density was calculated
with a microcomputer with 12-bit resolution using a 512-point Fast Fourier
Transform written in Basic. Power density in the range of the signal (0.3-
0.5 Hz) was compared to power density in the "noise" range defined as
0.8-8 Hz (Lindsay, Holzman, Haberman, & Yasillo, 1978). The natural
logarithm of the signal-to-noise power density ratio (In S/N) was used as
a measure of smooth pursuit efficiency.

RESULTS

Figure 1 illustrates P300 recordings from a subject who had been di¬
agnosed schizoid in childhood and a matched control.

Table I shows that for age, occupational class, and IQ the groups, all
male, were well matched and comparable to the total sample of 32 matched
pairs of subjects who had participated in the main interview study.

The reduced number of subjects taking part in the psychophysiologi¬
cal study were also comparable to the total interview sample in their scores
on the Baron SSP and on the DIB. In the reduced samples of 23 matched
pairs of the present study, the schizoid group scored significantly higher
than the controls on the SSP (f = 4.8, p < 0.0001). The DIB differentiated
between the groups less powerfully (f = 2.2, p < 0.05). A scaled score of
7 or more is frequently adopted for the diagnosis of Borderline Personality
Disorder. Only four schizoids and no controls achieved this score.

In Table II results are given of the P300 latency and amplitude and
eye track In signaknoise ratio in the three groups. Between group differ-
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Fig. 1. P300 recordings from an adult diagnosed in child¬
hood as schizoid (upper record) and a matched control
(lower record). Continuous lines are the response to fre¬
quent unattended tones and the dotted lines. The response
to infrequent attended tones in an odd-ball task as de¬
scribed in the text The latency and amplitude of P300 did
not differ between the schizoid and nonschizoid groups.
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Table I. Matching of Schizoid and Control Groups for Age, Occupation, IQ, and Clinical
Ratings

23 pairs participating in Total sample of 32 pairs in
electrophysiological study interview study
Schizoid Control Schizoid Control

Age in months
M 340 342 324 329
SD 58.7 68.7 71.5 73.8

Occupational class
M 4.8 4.0 5.0 4.6
SD 2.8 2.3 2.6 2.3

Mill HiU IQ
M 108.5 107.0 107.4 106.2"
SD 12.1 113 12.1 11.0

Ravens matrices IQ
M 104.7 113.4 103.4 1093"
SD 15.8 16.9 17.3 16.8

Scale for schizotypal personality (SSP)
M 10.7 5.1 9.8 5.3
SD 5.1 4.3 5.2 3.9

Diagnostic Interview for Borderlines (DIB)
M 3.7 1.9 3.3 2.2
SD 2.9 1.0 2.7 1.2

"Only 25 matched pairs were tested.

ences were not significant even when the schizoid and matched potential
groups were compared using the two-tailed t test for matched pairs.

No significant differences were found between the groups in either
P300 latency or P300 amplitude. The mean scores for both measures were
very similar to those for normal controls. In 4 schizoid subjects and 5 con¬
trols P300 latency was longer than 346 msec (2 SD from the control mean).

Table IL Comparison of P300 Latency, P300 Amplitude, and Smooth Pursuit Eye
Tracking in Schizoid Subjects, their Matched Controls, and a Group of Population

Controls

Matched patient Population
Schizoids group controls

M SD n M SD n M SD n

P300 Latency (msec) 303 30.2 20 313 33.1 20 301 22.6 212
P300 amplitude (mV) 9.8 3.6 20 10.0 4.5 20 9.8 29 212

Eye tracking (In
signalmoise) 5.0 0.8 17 43 12 17 5.0 0.9 135
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One schizoid subject and 2 controls had a P300 amplitude of less than 4
pV (which is 1 SD from population control mean). Neither were there dif¬
ferences in the mean eye tracking scores of the two groups of former child
patients. One schizoid and 3 control subjects scored below 2 standard de¬
viations from the population control mean. There was no overlap between
abnormal P300 scores and abnormalities of eye tracking. Nor were there
any discernible clinical or rating scale differences between subjects who had
abnormal scores on any of the psychophysiological measures and those who
did not.

For the two groups of subjects together, scores on the three psycho¬
physiological measures were correlated with scores on the measures for
schizotypal and borderline personality characteristics (the Baron standard
score and the DIB statement and scaled scores). All these correlations were
low and nonsignificant. There was a very small negative association (Pear¬
son's correlation r = -0.26, p < 0.05) between P300 amplitude and a history
of specific developmental delays, a measure which in childhood had sig¬
nificantly differentiated schizoid subjects from their matched controls
(Wolff, 1991).

DISCUSSION

The group of subjects diagnosed schizoid in childhood, the majority
of whom had the features of schizotypal personality disorder in adult life,
did not differ from their matched controls or from a control adult popu¬
lation in P300 latency, P300 amplitude, or eye tracking performance. P300
latency is increased and P300 amplitude reduced in schizophrenic patients
and some of their relatives and P300 amplitude has also been found re¬
duced in autistic children. The schizoid group in the present study therefore
clearly differs from these in their psychophysiological responses. The eye
tracking data, however, need to be interpreted with caution. The method
used to identify impairment in smooth pursuit is rapid and useful for
screening large groups of subjects in and out of a hospital setting and the
In (signal/noise) is a global score which quantifies the extent to which eye
movement matches the target signal. This method however, does not de¬
scribe the nature of the abnormality and underestimates the rate of abnor¬
malities.

The negative findings of the present study are in contrast to the re¬
sults of the studies by Blackwood et al. (1986) and by Kutcher et al. (1987)
in which a group of mainly female adult psychiatric inpatients diagnosed
as having Borderline Personality Disorder were found to have increased
P300 latency and reduced P300 amplitude compared with the normal con-



Auditory and Eye Tracking Responses

trol group. All these patients, some of whom led chaotic lives and engaged
in self-injurious behavior, scored 7 or more on the DIB and around 49%
of them also fulfilled DSM-m criteria for schizotypal personality disorder.
The possible incidence of schizophrenia in their biological relatives is un¬
known. Our group of schizoid children grown-up differed clinically from
this group. They were all boys and few of them had features of Borderline
Personality Disorder. The borderline group of women had been referred
to psychiatric services as teenagers and young adults and not in childhood.
If schizotypal personality is indeed associated with abnormal event-related
potentials, as Kutcher, Blackwood, Gaskell, Muir, & St. Clair (1989) sug¬
gest, then our subjects should also have had abnormal scores. Two possible
explanations for this discrepancy must be considered. Either our schizoid
subjects have disorders that are not part of the schizophrenia spectrum, as
Rutter (1987) suggested, and the measure we used for schizotypy is less
specific than was thought, or schizotypy is a heterogeneous condition and
only some subgroups have abnormalities of event-related potentials and of
eye tracking. Against the first hypothesis is the observation that our schizoid
group had a slightly higher than expected rate of schizophrenia. Two of
the 32 male schizoid subjects personally interviewed at a mean age of 27
years had developed schizophrenic illnesses (Wolff et al., 1991) compared
with none of the 32 controls. Eye tracking was within the normal range in
both these subjects. In one case P300 latency and amplitude were unread¬
able; in the other P300 latency was within the normal range but amplitude
was reduced.

Because of the small size of this intensively studied sample, a psychi¬
atric records search was done in Scotland for the total cohorts of 109 schiz¬
oid and 110 control men and of 32 schizoid and 32 control women who
were over the age of 16 years (Wolff, 1993). This revealed that 4 schizoid
men and 2 schizoid women had developed schizophrenic illnesses at a mean
age of 26.5 years, compared with only 1 man in the control group. The
prevalence of schizophrenia in our schizoid and control groups were thus
4.2 and 0.6%, respectively, compared with an estimated population preva¬
lence rate by 27 years of 0.31-0.49% (Done, Johnstone, Frith, Golding, &
Shepherd, 1991).

Although the population means for P300 latency, P300 amplitude, and
eye tracking S/N did not differ significantly between the two study groups
or between these and the normal control groups, there was an excess of
individuals with abnormal P300 latency in both the schizoid (4 out of 20)
and the matched patient (5 out of 20) groups. Eye tracking scores were
abnormal in 1 schizoid subject and 3 of the matched patients group. The
sample is too small to test for bimodality in the distributions of these vari¬
ables but the presence of subgroups within these patient populations is an
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important possibility. P300 abnormalities could, for example, be related to
a family history of schizophrenia (Blackwood et al., 1991a), alcoholism
(Begleiter et al., 1984), and bipolar illness (Muir et al., 1991). The weak
but significant correlation between P300 amplitude and a histoiy of specific
developmental delay also requires further investigation. The measure of
developmental delay was rather imprecise and historical but these subjects
may form a distinct subgroup. Clinical heterogeneity as an explanation is
supported by schizophrenia family studies. In a group of 20 schizophrenic
pedigrees, a subgroup of families, multiply affected with schizophrenia,
showed no evidence of P300 or eye tracking abnormalities in patients or
their relatives, whereas in the majority of families disordered P300 and eye
tracking were found to excess in both groups (Blackwood et al., 1991a).

Psychophysiological measurements such as P300 and eye tracking may
be useful in psychiatric classification by identifying subgroups of patients
whose clinical presentation meets criteria for schizoid or schizotypal per¬
sonality but which show differences in psychophysiological responses. Re¬
cent findings that P300 and eye tracking abnormalities in schizophrenic
subjects are related both to neuropsychological impairments (Roxborough,
Muir, Blackwood, & Blackburn, 1993) and to structural changes in the
brain detected by magnetic resonance imaging (Blackwood et al., 1991b)
and Single Photon Emission Tomography (Blackwood et al., 1994), suggest
that combining physiological and imaging data with clinical findings may
clarify the relationship between disorders of personality beginning in child¬
hood and adult psychoses.
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Summary Twenty-three schizophrenic patients and 26 age-matched control subjects were studied using the P300 recorded during the
auditory oddball task, with counting. Our aim was to assess the most suitable method of measurement and analysis of P300 amplitude and latency
for use in clinical studies of schizophrenia. The effect of high-pass filtering, peak definition method and recording electrode site were all
investigated. We have developed a technique, based on a least-mean-squares approximation to data, which seems particularly well suited to
dealing with multi-peak P300 complexes. We have also investigated the spectral composition of the P300 and have found some evidence to
support a proposed 2-frequency model of the P300 complex.

Key words: Schizophrenia; Event-related potentials; P300; High-pass filter; Spectral analysis

Much attention has focused recently on how
methodological issues may affect the clinical utility of
the P300 (Goodin 1990; Pfefferbaum et al. 1990; Polich
1992). A recurring theme has been the need to achieve
a widely accepted, standard data acquisition and pro¬
cessing technique to permit comparison of findings
from different research groups. Detailed studies on the
effect of electrode coupling (Denoth et al. 1986), choice
of reference electrode (Denoth et al. 1986), peak defi¬
nition method (Callaway et al. 1983; Polich 1991) and
high-pass filters (Ebmeier et al. 1992) have all con¬
tributed to this growing debate.

A specific issue which continues to generate contro¬
versy, and which is of particular interest to our group,
is the delayed P300 latency in schizophrenia. While
there is almost universal agreement that reduced P300
amplitude is a feature of the disease (Baribeau-Braun
et al. 1983; Barrett et al. 1986; Roth et al. 1986;
McCarley et al. 1991; Ogura et al. 1991), conflicting
results have been published regarding the latency of

* Corresponding author. Tel.: 031 229 2477, ext. 3123; Fax: 031 229
7883.

P300 in schizophrenia (Roth et al. 1986). The reported
discrepancies may be due to the small number of
subjects included in some of the studies (Ebmeier
1992), but another possibility could be the different
methods adopted by researchers. For example, while
we have consistently found that P300 latency is delayed
in schizophrenia (Blackwood et al. 1987,1991), Ebmeier
et al. (1992) suggested that these results may have been
influenced by the effect of the 1 Hz high-pass filter
used during the recording of data. A differential effect
of the high-pass filter was demonstrated, with a greater
phase lead (positive time-shift) in P300 peak latency in
control compared to schizophrenic data. A "2-
frequency" model of the P300 was proposed, with a
fundamental at 2.5 Hz representing the slow wave and
a higher order harmonic at 7.5 Hz representing the
P3a/P3b component. It was proposed that the ob¬
served differential effect was due to the ratio of the
amplitudes of these two frequencies being different in
schizophrenia and that spectral analysis could further
test the proposed model. Transient evoked potentials
have been successfully modelled on the basis of addi¬
tive signal generators (Jervis et al. 1983), and the
2-frequency model postulated by Ebmeier et al. (1992)
concurs with this.

SSDI 0013-4694(93)E0225-5
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We have applied 2 different high-pass digital filters
(1 Hz and 2 Hz) to a new set of data to investigate how
the high-pass filter alters the appearance of the P300
complex in schizophrenics and controls. An under¬
standing of this phenomenon is important, because the
effect of the filter on a multi-peak P300 complex may
have a major bearing on which peak is chosen as
representing the P300. Polich (1991) deals specifically
with the problem of the multi-peak P300 complex,
arguing that a series of observations across central and
parietal leads should be made to define P300 latency
using his "P3max" criterion. We have also examined
data from both groups in the frequency domain to see
if the proposed 2-frequency model offers an additional
means of separating control from schizophrenic data.

Our previously adopted method of P300 peak identi¬
fication was to select the maximum peak in the window
280-450 msec. A multi-peak complex was dealt with
using the slope-intersection method described by
Goodin et al. (1978). Our latest approach to this prob¬
lem involved the assessment of two different software
algorithms in an attempt to provide an objective mea¬
surement technique on all leads. P300 peak latency
measurements were made independently, using both
algorithms, on data filtered at 3 high-pass settings
then, using the method described by Ebmeier et al.
(1992), peaks identified at 0.16 Hz filter setting were
tracked after subsequent high-pass filtering. This
method (tracking peaks) allows a proper evaluation of
the effect of the filters. However, peak tracking will not
necessarily produce the same result for P300 latency as
for the case where P3max is selected. We will present
some examples to show how independent examination
of data filtered at different high-pass settings may lead
to a different peak being selected for P300, and how
one of the techniques we have developed deals with
this anomaly. The aim of the study, therefore, was
three-fold: to identify a method best suited to define
the P300 in clinical studies, with particular emphasis
on peak definition method, electrode site and high-pass
filter setting; to attempt a replication of the study of
Ebmeier et al. (1992), showing the effect of the high-
pass filters on control and schizophrenic P300 data;
and to determine whether there are any spectral differ¬
ences in schizophrenic and control data, if indicated by
the filtering experiment.

Methods I

Recording and stimulus parameters
Twenty-six controls and 23 age-matched schizo¬

phrenics, meeting RDC and DSM III-R, were studied.
Data were recorded from 3 scalp locations (Fz, Cz, Pz)
using silver-silver chloride electrodes, positioned ac¬

cording to the international 10-20 system. EOG was

recorded from a single electrode positioned supra¬
orbital^ from the left eye. A left ear reference (Al)
was used and the right ear (A2) was used as the
amplifier ground. Skin/electrode impedances were

kept below 3 k/2. Scalp signals were amplified at a gain
of 104 within a bandwidth of 0.16-30 Hz (-3 dB). An
auditory oddball P300 paradigm was employed, where
rare tones at 1500 Hz (P = 0.1) and frequent tones at
1000 Hz (P = 0.9) were played to the subjects in ran¬
dom sequence through headphones. Inter-stimulus in¬
terval was 1.1 sec, tone duration was 40 msec, at 70 dB
SPL. Subjects were asked to count the number of rare
tones presented, normally 40, and count accuracy was
within ±10% for both control and patient groups.
Data sampling rate was set at 250 Hz, and 250 samples
were collected from each channel — 62 pre-stimulus
(248 msec) and 188 post-stimulus (752 msec). All data
acquisition and stimulus presentation procedures were

performed under the control of a Borland Turbo Pas¬
cal™ program running on an IBM PS/2 utilising a
Metrabyte™ DAS-16 Data Acquisition Card.

An on-line artefact rejection procedure rejected data
from any channel exceeding ±45 /xV. Raw target and
non-target responses were stored on floppy disk for
later processing, off-line. Two consecutive recordings
were made from each subject.

Data processing
The stimulus synchronised average (SSA) was

formed from the raw target responses for each of the 3
channels for every subject. Data were then digitally
filtered and processed using two peak-searching algo¬
rithms. All amplitude measurements were referred to
the mean pre-stimulus value of the frequent response.

Digital filters
Infinite impulse response (IIR) digital filters having

the equivalent response to Butterworth, single-pole,
analogue filters with slope -6 dB/octave, were syn-
thesised using the PC-MATLAB (™The Mathworks
Inc.). Data were first smoothed using a bidirectional
(zero phase shift) low-pass filter, with - 6 dB point at
15 Hz. Two different high-pass filters, -3 dB frequen¬
cies at 1 and 2 Hz, were then applied separately to the
data. The aim was to induce a phase lead (positive
time-shift) on the data and assess whether there was a

differential effect on the subject groups. While 0.16
and 1 Hz are filter settings which have been used in
practice, data were also filtered at 2 Hz to assist in the
evaluation, and hence the address the implication of
spectral differences between groups.

Peak definition algorithms
Two peak definition algorithms were developed and

applied to the data separately:
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(a) Peak search (PS). This algorithm searches 6
samples on either side (±24 msec) of a visually se¬
lected data point. The algorithm looks for a maximum
or minimum turning-point and then classifies the peak
as positive or negative. The maximum (positive or
negative) data value in this range, in /rV, is then
returned as is the latency, in msec, associated with the
peak.

(b) Least-mean-squares (LMS). A data window is
interactively defined using a mouse pointer to select
two data points — normally near the N2 and N3
components of the ERP. A least-mean-squares approx¬
imation to the windowed data is then generated using a
third-degree polynomial:

y = c4x3 + c3x2 + c2x + c1 (i)
This polynomial solution is then differentiated and

the solution to the resultant equation

dy/dx= 3c4x2 + 2c3x +c2 = 0 (ii)
is solved using Laguerres method (both procedures are
available as part of the Borland Turbo Pascal™ Nu¬
merical Methods Toolbox). The two roots of this equa¬
tion are equivalent to the turning-points, or peaks, of
the data fit described by Eqn. (i).

Methods II

Filtering and peak definition procedure
After constructing the SSA for each channel and

then smoothing, the data were digitally filtered at the
two high-pass settings (1 and 2 Hz), producing two
further sets of data for each subject. The peak defini¬
tion algorithms were then applied to the data in two
different ways: (i) each data set from each patient was
measured independently using both PS and LMS algo¬
rithms; (ii) using only the PS algorithm, P300 peaks
identified at the 0.16 Hz high-pass filter setting were
peak tracked (PT) by examining the data filtered at 1
Hz and 2 Hz at the same time. This was the method
adopted by Ebmeier et al. (1992) to assess the effect of
the filters.

Data from each study group were separated into two
separate sub-groups — one group which showed the
peak-change phenomenon and the other which showed
the more stable, single peak behaviour, when applying
the high-pass filters.

Fig. 1 shows an example of a single lead from two
different subjects which exhibit both single peak and
peak-changing behaviour when the filters are applied,
and how the 3 methods deal with selecting the P300
peak.

The left-hand series of captions (la, c, e) illustrate
how the 3 methods deal with data which are unambigu¬
ous. In each case the peak search, peak track and LMS
fit have selected the same peak, with a minimal error

introduced by the LMS fit. The right-hand side shows a
typical example of data which undergoes the peak-
change phenomenon after the application of the high-
pass filter. In Fig. lb, the P3b component is dominant
and has been selected by the peak-searching algorithm.
The application of the high-pass digital filters induces
a differential phase shift in the signals and the lower
frequency component of the complex moves to the left,
causing P3a to increase in magnitude compared to the
P3b component. The peak-search algorithm will now
select the P3a component as representing the P300. In
every case where there was a peak change, the error
induced was always toward an earlier peak. For the
proper assessment of the filter effect, the peak tracking
technique was used. Fig. Id shows how the peak identi¬
fied at 0.16 Hz high-pass filter setting is tracked at the
2 higher frequency filter settings. Comparing Fig. lb
and Id demonstrates how it is possible to make large
errors in latency measurement unless the correct peak
is tracked. Six of the 26 controls and 13 of the 23

schizophrenics manifested the peak-change phe¬
nomenon when the high-pass filters were applied. If
peaks were not tracked in the manner described, large
errors would have accumulated in the latency measure¬
ments, the mean filter effect appearing greater in the
schizophrenic group.

Methods III

Spectral analysis
The averaged and smoothed data for each lead from

each subject were processed using a Fast Fourier
Transform (FFT) algorithm available in the PC-
MATLAB. Initially, any offset was removed and then
the data were windowed with a Hanning window. The
data were then normalised and a 512-point FFT algo¬
rithm was then applied. The FFT bin separation was 1
Hz but zero-padding from 250 to 512 points allowed
interpolation of intermediate values at approximately
0.5 Hz resolution. The spectra from each lead within
each group were then summed and averaged to give
mean group spectra, which were then plotted. The
averaged spectra were scaled to preserve the total
mean power relationship between groups. Mean spec¬
trum data were split into 2 frequency bands which on
examination appeared to show differences in spectral
composition, and which separated the two frequencies
postulated in the 2-frequency model: 0.48-4.8 Hz and
5.28-9.6 Hz. The power in these two bands was
summed separately and then expressed as a ratio, PQ:

9.6

E ph
„ _ /» = 5.28
rQ ~ 4.8

E p,
I = 0.48
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Fig. 1. Three different methods of peak definition applied to two different types of P300 complex - single peak and split peak. Each box shows
the signal before and after applying a digital high-pass filter at 1 Hz and at 2 Hz.
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Results

Three main, repeated measures analysis of variance
(ANOVA) tests were carried out — one on the ampli¬
tude data, the other two on latency data. Degrees of
freedom (df) were adjusted using the Greenhouse-
Geisser correction where appropriate. Each ANOVA
used 3 leads, 3 filter settings and 2 methods for
within-subjects factors. For the latency ANOVAs, one
used PS and LMS as the methods, the other used PS
and PT as the methods. No amplitude measurements
were made with the peak-track method as this was

used solely to assess the effect of high-pass filtering on
latency.

Latency measurements
Table I shows the mean P300 latency for both groups

at each lead at the 3 different filter settings, measured
by the 3 methods. The results of independent t tests
between each group of data are also given.

Table II shows the results from the first main re¬

peated measures ANOVA and indicates a significant
group, filter and lead effect. The method of peak
definition, PS or LMS, was not significant. The indi-
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cated group effect was for a significantly delayed P300
latency in schizophrenia (Table I).

Filter effect. The biggest effect on latency was due
to the filters, but there was no second-order interaction
with group, indicating that the filters affected both sets
of data to the same degree. The effect of the filter was,
as expected, an introduction of a time-lead to the P300
latency as the filter setting increased (Table I).

Lead effect. The significant lead effect and group
X lead interaction was further investigated by 3 sec¬

ondary repeated measures ANOVAs, one for each
lead. The most significant group effect was found at
the Fz lead (Fl 47 = 10, P = 0.003) compared to Cz
(Fu 47 = 3.3, P = 0.075) or Pz (Fu 47 = 4.8, P = 0.034).
Referring to Table I, it can be seen that, by all meth¬
ods at all filter settings, the Fz lead gives the greatest
significance level (largest t value) compared to Cz and
Pz leads.

Filter-lead interaction. The significant filter X lead
interaction was investigated by 3 secondary repeated

FIGURE 2(a) - Fz LEAD

FILTER SETTING, Hz

FIGURE 2(b) - Cz LEAD

FILTER SETTING. Hz

FIGURE 2(0) - Fz LEAD

1.1V 1 ■

FILTER SETTING. Hz

Fig. 2. P value from ( tests on P300 latency of control and schizophrenic groups as a function of high-pass filter setting. The trend for decreasing
P value with filter setting is significant by the peak tracking method, for all 3 leads. At 0.16 Hz, the peak-search and peak-track methods will

identify the same peak - peak tracking only occurs after the introduction of 1 and 2 Hz high-pass filters.
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TABLE I

Mean P300 latency and t tests.

Filter and method Lead Ctrl
(msec + S.D.)

Scz

(msec±S.D.)
I * Two-tailed P *

0.16 Hz, PS Fz 337 (±28) 371 (±61) 2.44 0.021
Cz 341 (±25) 352 (±52) 0.88 0.385
Pz 353 (±22) 372 (±54) 1.59 0.122

0.16 Hz, LMS Fz 338 (±23) 378 (±51) 3.48 0.002
Cz 341 (±27) 367 (±45) 2.37 0.024
Pz 355 (±26) 386 (±46) 2.86 0.007

1 Hz, PS Fz 326 (±28) 353 (±50) 2.35 0.025
Cz 324 (±27) 343 (±54) 1.54 0.133
Pz 329 (±23) 347 (±52) 1.53 0.135

1 Hz. LMS Fz 320 (±22) 356 (±51) 3.11 0.004
Cz 320 (±24) 340 (±45) 1.96 0.059
Pz 325 ( + 24) 347 (±46) 2.09 0.045

1 Hz, PT Fz 329 (±28) 373 (±63) 3.09 0.004
Cz 330 (±23) 355 (±52) 2.13 0.041
Pz 337 (±25) 368 (±55) 2.45 0.02

2 Hz, PS Fz 316 (±22) 348 (±49) 3.1X1 0.005
Cz 316 (±30) 338 (±57) 1.84 0.073
Pz 316 (±26) 337 (±52) 1.76 0.087

2 Hz. LMS Fz 311 (±21) 349 (±55) 3.25 0.001

Cz 309 (±23) 334 (±52) 2.28 0.029
Pz 309 (±27) 338 (±52) 2.46 0.019

2 Hz, PT Fz 320 (±23) 369 (±62) 3.53 0.002
Cz 323 (±25) 352 (±52) 2.42 0.022
Pz 329 (±27) 363 (±57) 2.66 0.012

* Separate variance estimate.
Methods: PS = peak search; PT = peak track; LMS = least-mean-squares fit; controls, n = 26; schizophrenics, n = 23.

measures ANOVAs, one for each filter setting. The
most significant lead effect was found at the 0.16 Hz
filter setting (F, s 72 7 = 11.7, P = 0.000) compared to 1
Hz (Fl7, 78.2 = 5.3, > = 0.01) or 2 Hz (fl7 S2.6 = 3.8,
P — 0.03). Reference to Table I confirms that the

TABLE II

ANOVA of P300 latency. 3 leads with 3 filter settings and 2 methods
(PS and LMS fit).

Effects F value Hypothesis *
(error df)

P value

Group 6.2 1, 47 0.016
Filter 190 1.4. 65.3 0.000
Method 0.03 I, 47 0.87
Lead 5.9 1.5. 72.5 0.008

Group X filter 0.41 1.4, 65.3 0.6

Group x method 5.9 1,47 0.042

Group X lead 4.8 1.5, 72.5 0.018
Filter X method 8.9 1.4, 68.2 0.001
Filter X lead 13.3 2.9, 135 0.000
Method X lead 0.53 1.9, 91.5 0.59

Group X filter X method 1.5 1.4,68.2 0.235

Group X filter X lead 0.76 2.9, 135 0.51

Group X method X lead 0.27 1.9,91.5 0.76
Filter x method x lead 0.41 2.9, 136.1 0.74

Group X filter X method X lead 0.66 2.9, 136.1 0.57

* Degrees of freedom adjusted for multiple comparisons using the
Greenhouse-Geisser correction.

greatest difference in latencies across the 3 leads oc¬
curs at the 0.16 Hz filter setting in both groups, by
either method (PS or LMS).

Peak definition. No significant main effect was
found between PS and LMS peak definition methods.
With a view to assessing the effect of the filters,
another repeated measures ANOVA was carried out
using PT and PS as the two methods. Similar results to
those in Table II were found, but this time there was a

highly significant method effect (F, 47 = 20.3, P =
0.000). Two further repeated measures ANOVAs were
carried out, one for each method. Both indicated a

significant group effect, with PT showing the greatest
significance (F, 47 = 8.2, F = 0.006) compared to PS
(F, 47 = 4.3, P = 0.043). There was also a significant
group X filter effect for the PT method (F, 2 M1 = 6.8,
P = 0.006), replicating previously reported results
(Ebmeier et al. 1992). There was no group x filter
interaction for the PS method.

The results of the two main latency ANOVAs are
particularly well illustrated by Fig. 2, which shows the
effect of the filters and peak definition methods at the
3 electrode sites.

Amplitude measurement
Table III gives the mean P300 amplitude and inde¬

pendent t test results for 3 leads at 3 filter setting by
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TABLE III

Mean P300 amplitude and t tests.

Filter and method Lead Ctrl

.0iV± S.D.)
Scz

(/xV± S.D.)
t * Two-tailed P *

0.16 Hz, PS Fz 8.3 (±3.9) 6.8 (±4.7) 1.2 0.241
Cz 11.2 (±4.0) 7.7 (±3.9) 3.03 0.004
Pz 12.8 (±5.6) 8.0 (±3.7) 3.63 0.001

0.16 Hz, LMS Fz 7.1 (±3.8) 6.1 (±4.5) 0.84 0.404
Cz 10.0 (±3.9) 7.1 (±3.8) 2.55 0.014
Pz 11.7 (±5.5) 7.7 (±3.7) 2.99 0.005

1 Hz, PS Fz 7.5 (±4.2) 6.0 (±4.5) 1.2 0.237
Cz 10.0 (±3.9) 6.7 (±3.7) 3.0 0.004
Pz 11.5 (±4.9) 7.2 (±3.3) 3.62 0.002

1 Hz, LMS Fz 6.1 (±4.0) 4.9 (±3.7) 1.09 0.283
Cz 8.8 (±4.0) 5.8 (±3.2) 2.96 0.005
Pz 10.4 (±5.0) 6.3 (±3.2) 3.44 0.001

2 Hz, PS Fz 6.5 (±3.8) 4.9 (±3.7) 1.56 0.126
Cz 8.1 (±3.5) 5.1 (±3.0) 3.21 0.002
Pz 8.9 (±3.8) 5.5 (±2.5) 3.87 0.000

2 Hz, LMS Fz 5.2 (±3.2) 4.2 (±3.0) 1.05 0.298
Cz 7.1 (±3.4) 4.5 (±2.7) 3.06 0.004
Pz 8.1 (±3.9) 4.9 (±2.4) 3.57 0.001

* Separate variance estimate.
Methods: PS = peak search; LMS = least-mean-squares fit; controls, n = 26; schizophrenics, n = 23.

PS and LMS methods. Table IV shows the result of the
main repeated measures ANOVA on the amplitude
data. Significant group, filter, method and lead effects
are indicated. The group effect was manifested by a
significant reduction in amplitude in the schizophrenic
group compared to controls at all filter settings by
either method at the Cz and Pz leads (Table III).

TABLE IV

ANOVA of P300 amplitude. 3 leads with 3 filter settings and 2
methods (PS and LMS fit).

Effects F value Hypothesis *
(error df)

P value

Group 7.2 1,47 0.01
Filter 105 1.3, 61.1 0.000
Method 79 1,47 0.000
Lead 25 1.1,53.8 0.000

Group X filter 2 1.3, 61.1 0.15
Group X method 25 1,47 0.047

Group X lead 7.5 1.1,53.8 0.006
Filter X method 0.8 1.2,55.5 0.4
Filter X lead 22.6 2.1,98.7 0.000
Method X lead 4.3 1.3,61.5 0.032

Group X filter X method 0.75 1.2,55.5 0.42

Group X filter X lead 3.9 2.1, 98.8 0.023

Group X method X lead 0.13 1.3, 61.5 0.8
Filter X method X lead 0.37 2.3, 108.8 0.72

Group X filter X method X lead 2.1 2.3,108.8 0.15

* Degrees of freedom adjusted for multiple comparisons using the
Greenhouse-Geisser correction.

Filter effect. The effect of the high-pass filters was
to reduce the P300 amplitude in both groups. There
was no significant group X filter interaction.

Lead effect. The significance of the lead effect
becomes obvious when referring to Table III, which
shows that the greatest t value is associated with the
Pz lead by both methods at all filter settings, while the
Fz lead never gives a significant difference between
groups — the group X lead interaction is therefore
expected.

Filter-lead interaction. The filter X lead interaction
was further investigated by a repeated measures
ANOVA carried out for each filter setting. The most
significant lead effect was found at the 0.16 Hz setting
(F, 2,55.3 = 29, P = 0.000). Reference to Table III shows
that the biggest range in amplitude across leads is
found at this filter setting, by either method for both
groups.

Peak definition. A repeated measures ANOVA was
carried out for each of the peak definition methods —

PS and LMS. The most significant result was returned
for the PS method (Fl 47 = 7.9, P = 0.007) compared to
the LMS method (F, 47 = 6.3, F = 0.015). While this
result indicates that it may be better to use the PS
method to discriminate groups by amplitude measure¬

ment, the LMS method was indicated as best for
discriminating groups by latency. It would be prudent
to adopt the same method for latency and amplitude
measurements, however, as the LMS method is best at

dealing with data with additional or misleading peaks.
Group-filter-lead interaction. Repeated measures

ANOVAs were carried out for each lead, and the
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- CTRL(26)
- SCHIZ(23)

Fig. 3. Averaged spectra for control and schizophrenic groups at the
Pz lead. The total power for control and schizophrenic groups is

preserved and spectra are scaled accordingly.

greatest filter effect was found at the Pz lead
(F, 3 595 = 116, P = 0.000). It has been shown that the
groups are best separated at the Pz lead and the filters
appear to further enhance this separation. It is feasible
that the gradual reduction in slow wave amplitude is
more apparent at this site, and accounts for this third-
order interaction.

Spectral analysis
The mean PQ for control and schizophrenic groups,

calculated for the 3 leads, gave values as predicted by
the 2-frequency model (Ebmeier et al. 1992) — P0 was
greater in the schizophrenic group. The significance of
these differences were tested using a Mann-Whitney U
test because the data were not normally distributed.
The results for the Fz and Cz leads were not signifi¬
cant. However, the PQ (+ S.D.) values returned for the
Pz lead were 0.28 (0.14) for controls and 0.46 (0.45) for
schizophrenics, and just missed the 5% significance
level with a 2-tailed P = 0.06. Fig. 3 shows the mean

spectra for the Pz lead.

Discussion

We have attempted to resolve some of the reported
inconsistencies relating to the use of P300 latency as a
marker in schizophrenia. The appearance of the P300
complex in the time domain reflects underlying physio¬

logical processes, which in schizophrenia are probably
less coherent and more diffuse than in normal subjects.
While the proposed topography is for a more frontal
P3a generator and central/parietal P3b generator (Re¬
gan 1989), multi-peak complexes occur more frequently
in schizophrenia, particularly in the parietal region.
The underlying mechanisms for this are unclear but
may be due to different processing strategies. It is also
conceivable that the appearance of double-peaked
parietal complexes in schizophrenia is due to a reduc¬
tion in the P3b component, leading to an unmasking of
the parietal contribution of the P3a.

The sometimes bizarre appearance of the P300 com¬

plex in schizophrenia makes it difficult to acquire
meaningful measurements — it is not always possible
to identify the P300 as a simple wave form consisting of
a slow wave with P3a and P3b components superim¬
posed on it. In such circumstances, a P3max measure¬
ment is less valid because it is not possible to quantify
these additional peaks in the same way as the P3a and
P3b components. It is possible that these additional
peaks may yet yield important information which will
assist in understanding the underlying neuropathologi-
cal processes. Some of the anomalies associated with
multi-peak complexes could also be clarified by pro¬
ducing a latency-corrected average with an adaptive
filter (Woody 1967), but at present we are more inter¬
ested in assessing whether a more global measurement
has use as an indicator or trait marker for schizophre¬
nia. Our findings in Tables I and III support the use of
P300 latency, as well as amplitude, as a biological
covariate of the disease.

Peak definition method
The least-mean-squares method of peak definition

appears to give the most consistent result across al!
leads at all filter settings. By this method, the groups
always showed a significant separation of means. The
success of this technique is probably related to the way
it smoothes out many of the additional peaks and
resolves a single peak. An important conclusion may be
drawn from this result with reference to previous re¬
sults reported by our group and other groups.

At 0.16 Hz, and 1 Hz in particular (the high-pass
filter setting previously used in Edinburgh), there is no
significant difference between the means of controls
and schizophrenics at the Cz and Pz leads when mea¬
sured by peak searching. These results become highly
significant when the LMS method is used, however.
The method of peak definition previously used was
slope intersection, where the intersection of ascending
and descending tangents define the peak latency. This
technique is an approximation to the more exact
method of least-mean-squares fit. This could explain
why significant differences have been reported be¬
tween the latencies of schizophrenics and controls by
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our group (Blackwood et al. 1987, 1991) and not by
others who have used peak-search methods.

Filter setting
Previous criticism of the high-pass filter setting used

when recording the P300 now appears invalid. We have
shown that it is possible to separate controls and
schizophrenics on the basis of P300 amplitude and
latency at 2 filter settings presently and previously used
(0.16 Hz and 1 Hz), while also demonstrating that even
a 2 Hz high-pass filter would be acceptable, regardless
of whether peaks are tracked, as all 3 methods give a
significant group separation for latency.

Electrode site
We have managed to show a significant separation

of control from schizophrenic P300 data at the 3 cen¬
tral leads using the least-mean-squares measurement
technique. While any of the 3 leads would be suitable
to use for latency discrimination, Fz gave the largest
group difference. The Pz lead appears to give the best
resolution for amplitude discrimination. It is well un¬
derstood that the amplitude maximum of P3b is
centro-parietally located, and the Pz lead is probably
best sited to maximise the amplitude measurement.

High-pass filter effect and spectral analysis
A significant group X filter interaction occurred only

when the peak-tracking technique was used. Peak
tracking is a slightly artificial method of making the
latency measurement, as data are not normally filtered
at a range of settings, but it is the only way to sensibly
evaluate the effect of the high-pass filter on single
peaks. The value of adopting this approach is revealed
when comparing peak-track and peak-search methods,
as shown in Fig. 2. These figures illustrate the increase
in group separation when the homologous peaks are
identified. The action of the filter coupled with the
effect of peak changes would tend to reduce the effect
size between groups when using the peak-search
method, and this is shown particularly well at the Pz
lead (Fig. 2c). The P value remains almost constant
with filtering when peak searching is used, a conse¬
quence of the high number of peak changes in this lead
in the schizophrenic group. The effect of the high-pass
filter on single peaks, when evaluated more correctly
with peak tracking, was to introduce a greater phase
lead in controls than in schizophrenics (Fig. 4). The
degree of time lead introduced is much greater in the
control group, at all leads. This confirms the result
previously reported by Ebmeier et al. (1992).

This significant time domain effect implies differ¬
ences in spectral composition. The model predicts that
a time domain difference can be accounted for by
spectral power shifts between the fundamental fre¬
quency and higher order harmonic. Spectral analysis

FIGURE 4(a) - Fz LEAD

FIGURE 4(b) - Cz LEAD

FIGURE 4(o) - Pz LEAD

Fig. 4. Latency shift induced as a function of high-pass filter setting
for the peak-track method in control and schizophrenic P300 latency
data. A highly significant group xfdter effect was found using this
method. It can be seen that the filters introduce a much greater time

lead in the control data at all leads.
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indicated a trend for this result from the Pz lead only,
where the biggest change in control latency occurs.
This is probably due to the fact that the slow wave
generator is parietally sited. Fig. 3 shows that the total
power in the averaged schizophrenic spectra is less
than in the averaged control spectra (a reflection of
reduced amplitude in the time domain) and that there
is a trend for the relative distribution of power away
from the fundamental towards the higher order har¬
monic in the schizophrenic group.

Taking account of the fact that scalloping and spec¬
tral leakage, due to windowing data, will reduce spec¬
tral resolution (Harris 1978; Jervis et al. 1989), this
result shows that the FFT technique is still sensitive
enough to allow the viability of the 2-frequency model
to be tested. Further, while the model is rather rigid in
that two single frequencies are specified, the actual
frequencies involved may vary from subject to subject,
and some spread of power on averaging spectra is
anticipated.

(b) S7 - Pz LEAD 512-POINT FFT

(c) 2.5 Hz + 7.5 Hz SINES

SUMMED 3:1 512-POINT FFT

(a) C1 - Pz LEAD
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Fig. 5. Time and frequency domain representations of an averaged P300 complex from 2 different subjects - 1 control (a) and 1 schizophrenic (b)
- and synthesised P300 complex (c). The shift in power from the 0-5 Hz to 5-10 Hz frequency band reflects the reduction in slow wave
amplitude/increase in amplitude of the P3a and P3b components in the schizophrenic subject. Note the similarity between the spectra of (b) and

(c). (c) was synthesised by summing two sine waves at 2.5 and 7.5 Hz in the ratio 3:1, then windowed with a Hanning window.
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It would be judicious to consider other explanations
as to why the result is most significant at the Pz lead. It
could be argued that alpha activity generators are sited
parietally, and the spectral differences found are due
to contamination from these sources. Such activity
would be expected to peak in the 8-11 Hz band.
Reference to Fig. 3 shows that the main spectral differ¬
ences are spread across a lower frequency band, be¬
tween 2 and 8 Hz. The ability of the spectral analysis
technique to discern between alpha activity and shifts
in power of the slow wave to P3a/P3b complex is
demonstrated in Fig. 5.

In each set of traces we have a time domain aver¬

aged recording of a P300 complex and its decomposi¬
tion in the frequency domain. The top traces show a
dominant P300 complex with low magnitude N100,
P200, N200 components. Most of the power is concen¬
trated below the 5 Hz band. In the middle pair of
traces, the P300 slow wave component is much reduced
and the P3a and P3b components are now clearly
resolved. The amplitude of the exogenous components
has increased, and this is reflected by a shift of some
power from the middle to the top of the 0-5 Hz band.
A large peak has also appeared in the middle of the
5-10 Hz band. The lower pair of traces were derived
by synthesising a P300 complex. Two sine waves of
frequencies 2.5 and 7.5 Hz were summed in a ratio of
3:1. The data were then multiplied by a Hanning
window. The time domain features of the complex bear
some resemblance to the P300 complex in the middle
trace. The effect of spectral leakage and windowing
distort the result in the frequency domain, but two
clear peaks, corresponding to the constituent frequen¬
cies, are well resolved.

It is difficult to speculate whether there is a signifi¬
cant P3a/P3b complex in the top example, or its
contribution in the frequency domain, but the absence
of a significant power contribution in the 5-10 Hz
band is probably due to the absence of a P3a/P3b
complex. The appearance of the P300 complex in the
centre set of figures quite clearly allows this distinction
to be made by comparison with the synthesised data -

the source of the peak in the middle of the 0-5 Hz
band can be derived by extrapolation, with our knowl¬
edge from the synthesised data.

This series of figures demonstrate the spectral dif¬
ferences due to a shift in power between the funda¬
mental and a higher order harmonic of the P300 com¬
plex. It is conceivable that because we have observed a
trend for a similar shift in power to occur in our data,
spectral differences observed are due to different power
ratios as hypothesised in the 2-frequency model.

The utility of this information is difficult to deter¬
mine at present. However, Van Dijk et al. (1992) have
demonstrated the use of spectral analysis of P300 in
quantifying the contribution of alpha activity during

the generation of the evoked response (this was
achieved with a very small data window, demonstrating
the power of the FFT). A reduced slow wave amplitude
in schizophrenics has been reported (Barrett et al.
1986) and frequency domain analysis may allow the
degree of reduction to be quantified, giving an accept¬
able 2-frequency model. If sufficient numbers can be
studied in future, it may be that further evidence for
the 2-frequency model of P300 will emerge, which
could be used to enhance the prospects of deriving a
precise set of markers from the P300 in schizophrenia.

The constructive comments by unknown referees are incorpo¬
rated and gratefully acknowledged.
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A limited number of rare missense mutations in exons 16 and 17 of the amyloid precursor protein (APP) gene have been
reported. They are associated with a variety of phenotypes including cerebral haemorrhage, multi-infarct dementia and
Alzheimer's disease. We recently reported an alanine to valine mutation in codon 713 in a single case of chronic familial
schizophrenia with cognitive deficits. Using denaturing gradient gel electrophoresis (DGGE) we have screened a cohort of 250
chronic schizophrenics for further mutations of exons 7, 16 and 17. None were found. Nevertheless recent evidence suggests
that the 713 mutation is indeed pathogenic for the clinical phenotype observed; the mechanisms involved are outlined.

Keywords: APP gene - DGGE - Mutation detection - Schizophrenia

INTRODUCTION

The /(-amyloid precursor protein (APP) gene located
on chromosome 21 encodes a large protein which
under as yet poorly understood circumstances is
cleaved to produce A4 peptide as one of its products.
A4 has been isolated both from amyloid deposits in
cerebral blood vessels and amyloid plaques present
in the brains of patients with Alzheimer's disease and
older patients with Down's syndrome. Missense muta¬
tions of codons 693 and 717 were initially found
linked to illness in hereditary cerebral haemorrhage
with amyloidosis of the Dutch type (HCHWAD;
Levy et al., 1990) and in a small number of families
(probably less than 1%) with early onset familial
Alzheimer's disease, respectively (Goate et al., 1991;
Chartier-Harlin et al., 1991; Murrell et al., 1991).
Further mutations were then found linked to
illness—a nucleotide substitution at codon 693 in a

family presenting with either hereditary cerebral
haemorrhage or presenile dementia (Hendriks et
al., 1992), and a double mutation involving codons
670 and 671 presenting with probable Alzheimer's
disease (Mullan et al., 1992). Each of these mutations
was identified in families in which illness had been
previously mapped to the region of the APP gene on
chromosome 21. This, together with the site of the
mutations in highly conserved areas near the APP
cleavage sites, their absence among large numbers of
controls screened for mutations in the same region,
plus the circumstantial evidence that trisomy 21 in
© 1994 Rapid Communications of Oxford Ltd

Down's syndrome and mosaic trisomy 21 in pheno-
typically normal individuals is associated with early
onset Alzheimer's disease, has persuaded most re¬
searchers that mutations in these specialized regions
of the APP gene are pathogenic for a variety of
neuropsychiatric phenotypes including strokes, multi-
infarct dementia and Alzheimer's disease.

One of the most interesting but puzzling findings
concerns codon 713. We reported an Ala 713 Val
substitution in a 63 year old patient suffering from
chronic familial schizophrenia with cognitive deficits
(Jones et at., 1992). Unfortunately in spite of exten¬
sive genealogical investigations we were unable to
obtain DNA from any other living family members.
Since then, during a screen of 130 early onset prob¬
able Alzheimer's patients, Carter et al. (1992) have
identified a 713/715 mutation causing an Ala 713
Thr missense substitution and a silent change at Val
715 in a single patient and a number of her unaffected
first- and second-degree relatives. These separate
codon 713 mutations are the only missense substitu¬
tions found so far in the /(-amyloid gene that have
not been shown to segregate with dementia or cer¬
ebral haemorrhage phenotypes. They may be either
non-pathogenic in which case, as Carter et al. sug¬
gest, they may help to define the limits of tolerable
change in the /(-peptide sequence, or if pathogenic
they have reduced penetrance and depending upon the
precise substitution variable phenotypic expression.

Psychiatric Genetics. Vol 4. 1994 23
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The patient with the Ala 713 Val substitution has
well-documented chronic schizophrenia and later
onset memory impairment. Neuropsychological test¬
ing reveals severe deficits in epidosic long-term
memory and executive functioning on a background
of otherwise preserved intellectual performance. The
history, from the patient's husband, is suggestive of a
dementing process occurring over a long period of
time with a course in some respects similar to that of
multi-infarct dementia (MID). However, the clinical
and neuropsychological results, which reflect severe
impairments of long-term episodic memory and in
executive functioning, are more akin to the amnesic
profile recently described in schizophrenia by
McKenna et al. (1992) and Tamlyn et al. (1992), and to
the deficits in the supervisory attentional system re¬
ported in schizophrenics by Shallice et al. (1991).
These authors point out the distinction between such
an amnesic profile and the deficits of Alzheimer
patients, which primarily manifest as impaired short-
and long-term memory. Dementing syndromes have
been reported in schizophrenia since its first descrip¬
tion, although they generally arise early in the course
of the illness. However, neuropsychological studies
of schizophrenic deficits show a deterioration in cog¬
nitive function with longer duration of the illness
(Liddle and Crow, 1984), often in association with
negative symptomatology or tardive dyskinesia (Wad-
dington et al., 1987), as in this case.

MRI scanning demonstrated multiple high-intensity
signal lesions throughout the white matter suggestive
of generalized ischaemia and periventricular intersti¬
tial oedema. White matter ischaemia is a recognized
but normally minor feature of Alzheimer's disease
unrelated to congophilic angiopathy (Englund et al.,
1988). It probably reflects reduced cerebral perfusion
or altered cerebral hydrodynamics (Almkvist et al.,
1992). Interestingly, there are recent reports of such
findings in a family with severe schizophrenia
(Sharma et al., 1992).

In the initial paper describing the Ala 713 Va!
substitution we reported that we screened a further
hundred schizophrenics for the same mutation by a
combination of restriction analysis and dot blot hy¬
bridization using oligonucleotide probes specific for
the normal or mutant 713 sequence. No other Ala
713 Val mutations were found. Nevertheless, given
the unresolved nature of the APP story as a whole,
we decided to screen a large cohort of schizophrenics
for mutations in each of the key exons of the APP
gene. We argued that only a thorough search using a

highly reliable technique of mutation detection would
provide a proper picture of the rarity or otherwise of
mutations of the APP gene in schizophrenia.
24 Psychiatric Genetics . Vol 4. 1994

METHODS

Patients
DNA was prepared from 250 cases who met RDC
and DSM-III criteria for schizophrenia (Spitzer et
al., 1987; APA, 1987). Most were recruited from long
stay wards of psychiatric hospitals in central Scot¬
land. We argued that we were more likely to find
mutations of the APP gene in patients who resembled
the original patient with the Ala 713 Val mutation in
having severe chronic schizophrenia. At the same
time unrelated schizophrenics were included from
our collection of familial schizophrenic pedigrees
(« = 30). DNA was also extracted from frozen post¬
mortem brain from patients with clinical diagnoses of
chronic schizophrenia (n = 40). Further included in
the mutation screen were the original hundred schizo¬
phrenics whom we had examined for mutation of
Ala 713 Val using restriction analysis and oligonucle¬
otide probe hybridization. In no way therefore does the
cohort claim to be a representative sample of schizo¬
phrenia as a whole, but may for practical purposes
approximate to a chronic schizophrenic population.

Mutation detection
We chose to use the powerful mutation detection
technique of denaturing gradient gel electrophoresis
(DGGE; Myers et al., 1987). We examined exons 16
and 17, since they encode the BA4 peptide and sur¬
rounding regions, and mutations associated with pre¬
senile dementia have been detected in both exons.

We also included exon 7, which codes for a Kunitz-
type protease inhibitor domain present in two of the
alternative spliced APP isoforms. Isoform 770 is in¬
creased in Alzheimer's disease as a proportion of the
total brain APP transcript (Tanaka et al., 1988).

Polymerase chain reaction amplification
DNA extracted from peripheral blood leucocytes or
post-mortem tissue was amplified for exons 16, 17
and 7 of the APP gene using the polymerase chain
reaction (PCR) and subsequently analysed for muta¬
tions using DGGE.

For all three exons the reaction conditions were as

follows: 0.5 //g of genomic DNA was mixed with 20
pmol of each primer in a reaction buffer containing
10 mM Tris-HCI, pH 8.3, 50 mM KC1 and 1.5 mM
MgCl2 (exon 16), 2.5 mM MgCl2 (exon 17) or 1 mM
MgCl2 (exon 7), 200 pM of each dNTP and one unit
of Taq polymerase (Perkin-Elmer/Cetus). The PCR
cycle conditions and product sizes for all three exons
are shown below.

The exon 16 primers used were 5'CGCCCGCCGC-
GCCCCGCGCCCGGCCCGCCGCCCCCGCCCG-
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FIG. 1. (a) DGGE analysis of APP exon 17. Lane 1: APP 713
(alanine -• valine); lane 2: APP 717 (valine -• isoleucine);
lane 3: control, (b) DGGE analysis of APP exon 16. Lane 1:
control; lane 2: APP 670/671 double mutation.

GGGTAGGCTTTGTCTTACAG (62mer) and 5'G-
GCAAGACAAACAGTAGTGG (29mer). The
exon 17 primers used were 5'CGCCCGCCGCGCCC-
CGCGCCCGGCCCGCCGCCCCCGCCCGGTTT -

TCAAGGTGTTCTTTGCAG (62mer) and 5'CAC-
TTGGAAACATGCAGTCAAG (22mer). The exon
7 primers used were 5'CGCCCGCCGCGCCCCGC-
GCCCGGCCCGCCGCCCCCGCCCGTCATGCT-

AAATGTGGTTCCC (60mer) and 5'ACAAAAGC-
AGAGTCAGTGGC (20mer).

Denaturing gradient gel electrophoresis
DGGE was carried out essentially as described by
Myers et al. (1987) with slight modifications. PCR
amplified fragments were subjected to electrophoresis
in 8% polyacrylamide gels containing a linearly in¬
creasing gradient of denaturant. The gradients were
poured using a gradient marker and two stock solu¬
tions containing 8% acrylamide/bis (37.5:1) with 0%
denaturant and 8% acrylamide/bis (37.5:1) with
100% denaturant. One hundred per cent denaturant
is 7 M urea and 40% deionized formamide (vol/vol).
Gels were run at a constant temperature of 60 °C in
1 x TAE (40 mM Tris-acetate, 1 mM EDTA,
pH 7.4) at denaturing gradient concentrations and
run times predicted by the computer programs of

Lehrman and Silverstein (1987). Exon 16 PCR prod¬
ucts were analysed on polyacrylamide gels containing
a 20-50% concentration of denaturant at 3.5V/cm
for 10 h. A positive control sample for the double
mutation at codons 670/671 was included on each gel
(Mullan el al., 1992).Exon 17PCR products were ana¬
lysed on a 30-60% denaturant concentration range at
3.5 V/cm for 14 h. Two positive control samples were
included in each gel run, a PCR product from a
patient with a mutation at codon 713 (Jones et al.,
1992) and a PCR product from a patient with a
Val -» lie mutation at codon 717 (Goate et al., 1991).
Exon 7 PCR products were analysed on a 40-70%
denaturant concentration range at 3.5 V/cm for 14 h.

RESULTS

An example of the results obtained in scanning exons
16 and 17 of the APP gene by DGGE is shown in
Fig. la (exon 17). In each case two new homo-
duplex bands are visible. In addition the heteroduplex
molecules, formed between normal and mutant DNA
during the PCR amplification, can be seen as more

slowly migrating species. In general heteroduplex
bands are readily visible even when the different
homoduplex species cannot easily be resolved.

In Fig. lb (exon 16) lane 1 contains PCR-amplified
normal DNA. Lane 2 shows product from a patient
with a double APP mutation, a G-T transversion at
codon 670 and an A-C transversion at codon 671. It
is probable that the homoduplex molecules have not
been resolved and the additional bands represent
heteroduplex species.

No mutant samples were available for DGGE
analysis of exon 7. However, the gels were run under
the experimental conditions predicted to be optimal
for this exon, and we are confident that any muta¬
tional changes would have been apparent.

DGGE scanning of exons 7, 16 and 17 in the 250
samples from patients with chronic schizophrenia
revealed no examples of mutations in the genomic
DNA.

DISCUSSION

Our results show that mutations of the APP gene are

rarely found in schizophrenia. Using DGGE, and
with known mutations as controls, we can confi¬
dently say that had mutations been present in our
schizophrenic cohort we would have detected them.
This contrasts with the technique of SSCP which we

previously used: in our hands the results were not
consistent enough to be relied upon to detect all
mutations.
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However, the problem still remains as to the patho¬
genicity or otherwise of the Ala 713 Val mutation.
Unfortunately, just as linkage studies are easier to
analyse in single gene disorders than in common
complex human diseases, so also is interpretation of
the results in mutation analysis. When the cystic
fibrosis transmembrane conductance regulator
(CFTR) gene was cloned, there was no difficulty in
implicating it in the pathogenesis of cystic fibrosis.
The common homozygous A F508 mutation was
found in almost all cohorts of cystic fibrosis patients
examined. A large number of other rarer missense,
nonsense, and splice mutations, insertions and dele¬
tions were later identified as more cystic fibrosis
cases were examined.

The position with the APP gene could hardly be
more different. In contrast to cystic fibrosis only a
very small proportion of Alzheimer's disease maps to
the APP region of chromosome 21 (St George-Hyslop
et al., 1990). What is more, some of these families
now map to the new FAD locus on chromosome 14,
and original linkage results suggesting chromosome
21 may have been spurious (St George-Hyslop el al.,
1992; Van Broeckhoven et al., 1992). Only a handful
of mutations have been found in the APP gene after
screening thousands of dementia cases worldwide.
All are missense point mutations, and all apart from
those in codon 713 were identified in families already
showing linkage to the APP region of chromosome
21. It is difficult therefore to be sure which of these
mutations are pathogenic and which mere poly¬
morphisms. The position with Ala 713 Val is even
more problematic since co-segregation with illness in
a family has not yet been demonstrated. At the same
time Ala 713 Thr is associated with a different pheno-
type and is not fully penetrant. The present study
cannot resolve these problems associated with inter¬
pretation of mutations of the APP gene. Each may
have to await the results of tissue culture and trans¬

genic experiments, where gene expression is compared
between normal and mutated forms of APP gene,
e.g. the 670/671 double mutation associated with
Alzheimer's disease in a Swedish pedigree produces
6-8-fold more A4 than cells expressing normal //-APP
(Citron et al., 1992).

Fortunately, the above group has now examined
Ala 713 Val gene expression in the same tissue culture
experiments using site-directed mutagenesis. The mu¬
tation at 713 does not show increased A4 expression,
in contrast to 670/671. There is, however, a 3-6 fold
increase in expression of a lOkd C terminal peptide
fragment encoded by the APP gene. This may repre¬
sent an increased stability once the fragment is traf¬
ficked to late endosomes and lysosomes and so may
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be relatively more resistant to final proteolysis in the
lysosome than the wild-type 10 kd fragments (Selkoe
et al., 1993). We hypothesize that this results in the
profound white matter ischaemia found in the patient
and her concomitant schizophrenic symptoms; i.e. it
grossly exaggerates a normal minor feature of the
Alzheimer's phenotype. She may not by contrast
have the classic features of Alzheimer's disease, since
A4 peptide is not found to be overexpressed. These
important new observations, in our view, are consist¬
ent with this specific APP 713 mutation being a rare
but real cause of schizophrenia. They also highlight
the potential importance of white matter ischaemia
as a pathophysiological mechansim underlying at
least a proportion of schizophrenia.
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Traditional models of the genetic transmission of human diseases have often assumed that the phenotypc is a simple
dichotomous trait, which is unrealistic for many psychiatric conditions, and may result in loss of valuable information. We
describe a new model for complex phenotypes, implemented in the program COMDS, which subclassifies normal and affected
individuals into polychotomies correlated with the underlying genetic liability to the disorder. The model is applied to 18
Scottish pedigrees ascertained for schizophrenia, in which auditory P300 latency had been measured as a possible correlate of
the genetic predisposition to schizophrenia. The results suggest that there may be a major locus for schizophrenia, but that
there are also other familial determinants, possibly a second modifier locus. In addition, the results indicate that auditory P300
latency may be a useful measure of the genetic predisposition to schizophrenia among asymptomatic relatives, although the
relationship between P300 latency and the degree of genetic predisposition in clinical cases was not significant, presumably
because other factors are operating on P300 latency. Because of the possible selection biases in this sample, there is a need to
replicate these findings in systematically ascertained pedigrees.

Keywords: Genetics - Segregation - Schizophrenia - P300

INTRODUCTION

Human segregation analysis was originally developed
for the detection of Mendelian ratios in sibships,
with the aim of demonstrating single locus inherit¬
ance in familial diseases. Later extensions were moti¬
vated partly by the recognition that many common
disorders can only be explained by more complex
models, which involve more than one gene and/or
environmental factors. However, although the genetic
models have increased in complexity, the phenotype
itself is usually regarded as a simple dichotomous
trait, so that individuals are classified as either
affected or normal. This assumption is simplistic for
many psychiatric disorders, which often manifest as
a spectrum of abnormalities, ranging from very severe
cases to mild subclinical forms. If such variations in
phenotype are related to variations in genotype, then
the compression of the phenotype to just two catego¬
ries will result in the loss of potential information on
genotype, and hence reduce the power to detect a
major gene effect.

Some existing models of segregation analysis do
to 1994 Rapid Communications of Oxford Ltd

allow a greater degree of complexity of the pheno¬
type. Morton and MacLean (1974) proposed a mixed
model for continuous traits, which has had some
success in detecting major genes. However, depar¬
tures from the normality assumption can simulate
major gene effects unless a normalizing transforma¬
tion is applied (Eaves, 1983). On the other hand, if
such a transformation is applied, this may remove

any evidence for a true major gene effect (Demenais
el al., 1986). Aside from problems of distributional
assumptions, it is often difficult to define a truly
quantitative measure of a psychiatric disorder.

A recent development is the introduction of "regres¬
sive logistic" models for polychotomous traits
(Bonney, 1986; Bonney et al., 1989). Sources of famil¬
ial resemblance other than a major locus are not
modelled as a latent variable correlated among family
members, but by regression of phenotype on pheno¬
types of preceding relatives (e.g. parents and older
siblings). This regressive approach allows covariates
to be easily included into the model. Thus, the
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logarithm of the odds that an individual is beyond a
certain affection class (of an ordered polychotomy) is
modelled as a linear function of a major locus effect,
the phenotypes of preceding relatives, and certain
covariates. One of the attractive features of this
model is the use of the logistic function instead of the
normal distribution function of traditional biometical
genetics, in accordance with the recent trend in statis¬
tics towards simpler numerical computation. How¬
ever, this simplification is achieved at the expense of
the loss of an explicit polygenic component. On the
other hand, an oligogenic model can readily be repre¬
sented.

Despite the potential of regressive logistic models,
they remain at a developmental stage, and it is likely
that future applications will reveal features in the
basic model which require alterations. One potential
danger in the modelling of a complex phenotype is
the simplistic assumption that the same major gene is
involved in the entire spectrum of the trait defined by
the investigator. This has probably contributed to
the recent claims of a common gene for adenomas
and colon cancer (Cannon-Albright el al., 1988), and
for fibrocystic breast disease and breast cancer (Skol-
nick el al., 1990), when other studies have shown that
the genes for colon and breast cancer are both likely
to be quite rare (Iselius el al., 1991).

Motivated by such considerations, Morton el al.
(1991) recently proposed a genetic model for the
segregation and linkage analysis of complex pheno¬
types. The model retains some well-established fea¬
tures from previous models (Morton and MacLean,
1974; Lalouel and Morton, 1981; Lalouel el al., 1983;
Morton el al., 1983), while incorporating novel com¬

ponents for complex phenotypes. Since most mental
disorders are best regarded as complex traits, the
model may have some value in psychiatric research.
This paper introduces the model to psychiatric re¬
searchers, with an application to schizophrenia.

THE GENETIC MODEL

The phenotype is defined at a simple level as the
dichotomy of affected and normal individuals (usu¬
ally in accordance to the presence or absence of a
clinical illness). In addition, it is elaborated by parti¬
tioning the normal individuals into diathesis classes,
and the affected individuals into severity classes. For
the simple dichotomous trait, affection status is as¬
sumed to be a function of an underlying liability,
which can be conceptualized as having genotypic and
random components. For a finite number of loci, the
population can be partitioned into a finite number of
genotypic classes. In a traditional probit model, geno-
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typic and random components are additive, the latter
being assumed to have a normal distribution with
mean 0 and variance a2. Liability is therefore norm¬

ally distributed with different means but the same
variance in different genotypic classes. An individual
is affected if his or her liability exceeds a certain
threshold, which is also a characteristic of the indi¬
vidual and his or her circumstances.

Under a logit model, the random component is
not simply added to the genotypic component. In¬
stead, the probability that an individual is affected is i
assumed to be a logistic function of the difference
between the genotypic component and a constant.
The constant is inversely related to the probability of
affection; it therefore corresponds to a threshold
under the probit model, and for convenience will be
referred to as a threshold. Denoting the genotypic
component by x, and the threshold by z, then the
probability that an individual is affected is given by:

F(affected;.v,z) = A(.v - z) =

exp(x - -)/[l + exp (x - z)] (1)

The computational advantage of the logistic func- ,

tion, A, is evident when one considers the correspond¬
ing expression under a probit model:

/■'(affcctcd;.v,c) = <b[- (x - z)la] (2)

where <t> is the standard normal distribution function,
and a2 is the variance of the random component.

The logistic function has a very similar shape to i
the normal distribution function. A random variable,
say u, with a logistic distribution function has a
variance of n2l 3, so that if v is defined by u = [n/
{asj3]v, then v is approximately normal with variance
a2 (Johnson and Kotz, 1970). Effects under the logis¬
tic model are therefore measured on a scale which is
greater than those under the probit model by a factor
of approximately nl(aj3).

The threshold, z, can vary as a function of certain
variables, such as age and sex. Up to nine liability
classes can be defined according to such variables,
each class having a value of z constrained such that
the predicted probability of affection is equal to the
empirical morbidity risk of the class, which must be
specified prior to the analysis. ,

The genotypic component of liability, x, is deter¬
mined additively by the effects at two diallelic loci.
The alleles at the major locus are represented by a
and A, with allele a being associated with a greater
liability. The alleles at the modifier locus are distin¬
guished by the subscript m (i.e. am and Am). The
valuesofxfortheninepossiblegenotypesaredeter-
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TABLE I. Genotypic component of liability as a function of genotype

Genotype A A A a a am m m m m m

AA k k + cfm/m k + fm
Aa k + dt k + dt + dmtm k + dt +
aa ft + t k + t + djm ft + f + fm

ft, arbitrary constant; d, dominance parameter of major locus; rfm, dominance
parameter of modifier locus; f, displacement or scale parameter of major locus;
tw, displacement or scale parameter of modifier locus.

mined by the parameters t, tm, d, dm, as specified in
Table I. Since x is a latent variable, the constant k is
arbitrary, and can be set conveniently so that the
mean value of x in the population is 0. The param¬
eters d and dm can take values in the range (0,1),
within which 0, 1/2 and 1 represent the special cases
of recessivity, additivity and dominance, respectively.
The effects of the two loci are additive, so that x is
the sum of the effect of the major locus, g, and the
effect of the modifier locus, gm, i.e. x - g + gm.

Under a probit model, liability is set arbitrarily to
have a variance of 1. The variance of the genotypic
component is the sum of the variances of the effects
of the major and modifier loci, written as G + Gm. It
follows that the variance of the normally distributed
random component is 1 - (G + Gm). Under the logit
model, the variance of the random component is
approximately n2/3, so that the proportion of vari¬
ance explained by genotypic effects is approximately
(G + Gm)/(G + Gro + 7r2/ 3).

Affected individuals are partitioned into severity
classes, which constitute an ordered polychotomy.
Severity classes are defined by measured variables
believed to be related to the degree of genetic predis¬
position to the disorder, and should therefore be
correlated with morbidity risk in relatives. Since sever¬
ity classes should reflect genotype and not other
covariates of affection (such as age and sex), they
should be uncorrelated with liability classes. The
measure of severity should therefore be adjusted to
have the same distribution within all liability classes.
If several variables are thought to be related to
severity, a compositive measure has to be obtained,
for example, by summing the standardized variables,
or preferably a regression of some measure of risk to
relatives on these variables. If the measure of severity
is continuous, then it is partitioned into a poly¬
chotomy.

Just as affection status is determined by an under¬
lying liability, severity classes are determined by an
underlying severity, which is continuous and has
genotypic and random components. While the effect
of genotype on liability is g + g,„, the effect of geno¬
type on severity is defined as Sg + Smgm, where S

and Sm are parameters which specify the relationship
between liability and severity. The effects of the major
and the modifier locus on severity are therefore as¬
sumed to be proportional to their effects on liability,
with proportionality constants S and Sm. Under a
probit model, the probability that an affected indi¬
vidual belongs to the jth severity class is given by;

P(Sf,g,gm) = <D[-(Sg + S„gm - Zj)/<7J -

<J>[-(Sg + Smgm - Zj_i)/<rs] (3)

where a,2 = 1 - (S2G + Sm2Gm) is the proportion
of variance in severity due to a normally distributed
random component, and zj is the threshold between
class j and class j + 1. Since a2 is non-negative, the
values of S and Sm are constrained by the inequality
S2G + Sm2Gm < 1. When S = Sm = 0, severity is
independent of genotype. When S > 0 and Sm = 0,
severity is related only to the major locus. When S =
0 and Sm > 0, severity is related only to the modifier
locus. When S = Sm = 1, affection and severity are
colinear, so that the effects of genotype on liability
(to affection) and severity are equal, and can be
described by the single quantity x = g + gm, which
accounts for each latent variable a proportion G +
Gm of the variance. When the values of S and Sm
reach an upper limit imposed by the inequality
S2G + Sm2Gm < 1, severity is determined entirely
by genotype. In reality this is clearly unlikely to be
true.

If the relationship between genotype and severity
classes is modelled by a logistic function, then the
probability that an affected individual belongs to the
yth severity class is given by:

P(Sj\g,gm) = MSg + Smgm ~ Zj) -

A (Sg + Srngm - Zj- l) (4)

The parameters S and Sra can be interpreted in much
the same way as in the probit model, although their
upper limits are not so clearly defined.

Just as affected individuals are partitioned into
severity classes, normal individuals are partitioned
into diathesis classes. The effect of genotype on
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diathesis is defined as Bg + Bngm, where B and Bm are
parameters which specify the relationship between
liability and diathesis. The probability that a normal
individual belongs to the y'th diathesis class is given
by eqn (3) under the probit model, and eqn (4) under
the logit model, the parameters S and Sra being
replaced by B and Bm in both cases.

In the population, both the major and modifier
loci are assumed to be in Hardy-Weinberg equilib¬
rium. The frequency of allele a is given by the param¬
eter q, so that the frequency of A is 1 - q. The
parameterization of the modifier locus is identical to
that of the major locus, the parameters being distin¬
guished by the subscript m.

Ascertainment
Families are assumed to be ascertained through
probands. Each affected individual in the population
has a probability n of being selected as a proband. A
set of rules, which should be clearly specified, are
then applied in the follow up of the family members
of the probands. It is usual to study at least the
parents, siblings and offspring of all probands, but
more distant relatives can also be followed up, per¬
haps conditional on a high frequency of affection
among the first-degree relatives, or an affected inter¬
mediary relative (Cannings and Thompson, 1977).
For linkage studies, densely affected pedigrees are
potentially more informative, and the investigator
can select to follow up only the families which contain
at least two probands in a sibship (Morton and Mi,
1968).

Statistical inference based on the family data re¬
quires the conditions of ascertainment be taken into
account. Ideally, the unit of analysis should be the
entire pedigree, and the likelihood of a pedigree
under any model should be evaluated conditional on
the ascertainment of the pedigree. However, if the
conditions of ascertainment are complex or variable
(which is often the case), then it is difficult to condi¬
tion correctly on ascertainment. The current ap¬
proach follows that adopted in POINTER (Lalouel
and Morton, 1981; Lalouel el al., 1983; Morton et
al., 1983). The pedigrees are divided into nuclear
families, and the mode of ascertainment of each
family is specified. In general, a nuclear family can
be ascertained through an affected parent or off¬
spring, or an affected relative outside the nuclear
family, called a pointer. The likelihood of the nuclear
family is evaluated conditional on its mode of ascer¬
tainment. In general, it is decomposed as

/"(family (ascertainment) = /'(ascertainment
IfamilyJPffamily)//"(ascertainment) (5)
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If the ascertainment is through an affected parent,
then the conditional likelihood of the offspring given
their parents is appropriate, otherwise the joint likeli¬
hood of the nuclear family may be used. Details of
likelihood calculations are given in Morton el al.
(1991).

If several affected individuals are each sufficient to

ensure the ascertainment of the same nuclear family,
then the nuclear family is duplicated as many times
as it has been independently ascertained, the dupli- i
cates differing in their modes of ascertainment and
hence in their likelihood calculations.

Inference
Some quantities are specified prior to the application
of the model, and are therefore not parameters of
the model. The distribution of probands among af- 1
fected family members should be examined to
obtain an estimate of the ascertainment probability,
n. If there is evidence that n is variable, then the
families should be divided into subsets within which
n is homogeneous. The relationship of morbidity
risk to age, sex, and other covariances should be
investigated, usually from existing data or results,
so that morbidity risks can be specified for liability
classes. Similarly, the distribution of severity classes
among affected individuals, and the distribution of
diathesis classes among normal individuals in the
population, have to be estimated, so that they can
be specified for the analysis. Misspecification at this
stage can invalidate the results of the subsequent j
analysis.

Under the model, inferences are made via maxi¬
mum likelihood estimation and likelihood ratio tests.

The parameters of the full model are: (1) the gene
frequencies, q and qm\ (2) the scale of genotypic
effects, / and lm; (3) the dominance parameters, d and
dm\ (4) the diathesis parameters, B and flm; and (5)
the severity parameters, S and 5m. The total number
of parameters is therefore 10. When interest is focus¬
ed on a particular hypothesis, some of these param¬
eters will be fixed to the specific values implied by
the hypothesis, and only the remaining parameters
will be estimated. The following hypotheses may be
of interest:

(1) No genetic transmission: q = qm = 0.
(2) Single locus transmission: qm = 0.
(3) Dominant gene action at the major locus: d = 1.
(4) Recessive gene action at the major locus: d = 0.
(5) Additive gene action at the major locus: d = 1 /2.
(6) Effect of major locus not related to measure of

diathesis: B = 0.

(7) Effect of major locus not related to measure of
severity: 5 = 0.

i
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(8) A modifier locus resembling a polygenic
component: qm = dm - 112.

A hypothesis is tested by comparing the likelihood
of a model with the restriction implied by the hypo¬
thesis, with that of an alternative model without the
restriction. Under certain regularity conditions,
minus twice the logarithm of the ratio of maximum
likelihoods between the restricted and unrestricted
models has a central chi-squared distribution with
degrees of freedom equal to the number of restricted
parameters, if the restricted model is true.

No such formal test exists for comparing two non¬
nested models (i.e. neither model is obtainable by
restricting some of the parameters of the other). The
Akaike information criterion (AIC), which adjusts
minus twice the log-likelihood of a model by adding
twice the number of estimated parameters, is then
used as a guide to choosing the model which best
compromises goodness-of-fit and parsimony (Akaike,
1973, 1974, 1987).

Relationship to the mixed model
The probit version of the current model has many
similarities to the mixed model (Morton and Mac-
Lean, 1974; Lalouel and Morton, 1981) that has
been implemented in the program POINTER
(Morton el aI., 1983). The parameterization of the
major locus is identical, as are the definition of
liability classes, and the correction for ascertainment
using the concept of a pointer. The current model,
however, does not contain a polygenic-multifactorial
component, which in POINTER provides an alterna¬
tive source of familial resemblance when testing for a
major locus. The polygenic-multifactorial component
in POINTER is parameterized by H and 2, where H
and HZ are the proportions of variance in liability
due to the polygenic-multifactorial component in
offspring and parents, respectively. Although the cur¬
rent model contains a modifier locus whose effect is

symmetrically distributed in the population when
9m = dm = 1/2, this is nevertheless not a close
approximation to a normally distributed polygenic-
multifactorial effect. The model therefore does not

provide a test of a major locus against a polygenic
background.

Implementation
The current model has been implemented in the
program COMDS (combined segregation and linkage
analysis with diathesis and severity). The program is
written in Fortran and is available on request from
the authors.

APPLICATION TO SCHIZOPHRENIA

Schizophrenia is a severe mental disorder with a
lifetime morbidity risk of around 1% in most West
European populations. The risk is elevated by
about 5-15-fold in first-degree relatives of schizo¬
phrenic patients. Probandwise concordance between
dizygotic twins is only slightly greater than the mor¬
bidity risk in first-degree relatives, but that between
monozygotic twins is about 50%. Despite temporal
and geographical variations, and methodological dif¬
ferences in important factors such as assessment
schedules and diagnostic criteria, the above picture is
remarkably consistent across many studies, implying
a substantial genetic component in the aetiology of
schizophrenia (for reviews, see Gottesman and
Shields, 1982; Kendler, 1988).

Traditionally, the question of monogenic or poly¬
genic inheritance has been a central focus of genetic
research in schizophrenia. However, different groups
have produced conflicting results, so that a conclusive
answer has yet to be reached (for a review, see
Baron, 1986). With the recent advances in molecular
genetics, interest has shifted to linkage and associa¬
tion studies. In 1988, the claim of linkage to chromo¬
some 5 markers promised a major advance (Sher¬
rington el al., 1988) but this claim could not be
replicated in other centres (Kennedy el al., 1988; St
Clair el al., 1989; McGuffin el al., 1990), and has
now been retracted by the original investigators after
further study of the pedigrees. The identification of
major genes for complex psychiatric disorders such
as schizophrenia is therefore no simple task (Sturt
and McGuffin, 1985), and it may be helpful to model
the complexity of the phenotype in order to obtain
more information on genotype.

Relatives of schizophrenic patients have an in¬
creased risk not only to schizophrenia, but also to a
range of other syndromes and traits, including schizo¬
typal personality, paranoid disorders, and possibly
mood disorders (for reviews see Kendler, 1988;
Taylor, 1992). Moreover, schizophrenic patients and
their relatives demonstrate an increased frequency of
abnormalities in certain neuropsychological and
physiological measures, such as tasks related to fron¬
tal lobe function, smooth pursuit eye movement
(Holzman el al., 1973, 1988), and event-related poten¬
tials (Roth and Cannon, 1972; Blackwood el al.,
1987). The familial association of these traits with
schizophrenia suggests that they are determined in
part by genetic factors which also influence the predis¬
position to schizophrenia. Information on such traits
may therefore be usefully incorporated into a genetic
analysis of schizophrenia.
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TABLE II. Definition and morbidity risk of liability classes

Liability class Age range (years) Morbidity risk
1 1-10 0.0001
2 11-20 0.0002
3 21-30 0.0030
4 31-40 0.0060
5 41-50 0.0070
6 51-60 0.0080
7 61 + 0.0065

A recent study (Blackwood el al., 1991) of 20
schizophrenic pedigrees and schizophrenic and
normal controls has shown that several measures of
smooth pursuit eye movement (SPEM) and auditory
event-related potentials (ERP) discriminated not only
between schizophrenic patients and normal controls,
but also between the non-schizophrenic relatives of
schizophrenic patients and normal controls. The meas¬
ure with the greatest discriminatory power was audi¬
tory P300 latency, the distribution of which in the
non-schizophrenic relatives of schizophrenic patients
approximated more closely a mixture of two normal
distributions than a single normal distribution. About
60% of these relatives belonged to a population
whose distribution of P300 latency was similar to
that of control subjects, while the remaining 40°/)
belonged to a second population who resembled a
group of schizophrenic subjects in having delayed
P300 latency. These results suggest that there may be
a gene which increased the risk to both schizophrenia
and abnormal P300 latency. This is clearly a situation
in which our proposed model may be usefully ap¬
plied.

Data and methods
The pedigrees were ascertained primarily for linkage
studies (Blackwood et al., 1991). They were identified
from hospital case registers or referred by clinicians
for having more than one family member with schizo¬
phrenia. However, subsequent application of the
Research Diagnostic Criteria (Spitzer el al., 1978)
showed that in two of the 20 pedigrees the illness was
more affective (i.e. manic depressive) than schizo¬
phrenic, and these were excluded in the present analy¬
sis. A further three pedigrees contained only one

schizophrenic member, but these were included. The
18 pedigrees in the analysis were split up into 41
nuclear families with pointers, containing a total of
168 children. Some individuals belonged to more
than one nuclear family.

Individuals were classified as affected if they had
received an RDC diagnosis of schizophrenia; other-
34 Psychiatric Genetics . Vol 4 . 1994

wise they were classified as "normal". The classifica¬
tion of non-schizophrenic psychiatric disorders as
normal was based on the fact that the families were

ascertained primarily for schizophrenia. Diagnoses
other than schizophrenia were not used in the current
analysis, since P300 latency was a more objective
measure.

Liability classes were defined according to age at
assessment (Table II), using the age bands and class-
specific morbidity risk estimates of Vogler et al.
(1990). Measures of severity and diathesis were de¬
rived from P300 latency. First, it was necessary to
transform P300 latency so that it had the same mean
and variance in each liability class in the population.
This was achieved, for each individual of a certain
liability class, by subtracting the mean and then
dividing by the standard deviation of the P300 latency
of normal individuals in the population control
sample who belonged to the same liability class as
the individual. The "standardized" P300 latency there¬
fore had zero mean and unit variance in the normal

controls, but its distribution was "shifted" to a mean
of 1.04 and a standard deviation of 1.55 in the non-

schizophrenic members of the schizophrenic pedi¬
grees, and a mean of 1.78 and a standard deviation
of 1.61 in the schizophrenic patients. To define nine
diathesis classes, the 40th, 60th, 70th, 80th, 85th,
90th, 95th, 98th percentiles of the distribution of the
"standardized" P300 latency in the normal controls
were obtained, and a relative was assigned to dia¬
thesis class 1 if his "standardized" P300 latency was
below the 40th percentile, to diathesis class 2 if his
"standardized" P300 latency was between the 40th
percentile and the 60th percentile, and so on. These
increasingly narrow intervals were chosen because
the distribution of "standardized" P300 latency was
shifted to the right in the relatives of schizophrenics,
and because there was probably more information
on diathesis from the higher values of "standardized"
P300 latency. To define nine severity classes, the
20th, 40th, 60th, 70th, 80th, 85th, 90th, 95th percen¬
tiles of the distribution of the "standardized" P300

latency in schizophrenic patients were obtained, and
a patient was assigned to severity class 1 if his "stand¬
ardized" P300 latency was below the 20th percentile,
to severity class 2 if his "standardized" P300 latency
was between the 20th percentile and the 40th percen¬
tile, and so on.

A problem for the analysis was that the ascertain¬
ment of the pedigrees was not strictly through ran¬
domly selected probands. Most of the pedigrees were
brought to attention because they contained at least
two affected members. We therefore arbitrarily as¬
signed proband status to affected individuals so that
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TABLE III. Models fitted with POINTER

Model d f <7 H Z - 2 In L + C AIC

Dominant (1) 2.24 0.0047 (0) —
- 108.50 -104.50

Recessive (0) 3.27 0.1000 (0) — -111.79 - 107.79
Additive (0.5) 4.45 0.0043 (0) —

- 108.33 - 104.33
General 0 3.28 0.1001 (0) — -111.79 - 105.79
Multifactorial — — (0) 0.92 (1) -108.19 -106.19
Multifactorial — — (0) 0.99 0.93 -108.37 - 104.37

q, gene frequency at major locus; H, heritability in offspring generation; Z, ratio of heritability in parent to offspring
generation; -2 In L + C, minus twice log-likelihood plus constant; AIC, Akaike information criterion. See Table I for
further definitions. Parentheses indicate fixed parameter.

each nuclear family either had two probands, or had
one proband and one pointer, whenever possible.
Ascertainment was assumed to be dependent on all
the probands and pointers of the family, in order to
simulate the intentional selection of multiplex pedi¬
grees. Since a single proband or pointer was not
usually sufficient to ensure the ascertainment of a
family, the fact that a family contained two probands
or a proband and a pointer did not require the
duplication of the family. The data did not allow the
estimation of it, which was set at the arbitrarily small
value of 0.001. Fortunately, segregation analysis is
not sensitive to moderate errors in n.

The data were analysed initially by POINTER, so
that results from COMDS could be interpreted
against the results from the more traditional model.

Analyses and results
The 41 family units (each unit being a nuclear family
plus pointers) contained 150 males and 127 females.
In some of these the affection status of at least one

parent was not known. No family units contained
two affected parents, but five contained one affected
and one normal parent, and 21 contained two un¬
affected parents. The risk to offspring was 6/18
(33%) in families with one affected parent, and 18/73
(24%) in families with no affected parent.

The analysis of these families by POINTER did
not discriminate clearly between a polygenic or a
single major locus model (Table III), although this
does not necessarily mean that no major gene for
schizophrenia exists. There may be ascertainment
biases or simply insufficient statistical power, especi¬
ally if there is heterogeneity of susceptibility geno¬
types with different modes of transmission. Neverthe¬
less, under a polygenic-multifactorial model, the data
gave a heritability estimate of 92%, consistent with
the estimate obtained by Vogler el al. (1990), but this
may be inflated by family environment which
POINTER cannot discriminate from polygenes.
There was no evidence for intergenerational differ¬

ence in heritability (i.e. Z = 1 could not be rejected).
Among the single locus models, the recessive model
was the best, as judged by AIC. The similarity be¬
tween our results and those of Vogler el al. (1990),
who used a sample ascertained via well-defined
probands, suggests that our ascertainment correc¬
tions were reasonable and did not serve to strongly
overestimate or underestimate genetic effects.

When we proceeded to analyses using COMDS,
the hypothesis of no genetic transmission (q = 0)
was strongly rejected. Under all types of single locus
logit models, the hypothesis that diathesis classes (as
defined using P300 latency) were unrelated to geno¬
type (i.e. B = 0) could be rejected (Table IV). There
was much less evidence that severity classes were
related to genotype (i.e. 5 = 0 could not be rejected).
The best model, judging by AIC, was the general
model (i.e. d unrestricted) with B = 1 and 5 = 0.
This was followed closely by an additive model (i.e.
d = 1/2) with B = 1 and 5 = 0. This suggests that,
if there is a major locus which influences the liability
to schizophrenia, then this locus also exerts a major
effect on P300 latency among normal but not among
affected individuals. It therefore appears that P300
latency provides information on the genotype of
normal but not affected individuals. Some factors
other than genotype in affected individuals are pre¬
sumably having a strong effect on P300 latency,
masking the effect of genotype itself.

Since there was no evidence that P300 latency is
related to genotype among affected individuals, the
restrictions 5 = 5m = 0 were applied when we consid¬
ered two locus models (Table V). First, we also
applied the restrictions B = Bm = 1 (so that the ef¬
fects of genotype on liability and diathesis are identi¬
cal), and dm = qm = I/2 (to simulate a "pseudo-poly-
genic" component), and compared the goodness-of-
fit of dominant, recessive, additive, and general
models at the major locus. Of these four models, the
general model had by far the smallest value of AIC.
Moreover, a general model without a modifier locus
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TABLE IV. Single locus logistic models fitted with COMDS

Model d t d B S -2 In L + C AIC

Dominant (1) 5.00 0.003 (0) (0) 511.98 515.98
(1) 7.73 0.010 (0) (1) 513.98 517.98

(1) 4.19 0.014 (1) (0) 468.34 472.34

(1) 4.07 0.025 (1) (1) 475.57 479.57

(1) 5.09 0.010 0.68 (0) 464.25 470.25

(1) 5.00 0.010 0.70 0.22 463.16 471.16
Recessive (0) 7.17 0.091 (0) (0) 508.84 512.84

(0) 8.91 0.104 (0) (1) 508.91 512.91

(0) 5.05 0.169 (1) (0) 472.52 476.52

(0) 5.84 0.178 (1) (1) 474.04 478.04

(0) 13.63 0.165 0.28 (0) 464.84 470.84

(0) 10.90 0.165 0.35 0.58 464.84 472.84
Additive (0.5) 26.21 0.106 (0) (0) 509.12 513.12

(0.5) 15.55 0.104 (0) (1) 509.06 513.06

(0.5) 6.65 0.047 (1) (0) 462.07 466.07

(0.5) 6.74 0.137 (1) (1) 467.16 471.16

(0.5) 7.33 0.050 0.80 (0) 460.95 468.95

(0.5) 7.17 0.054 0.81 0.17 459.32 467.32

General 0.000 7.17 0.092 (0) (0) 508.84 514.84
0.793 9.79 0.011 (0) (1) 513.50 519.50
0.397 7.00 0.054 (1) (0) 459.35 465.35
0.367 6.35 0.133 (1) (1) 461.67 467.67
0.367 6.86 0.054 1.13 (0) 459.23 467.23
0.373 6.73 0.062 1.09 0.15 457.56 467.56

B, diathesis parameter at major locus; S, severity parameter at major locus. See Tables I and III for further
definitions. Parentheses indicate fixed parameter.

TABLE V. Two-locus logistic models fitted with COMDS

Model d t q B S dm 'm Bm Sm - 2 In L + C AIC

Two- (1) 4.48 0.014 (D (0) (0.5) 3.11 (0.5) (1) (0) 463.47 469.47
locus (0) 5.92 0.173 (1) (0) (0.5) 3.93 (0.5) (1) (0) 461.66 467.66

(0.5) 8.35 0.024 (1) (0) (0.5) 2.72 (0.5) (1) (0) 459.57 465.57
0.282 20.13 0.058 (1) (0) (0.5) 10.98 (0.5) (1) (0) 446.74 454.74
0.410 9.52 0.031 (1) (0) (0.5) 27.64 (0.5) (0) (0) 452.97 460.97
0.308 26.04 0.049 (1) (0) (0.5) 14.85 0.597 (1) (0) 445.14 455.14
0.276 19.09 0.049 (1) (0) 0.639 10.75 0.508 (1) (0) 437.86 449.86

qm, gene frequency at modifier locus; Bm, diathesis parameter at modifier locus; Sm, severity parameter at modifier
locus. See Tables I, III and IV for further definitions. Parentheses indicate fixed parameter.

could be rejected by the likelihood ratio test when
compared with a general model with a modifier locus.
This is evidence that more than a single locus is
involved in the liability to schizophrenia, provided
that the assumptions of the model (e.g. that there is
no locus heterogeneity) are justified, and that there is
no substantial ascertainment biases in the sample. In
practice, it is difficult to be certain that all possible
confounders are taken into account.

Based on the general model, we tested whether the
genotype at the modifier locus was unrelated to dia¬
thesis (i.e. Bm - 0), and the result indicated that
this hypothesis could be rejected. Fixing B = Bm =
1, the estimation of qm (rather than fixing at 0.5)
36 Psychiatric Genetics. Vol 4 . 1994

did not by itself improve the fit of the model signifi¬
cantly, but the simultaneous estimation of qm and
dm produced the model with the best overall AIC.
This suggests some asymmetry in the distribution
of effects represented by the modifier locus.

Repeating the analyses on the probit model pro¬
duced essentially the same results. Under the best
model (B = Bm = 1, S = Sm = 0; d, /, q, dm, rm, qm
unrestricted), the major and modifier loci together
accounted for about 99% of the variance in liability.
The lifetime risk of affection conditional on genotype
showed that the main effect of the modifier locus was

to increase the risk of individuals heterozygous at the
major locus (Table VI). The model predicts a

i

I
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TABLE VI. Lifetime morbidity risk conditional on genotype
under the best model

Lifetime risk Modifier locus

a„,a,„ AmAm

Major locus aa 1.00 1.00 0.865
aA 0.232 0.006 0.000
AA 0.002 0.000 0.000

probandwise monozygotic twin concordance of 33%,
and lifetime morbidity risks of 10.6% and 5.4% in
sibs and children, respectively.

DISCUSSION

We have presented a model of using phenotypic
information other than a simple dichotomy ofaffection,
in the genetic analysis of complex disorders. It may be
helpful to summarize the salient features of the model:

(1) A dichotomy of affection is assumed to be
determined by two diallelic loci and a random compo¬
nent through a probit or logistic function.

(2) Normal and affected individuals are subclassi-
fied according to variables thought to be related to
the genetic predisposition to the disorder, into dia¬
thesis and severity classes, respectively.

(3) Diathesis and severity classes are modelled sepa¬
rately, to allow for the possibility that the effect of a
gene is not the same across the entire spectrum of the
complex phenotype.

(4) Diathesis and severity classes are modelled as
ordered polychotomies correlated with genetic effects
on liability to the disorder. Categories on a poly-
chotomy are related to genotypic effects through
probit or logistic functions. There is only one param¬
eter per polychotomy per locus, which determines
the strength of the relationship between the poly¬
chotomy and the genotypic effects.

(5) The parsimony of the model is made possible
by the use of population frequencies usually obtained
from external data. These include the morbidity risks
of different liability classes, and the distributions
of the diathesis and severity classes in normal and
affected populations, respectively.

(6) Ascertainment is modelled using the approach
of POINTER.

Some of the above features have been useful in our

application to schizophrenia. However, the results of
the segregation analysis are subject to the effects of
possible selection biases in the families studied, which
were ascertained for having multiple affected mem¬
bers. Because the effects of such selection biases are

unknown, the findings of the present study will only
be put into context vis-a-vis other segregation analy¬
ses, and when susceptibility genotypes have been
identified. Thus, although the best model suggests a
recessive-looking major gene with a frequency of
about 5%, this should not be taken too seriously. On
the other hand, the diathesis variable, P300 latency,
was measured only after the families were selected,
and so is not subject to such selection biases. Our
results therefore indicate that P300 latency is a useful
measure of diathesis in normal individuals, and that
its incorporation into linkage analysis may increase
our chances of detecting susceptibility genes for
schizophrenia. Indeed, the COMDS model has al¬
ready been generalized for the investigation of linkage
between a genetic marker and a major locus. The
ability to obtain and use information on genetic
predisposition in clinically normal individuals may
encourage the study of systematically ascertained
families as well as densely affected pedigrees.
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Schizophrenia and Mental Retardation Associated
in a Pedigree With Retinitis Pigmentosa
and Sensorineural Deafness
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A family is presented with multiple cases of
mild mental retardation, schizophrenia and
other functional psychoses, progressive
hearing loss, and retinitis pigmentosa (RP).
It closely resembles a previously reported
Finnish family. We suggest that the pheno-
types are not associated in this family by
chance, but define a novel syndrome which
may be caused by a mutant allele at a single
genetic locus. © 1994 Wiley-Liss, Inc.

KEY WORDS: blindness, Usher syndrome,
psychosis, anticipation, fam¬
ily studies

INTRODUCTION

Kaijalainen et al. [1983] described a highly unusual
Finnish family. In a sibship of 10 adults, seven were
mildly mentally retarded. Of these, three required ad¬
missions to psychiatric hospitals for psychotic illness,
four developed progressive hearing loss and retinitis
pigmentosa (RP), and two had progressive bilateral
high frequency hearing loss but no visual problems.
The father's hearing had also deteriorated with age.
The authors suggested that the four siblings with com¬
bined hearing loss and RP suffered from a rare form of
the autosomal recessive disorder Usher syndrome, so-
called type III, where hearing loss is progressive and
RP becomes apparent after puberty. They offered no ex¬
planation for the additional associations within the
family ofmild mental retardation, psychosis, and hear¬
ing loss in the absence of RP. We now report details of a
Scottish pedigree with multiple cases ofmild mental re¬
tardation and psychosis also associated with progres¬
sive hearing loss and/or RP. We suggest that the phe-
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notypes are not associated within these two families by
chance, but rather define a novel clinical syndrome
which may be caused by a mutant allele at a single ge¬
netic locus.

ASCERTAINMENT

The family was initially ascertained six years ago
during a cytogenetic survey of patients with combined
mental illness and physical abnormalities. No cytoge¬
netic abnormality was found, but it was subsequently
noted that several family members were blind and/or
deaf. The identification of a reciprocal balanced
t(l;ll)(q43;q21) autosomal translocation associated
with schizophrenia in a large Scottish pedigree [St.
Clair et al., 1990] with breakpoints near recently
mapped loci for combined blindness and deafness
(Usher syndrome) on chromosomes 1 [Kimberling et al.,
1990] and 11 [Kimberling et al., 1992] led us to system¬
atically reexamine the family with mental illness,
RP, and sensorineural deafness, both physically and
psychiatrically.

FAMILY DATA

There is no positive evidence of consanguinity,
although many generations of the family have lived
in a relatively genetically isolated fishing community.
Family members underwent a detailed psychiatric in¬
terview by one of the authors (C.W.S.), and some con¬
sented to subsequent ophthalmological and audiomet-
ric assessment.

Case 1

The proband II.4 (Fig. 1) is a 59-year-old married
man attending a psychiatric continuing care clinic. He
had an uneventful childhood, but required special
schooling for intensive remedial education because of
low intelligence. His first admission to psychiatric hos¬
pital was at age 37 years, with persecutory delusions,
auditory hallucinations, and thought disorder, diag¬
nosed as paranoid schizophrenia according to ICD-9
criteria [World Health Organization, 1978] and border¬
line mental retardation. A similar episode six years
later responded to oral antipsychotic medication. He re¬
lapsed when the phenothiazines were discontinued,

© 1994 Wiley-Liss, Inc.
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Fig. 1. A family with mental illness, mental retardation, retinitis pigmentosa, and deafness. Family
member 1.1: alcoholic, cataracts, impaired hearing; 1.3: cataracts; 1.4: cataracts; 1.6: cataracts, retinitis
pigmentosa; 1.7: cataracts; II.l: normal; II.2: schizophrenia, low intelligence, impaired hearing, retinitis
pigmentosa; 11.4: schizophrenia, low intelligence, impaired hearing; II.5: low-normal intelligence, im¬
paired bearing, retinitis pigmentosa, possible psychiatric history; II.6: low intelligence, impaired hearing,
cleft lip and palate; II.7: low intelligence, alcoholism; II.8: low intelligence; II.9: depressive illness; 11.11:
depressive illness; 11.16: depressive illness; 11.17: manic-depressive illness, low intelligence; 11.18: de¬
pressive illness: II.20: retini impairment; 11.21: low intelligence; III.l: unspecified functional psychosis,
low intelligence, impaired hearing, glaucoma and cataracts; III.4: hyperkinetic syndrome of childhood;
III.5: childhood conduct disorder, alcohol and drug dependence, antisocial personality.

and has subsequently been stabilized on depot neu¬
roleptic medication.

Sensory impairments. He denied any overt visual
problems but spontaneously complained of impaired
hearing, being unable to follow normal conversational
speech unless voices were raised. Tuning fork examina¬
tion revealed no evidence of conductive deafness, and
his balance was normal. The severity and chronicity of
his psychiatric symptoms precluded more detailed in¬
vestigation, since he was unwilling to undergo formal
audiometry or ophthalmoscopy.

Case 2

The proband's elder sister (II.2) was a 62-year-old un¬
employed spinster with a 26-year history of paranoid
schizophrenia. The second of eight siblings, her child¬
hood was unremarkable, but she was academically
slow, having narrowly avoided intensive remedial edu¬
cation. Her first admission to a psychiatric hospital at
age 36 years followed a suicide attempt. She gave a
four-month history ofclassical schizophrenic symptoms
including thought insertion, thought-echo, delusions of

persecution and reference, and delusions of control. A
diagnosis of schizophrenia was reached and her symp¬
toms were resolved with antipsychotic medication.
Three further admissions at the ages of 38 years, 47
years, and 58 years confirmed the diagnosis.

Sensory impairments. At age 50 years she no¬
ticed poor and deteriorating vision found to be due to bi¬
lateral cataracts. These were extracted the following
year, leaving her aphakic, with corrected visual
acuities of 6/9 in the right eye and 6/18 in the left.
Fundi were reported as tessellated, or tigroid, reflect¬
ing variations in choroidal pigmentation. At age 61
years testing revealed low amplitude and abnormal
electroretinograms with poor flicker responses, con¬
firming retinal degeneration. Brainstem auditory-
evoked potentials were normal, and clinically she had
no balance problems. In recent years her hearing dete¬
riorated and she spoke loudly. There was no evidence of
conductive deafness, but pure-tone audiometry showed
a sloping audiogram with moderate hearing loss at
high frequencies of 40-50 decibels. This degree of
impairment may be within the normal range for her
age (Fig. 2).
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Fig. 2. Audiogram of patient II.2 at age 61 years showing a mod¬
erate degree of sensorineural hearing loss in an affected female.

Case 3

The proband's other older sister (II.3) was a 59-year-
old unemployed spinster with a 32 year history ofpara¬
noid schizophrenia and mild mental retardation. Her
birth was unremarkable but all motor developmental
milestones were delayed, and she attended a school for
the mentally handicapped. She has never had remu¬
nerative employment and no social contacts apart from
her brother and sister (II.2 and II.6) with whom she
lives. First admitted at the age of 27 years with schizo¬
phrenia superimposed on the mental deficiency, she re¬
mained an inpatient for three years and has attended a
day hospital ever since. Oral phenothiazine medication
was commenced in the late 1960's, and has been sup¬
plemented with the more recent addition of depot
phenothiazines.

Sensory impairments. Hearing impairment was
first noted in her early thirties, although no audio¬
grams are available from that time. This progressed
steadily to profound deafness by the age of 55 years,
when pure tone audiometry showed a sharply sloping
audiogram with severe bilateral sensori-neural hearing
loss, beginning at 60 decibels in the lower frequencies
and falling to 120 decibels in the high frequencies (Fig.
3a). A repeat audiogram at 59 years confirmed further
deterioration (Fig. 3b). Clinically, there was no sugges¬
tion of balance problems. Brainstem auditory-evoked
potentials were normal on the right and unclear on the
left.

Impaired night vision began at the age of 30 years.
Her eyesight deteriorated progressively and she was
blind by age 43 years. At that point her pupils were un-
reactive to light or accommodation, and fundoscopy re¬
vealed retinitis pigmentosa. Electroretinography at age
59 years was flat.

Case 4

Subject II.5, aged 57 years, denies psychiatric symp¬
toms although a period of inpatient psychiatric treat¬
ment is mentioned in his sister's case records. His own
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Fig. 3. Audiograms of patient II.3, an affected female showing pro¬
gressive sensorineural hearing loss at ages 55 years (A) and 59 years
(B) respectively.

records could not be traced. He attended normal school
until the age of eight, when poor hearing necessitated
his transfer to a school for the deaf. He left at 14 years
of age and was in continuous employment until deteri¬
orating eyesight forced his retirement on invalidity
grounds at the age of 25. He was separated from his
common-law wife of 24 years. Their 33-year-old son is
psychiatrically well, of normal intelligence, and has
had no visual or hearing defects.

Sensory impairments. Hearing loss began at the
age of seven and, by his teens, progressed to severe bi¬
lateral sensori-neural deafness. Visual deterioration
began as night-blindness in his mid-twenties and by 36
years distance vision was reduced to counting fingers
only at 1 foot, while near vision was N.36 in the right
eye and less than N.48 in the left. Fundoscopy revealed
retinitis pigmentosa and bilateral small posterior
lens opacities. Electroretinography confirmed the diag¬
nosis. At age 57, he was unable to detect light. Elee-
troretinograms were completely flat, confirming ad¬
vanced retinal degeneration. He had no balance
problem clinically, but brainstem auditory-evoked
potentials were abnormal.
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Case 5

Family member II.6, aged 55 years, was born with se¬
vere cleft lip and palate, which were repaired surgically
as a child. Developmental milestones were again de¬
layed and he required special educational provision,
but has been in steady semiskilled employment all his
life. He had no psychiatric history, has never married,
and has had few social contacts other than his two sis¬
ters (II.2 and II.3) with whom he lives.

Sensory impairments. He denied major deficits in
either vision or hearing, but pure tone audiometry
showed a sharp decline at high frequencies, especially
on the right (Fig. 4). The pattern resembled that seen
in industrial exposure; however, the subject has never
worked in noisy environments or experienced any head
trauma. Corrected visual acuities were 6/9 in both eyes,
and fundoscopy revealed tigroid retinae. Electro-
retinography showed a poorly formed flicker response,
indicating some degree of retinal impairment. Brain¬
stem auditory-evoked potentials were normal, as were
clinical tests of balance.

Cases 6 and 7

Subjects II.7 and II.8, aged 53 years and 51 years re¬
spectively, emigrated in their early twenties, and were
married. Both had mild mental retardation and re¬

quired special remedial education in Scotland, but had
no visual or auditory impairments. Psychiatric inter¬
view was conducted by telephone. Subject II.8 was
alcoholic.

Case 8

Family member III.l, aged 25 years, was the oldest
child of II.4, and born via a forceps delivery. He had con¬
genital glaucoma and despite treatment developed lens
opacities. His vision deteriorated to leave him blind in
the left eye by the age of 5 years. Developmental mile¬
stones were delayed, he was unable to sit unaided by 14
months, and attended a school for the mentally handi¬
capped. At age 6 years he was referred to a child psy-
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Fig. 4. Audiogram showing dip-type hearing loss in male subject
II.fi.

chiatrist, with bizarre behaviour which required resi¬
dential care for the next 5 years. He was friendless and
reclusive, with no interests or pastimes outside of the
home, where he lives in with his parents. Suspicious
and unforthcoming at interview, he denies psychiatric
symptoms but repeatedly shouts at the television for
no reason, and believes the things he sees there are
"real." He fulfills ICD-9 diagnostic criteria for unspeci¬
fied functional psychosis. Balance is normal, but his
hearing is clinically impaired, being unable to follow
normal conversational speech; there was no evidence of
conductive deafness. He was uncooperative and unwill¬
ing to submit to audiometry, ophthalmoscopy, or blood
testing.

Case 9

The father of the eight siblings, 1.1 died in a psychi¬
atric hospital with senile dementia at the age of 84. He
had poor hearing requiring a hearing aid, and a dense
left cataract. Previously he had abused alcohol, but no
other information is available.

Cases 10 and 11

Family members 1.3 and 1.4 developed cataracts in
their late fifties and early sixties, necessitating surgical
extraction. Both received approximately 10 years of
standard education and had unremarkable work histo¬
ries. No evidence of any other abnormalities, visual or
psychiatric, was obtained.

Case 12

Member 1.6 was a 75-year-old man with no history of
psychiatric abnormalities or hearing difficulties. His
right eye was amblyopic due to a large macular
coloboma. He developed cataracts in the left eye in his
late fifties. Visual acuity at age 62 years was reduced to
hand movements on the right and to 6/9 and N5 on the
left. By age 74 years visual acuity had deteriorated to
6/18 and N6 in the left eye, and retinal pigmentation
was present on fundoscopy. A scotopic electroretino-
gram showed increased latency on the left, indicating
some degree of retinal impairment independent of the
coloboma on the right.

Case 13

Family member 1.7 was a 72-year-old female who re¬
ceived a normal education and had no history of psy¬
chiatric or hearing problems. She developed cataracts
in her sixties, with visual acuity reduced to 6/36 and
N10 on the right and 6/60 and N10 on the left by the age
of 70 years. Fundoscopy and electroretinography were
normal.

Case 14

The eldest of four siblings, this 61-year-old widowed
female (II.9) had an unremarkable childhood, and had
no visual, auditory, or intellectual deficits. Having mar¬
ried and lived abroad for over 20 years, she developed a
major depressive illness at the age of 59 years on re¬
turning to Scotland one year after the death of her
spouse. She was successfully treated with a serotonin
reuptake inhibitor antidepressant.
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Case 15

The third of four siblings, family member 11.11 was a
50-year-old divorced female with no visual, auditory, or
intellectual impairments. She also developed a major
depressive illness at age 48 years, which was success¬
fully treated with a tricyclic antidepressant. She had
first received psychotropic medication from her general
practitioner for mixed anxiety/depression at age 30
years, which was discontinued following a deliberate
overdose of benzodiazepines.

Case 16

Family member 11.16 was a 49-year-old married fe¬
male, who underperformed at school because of exces¬
sive timidity. She first developed a major depressive ill¬
ness at the age of 38 years, two years following the
death of her mother. She had four further depressive
episodes which required outpatient psychiatric care
and continued treatment with antidepressant medica¬
tion. She had no visual or auditory deficits.

Case 17

Family member 11.17 was a 42-year-old unmarried
male with chronic manic-depressive illness, who had

> sheltered employment at a psychiatric day-care facility.
He received 10 years of normal education, but was first
admitted to a psychiatric hospital at the age of 23 years
with hypomania, which resolved after four months of
treatment with antipsychotic medication. He had suf¬
fered several previous bouts ofhypomania, beginning at
the age of 19, each lasting approximately one week, but

, which had never come to medical attention and re¬
solved spontaneously. Psychological assessment at the
time of discharge, when his symptoms had resolved, re¬
vealed low nonverbal intelligence and low-average ver¬
bal intelligence. His mental illness has been resistant to
treatment, and he has required 17 further admissions
to hospital with either depression or mania. He had no
evidence of either visual or auditory impairment.

Case 18

Subject 11.18 was a 50-year-old married man in suc¬
cessful employment. He was of normal intelligence and
had no visual or hearing deficits. He developed a de¬
pressive illness at the age of 37 years while under pres¬
sure at work, and subsequently had two further
episodes, each responding to outpatient treatment with
a serotonin reuptake inhibitor antidepressant.

Case 19

Subject 11.20 was a 43-year-old married female office
worker of normal intelligence with no psychiatric his¬
tory. She had no hearing impairment, but complained
ofdifficulty with night vision, and an electroretinogram
confirmed left-sided cone dysfunction. Fundoscopy was
normal.

Case 20

Subject III.4 was the 22-year-old son of 11.20. He pre¬
sented to the child psychiatry services at 7 years with
overactivity, distractibility, and impulsiveness, and re¬

ceived the diagnosis of hyperkinetic syndrome of child¬
hood. He was treated with methylphenidate for several
years before the symptoms resolved at puberty. He had
no sensory deficits and was of normal intelligence.

Case 21

Subject 11.21 was a 41-year-old widowed unemployed
female who had mental retardation of moderate sever¬

ity, which required intensive remedial education at spe¬
cial schools. She denied any psychiatric symptoms and
there is no evidence of visual or hearing impairments.

Case 22

Subject III.5 was the 18-year-old son of 11.21. He first
presented to the child psychiatry services at 8 years
with temper tantrums and violent outbursts. These
continued after placement with foster parents at 11
years, and resulted in charges of criminal assault at 14
years and 16 years. His social skills and basic educa¬
tional attainments were poor, requiring remedial
teaching and then special schooling. He began abusing
solvents at the age of 11, cannabis at age 13, and sub¬
sequently alcohol, benzodiazepines, and hallucinogens.
On interview he fulfilled diagnostic criteria for alcohol
and drug dependence and antisocial personality disor¬
der. There is no evidence at present of any visual or
hearing deficits.

OTHER INVESTIGATIONS

Metaphase karyotyping was performed on four fam¬
ily members. We did Giesma banded high resolution
banding at the 850 band level using a 72-hour culture.
Chromosome regions of special interest included areas
to which Usher syndrome families have recently been
mapped. No abnormalities were found.

DISCUSSION

The family described bears a striking resemblance to
the Finnish pedigree [Karjalainen et al., 1983]. Within
each, occurring either alone or in combination, are mul¬
tiple cases of mild mental retardation, schizophrenia
and other functional psychoses, progressive sen¬
sorineural hearing loss, and RP presenting after pu¬
berty. In the oldest generation of the Scottish family
there are also multiple cases with cataracts, but the
clinical features of this generation were not reported in
the Finnish family. The cleft palate as in family mem¬
ber II.6 may be an incidental finding, but has been pre¬
viously observed in conjunction with Usher syndrome
[Vernon, 1969],

Clinical information is incomplete on several individ¬
uals in the pedigree, further obscuring the likely ge¬
netic pattern. Individual III.l had cataract and glau¬
coma, while subjects 1.3 and 1.4 both developed
cataracts in middle age, but ophthalmic examination
was not obtainable. Therefore we cannot exclude un¬

derlying retinal pathology, an important omission since
cataracts commonly coexist with RP [Grondahl and
Mjoen, 1986]. The difficulties in diagnosing psychiatric
disorders and assessing mental retardation in those
with deafness and/or blindness should not be under¬
estimated, even when the tester is familiar with such



subjects and well-versed in nonoral modes of communi¬
cation. Unfortunately, comprehensive clinical assess¬
ment of some members of the third generation was not
practical because of such difficulties, but all other sub¬
jects examined were able to communicate adequately,
and additional information was always obtained from
relatives and medical case records.

Usher syndrome consists of a clinically and geneti¬
cally heterogeneous group ofdisorders characterised by
combined sensorineural deafness and RP. The mode of
inheritance is autosomal recessive in all known cases,
and no pedigrees with other inheritance patterns have
been described convincingly. Three clinical types [Kim-
berling et al., 1989] are recognized. Type I (60% of
cases) has profound congenital hearing loss, vestibular
abnormalities, and onset of RP before puberty. Type II
(35% of cases) has moderate to severe hearing loss from
birth and late onset RP. Genetic linkage studies in
Usher type I and type II have revealed genetic hetero¬
geneity with several loci for both types [Kimberling et
al., 1990, 1992]. Usher syndrome type III (2-5% of
cases), by contrast, is less well-defined but consists of
progressive hearing loss not normally apparent from
birth plus RP. Type III has not yet been mapped but
data from the few families reported is consistent with
an autosomal recessive inheritance pattern.

In his original monograph, Usher [1914] observed
that a higher-than-expected proportion of cases and
family members had mental disorders. Subsequently,
other authors have reported various mental distur¬
bances, including schizophrenia, in Usher syndrome
[Hallgren, 1958, 1959; Small and Desmarais, 1966;
Vernon, 1969; Nuutila, 1970; Belal, 1975; Bloom et al.,
1983; Mangotich and Misiaszek, 1983; Eikmeier and
Dieffenbach, 1984; Koizumi et al., 1988; Tamayo et al.,
1991]. Almost no literature on neuropsychiatric aspects
of Usher syndrome type III exists except the Kar-
jalainen family itself [1983], which is also complicated
by mental retardation. For this reason we have avoided
using the term Usher syndrome type III to describe the
Scottish family.

It is difficult nevertheless to think that the pheno-
typic associations occurring in these two unusual but
similar families have arisen by chance. It seems more
likely that they share a common genetic aetiology. Un¬
fortunately, the precise nature of the genetic mecha¬
nism responsible is not easily discernible, especially in
the Finnish family where only one generation is de¬
scribed. However, in the Scottish family several genetic
explanations would be consistent with the clinical fea¬
tures. If one includes all the phenotypes the inheri¬
tance pattern looks autosomal dominant. By contrast,
if as in the Finnish pedigree, one considers only cases
with combined RP/hearing loss, a recessive model is
possible, although the hearing loss in subjects 1.1, II.4,
and III.l is suggestive of vertical transmission. How¬
ever, this ignores and offers no explanation for the as¬
sociation with mental retardation and psychosis, un¬
less they are segregating separately from the sensory
disturbances. No chromosomal rearrangement or dele¬
tion was detected, in spite of high resolution banding
studies on several family members.

Schizophrenia and Mental Retardation 359

An allele at a single locus, inherited in an autosomal
dominant fashion and responsible for all the pheno¬
types described in the family, is the most parsimonious
explanation of the findings. Anticipation may also be
occurring since there is a trend to increasing frequency
and severity of the phenotype with successive genera¬
tions, raising the possibility of an unstable allele as in
Huntington's disease [Huntington's Disease Collabora¬
tive Research Group, 1993]. At the same time, the tem¬
poral and spatial pattern of any aberrant gene expres¬
sion both during development and postnatally may
determine the order and location at which phenotypic
abnormalities arise in the family. It may resemble fa¬
milial hemiplegic migraine, another autosomal domi¬
nant syndrome recently mapped to chromosome 19q
[Joutel et al., 1993], where migraine, the predominant
phenotype, may be complicated by retinal degeneration
and sensorineural deafness [Young et al., 1970]. Unfor¬
tunately, like hereditary migraine, there are few clues
as to the precise pathophysiology in the family we have
described, and any genetic explanations proposed must
remain speculative. We are currently examining the
family with DNA markers for genetic linkage to the
sites of known RP and Usher syndrome loci.
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Abstract. An improved protocol has been developed for physical
enrichment of cDNA sequences by hybridization to genomic
DNA. When applied to microdissection recombinants derived
from a translocation breakpoint region associated with inherited
mental illness, a single cycle of the procedure permitted enriched
cDNAs to be visualized directly by agarose gel electrophoresis.
Hybridization screening of a library of clones derived from the
enriched cDNAs, employing the genomic resource as a probe, led
to the identification of six novel gene fragments. This general
approach to the isolation of regionally encoded genes could be
applied to any subchromosomal interval as a first step towards
global transcription map construction.

Introduction

We previously reported a t( 1; 11)(q43 ;q 14.3) translocation that seg¬
regates with major psychosis (including aspects of schizophrenia
and mania) in a large Scottish pedigree (St Clair et al. 1990). The
high Lod score for this segregation (4.34) suggests that a genetic
mutation underlies the illness in this particular family and that the
affected gene(s) is located at or near one of the two translocation
breakpoints. The relationship between the translocation and the
presumed mutation could be i) direct (the translocation disrupts a
gene leading to altered genetic function), ii) indirect (the aberrant
chromosomal architecture affects transcription of one or more
nearby genes), or iii) coincidental (the translocation and the mu¬
tation are syntenic but independent phenomena). To evaluate these
possibilities, we have undertaken the cloning and analysis of ge¬
nomic DNA and associated gene sequences from the breakpoint
region of the translocation derivative Chromosome (Chr) 1.

The isolation of genomic sequences from the breakpoint region
of the derivative Chr 1 has been described elsewhere (Muir et al.
1994). This entailed direct microdissection and cloning to produce
relatively large genomic clones of average size 1.5 kb (range 0.5-
5.0 kb). Here, we describe the use of this resource in the identifi¬
cation of transcribed sequences from the flanking regions of the
translocation breakpoint.

A number of strategies are available for the identification of
genes in genomic DNA (Parrish and Nelson 1993), including di¬
rect cDNA library screening with complex genomic probes (Elvin
et al. 1990; Snell et al. 1993), 'zoo blot' analysis of DNA frag¬
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ments (Monaco et al. 1986; Rommens et al. 1989), the identifica¬
tion of CpG islands (Bird 1986), functional recovery of exons by
in vitro splicing of genomic DNA ('exon trapping'; Duyk et al.
1990; Buckler et al. 1991), and methods for selective cDNA en¬
richment ('cDNA fishing'; Parimoo etal. 1991; Lovett etal. 1991;
Korn et al. 1992; Abe 1992). No one method is ideal for all
situations. For our application we chose to employ the strategy of
cDNA fishing, enriching total brain cDNA by physical selection
with microdissected genomic DNA. The previously described pro¬
tocols for cDNA fishing share the following useful properties: i)
relative technical simplicity, ii) an ability to scan long genomic
regions, iii) sufficient power to isolate genes expressed at very low
levels, and iv) the potential to select genes expressed in a pre¬
defined tissue (determined by the choice of input cDNA). The
drawbacks of the published methods include: i) a need for multiple
cycles of enrichment (to reduce the level of falsely recovered
DNAs) with a concomitant potential for reduced product size and
loss of gene sequences, and ii) the need for extensive product
analysis in order to identify genuine recombinants from back¬
ground artifacts.

By modifying established procedures, we have devised an ef¬
fective single cycle procedure for cDNA fishing. Here we describe
the new protocol and demonstrate its use upon a microdissection
genomic resource in conjunction with total brain cDNA. Sufficient
enrichment of encoded brain expressed sequences was achieved to
enable some gene fragments to be visualized as distinct bands
when the total enriched cDNA was examined by agarose gel elec¬
trophoresis. Direct hybridization screening of plasmid clones de¬
rived from the enriched cDNA was used as a means to rapidly
identify genuine recombinants. In this manner, six novel brain
expressed genes were identified. These can now be examined for
their possible involvement in the development of mental illness
associated with the chromosome 1;11 translocation. The strategy
employed to isolate these transcribed sequences could be em¬
ployed for gene identification within any defined chromosomal
region.

Materials and methods

cDNA preparation and catch-linker addition. Oligo-dT primed
cDNA was prepared by previously described methods (Okayama and Berg
1982; Gubler and Hoffman 1983) with the Riboclone system (Promega).
Ethical permission for the use of fetal termination material was obtained
from the relevant ethical committee, and recommended guidelines were
followed (details available from authors). Of this cDNA, 100 ng was di¬
gested to completion with Sau3A\. The enzyme was heat killed at 75°C for
15 min and the sample ethanol precipitated. A 20-pl overnight ligation was
performed at 16°C with the recovered DNA and 100 ng duplex catch-linker
that comprised oligonucleotide 727 (5'-GCGAATTCTAGACTGCAGG-
3') annealed to kinased oligonucleotide 731 (5'-GATCCCTGCAGTCTA-
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GAATTCGC-3'). PCR was performed on 1-gl aliquots with primer 727.
PCR products were extracted once with 24:1 chloroform:iso-amyl alcohol
mix and once with H20-saturated ether, and then ethanol precipitated.

Preparation of microdissection clone DNA. Phage recombinants
from the microdissection library were prepared for PCR as previously
described (Muir et al. 1994). Aliquots (1 (il) were amplified with primer IL
(5'-AAGTTCAGCCTGGTTAAG-30 and biotinylaled primer IR (biotin-
5'-TTGCnTTTACCCTGGAAGA-3'). PCR products were pooled and
ethanol precipitated. For separation of amplified DNA from unincorporated
primers, the DNA was ran on a preparative 1% low-melting-temperature
agarose gel in TAE buffer (20 mM ethylenediaminetetraacetic acid, 40 mM
sodium acetate, 40 mM Tris/HCl, pH 8.2). This gel contained no etbidium
bromide. Instead, a parallel track of the same material was stained to
determine the location of the DNA. DNA was recovered from the gel
matrix by agarose digestion (Boehringer Mannheim) and ethanol precipi¬
tation.

cDNA fishing. Concentrations of input genomic and cDNAs were esti¬
mated by comparing aliquots on ethidium bromide agarose gels ran next to
quantitative standards. Two 10-jig aliquots of human Cctl genomic DNA
were ethanol precipitated. Input cDNA (10 Jig) and later the biotinylated
genomic DNA (100 ng) were made to 8.4 |il in H20. They were used to
separately resuspend the C0tl DNAs. To each was added exactly 1.8 pi 1m
NaOH. After heating to 50°C, 9.8 pi of 50°C FNET-HC1 mix (6 pi form-
amide, 2 pi NET, 1.8 pi 1m HC1) was added to each (NET comprises 400
mM Tris/HCl, 2.5m NaCl, 50 mM EDTA, pH 7.8). The genomic and cDNA
samples were placed at 45°C for 0.5 and 3 h respectively before mixture
and incubation at 45°C overnight. M280 magnetic beads (25 pi) from
Dynal were prepared as recommended by the manufacturer and incubated
at room temperature in 100 pi TEN-SP (0.1% SDS and 0.5 mg/ml PVP in
TEN buffer) for 30 min (TEN comprises 10 mM Tris/HCl, 1 mM EDTA,
100 mM NaCl, pH 7.4). After removal of this buffer, the beads were
resuspended in 25 pi TEN-SP. The DNA mixture from the overnight
incubation was made to 0.1% SDS, 0.5 mg/ml PVP by addition of 1 pi of
a SDS + PVP stock (40 fold higher concentrations), and used to resuspend
the magnetic beads after removal of the TEN-SP buffer. The sample was
left at room temperature for 30 min with very gentle occasional mixing.
Washing was performed with six changes of 150 pi TEN at room temper¬
ature and 8 changes of 150 pi 0.1 x SSC at 68°C. Product elution involved
heating the beads to 90°C for 4 min in 20 pi H20 before magnetic immo¬
bilization and recovery of enriched cDNAs in the eluate. A second mag¬
netic separation was applied to the eluate to remove all Paces of the beads.
Product cDNA was amplified from the eluate by PCR amplification of 1-pl
aliquots with primer 727. Critical aspects of the procedure are i) care
during sample manipulations to avoid contaminations, ii) accurate neutral¬
ization prior to overnight incubation (test sample on a pH dipstick), and iii)
gentleness when washing the Dynal M280 beads.

Polymerase chain reactions. PCRs were performed for 23 or 30 cycles
on a Hybaid Thermal Reactor employing tube temperature control. Reac¬
tions were in 50 pi Promega PCR buffer and included 300 ng of each
primer (600 ng for single primer reactions), MgCl2 at 1.5 mM, nucleotides
at 200 pM each, and 1 unit Promega Taq Polymerase (Perkin Elmer).
Denaturation times were 30 s for the first cycle and 10 s for subsequent
cycles, at 93°C. Annealing times were 30 s at 54°C (primers 727 and IL/IR)
or 52°C [vector primers A/B (Gussow and Clarkson 1989)]. Extension
times for primers 727 and A/B were 1.5 min for cycles 1-10, 2.5 min for
cycles 11-20, and 4 min for cycles 21-30, at 72°C. Extension times for
primers IL/IR were 5 min for cycles 1-7, 6 min for cycles 8-14, 7 min for
cycles 15-22, and 10 min for cycle 23, at 72°C.

Product cloning. After PCR amplification, and gel purification where
appropriate, the enriched cDNA was heated to 65°C for 5 min. It was then
digested with UcoRI, extracted once with 24:1 ehloroformusoamyl alcohol,
and once with H20-saturated ether, and ethanol precipitated. Of the re¬
covered DNA, 20 ng was ligated to 20 ng RcoRI cut and phosphatased
pBluescribe plasmid vector (Stratagene) in 20 pi at 16°C overnight. Elec¬
tro-competent XLl-Blue E. coli were transformed with 1-pl aliquots of this
ligation and spread onto 50 pg/ml ampicillin plates.

Probe DNA preparation. Probes were made by a32P-dCTP random
priming (Feinberg and Vogelstein 1984). For PCR-amplified recombinant
inserts, labeling was performed directly on preparative gel slices taken
from TAE-buffered, 1% low-melting-temperature agarose gels. Inserts
from phage microdissection clones and pBluescribe plasmid clones were
PCR amplified from 100°C heat-lysed phage/bacterial suspensions (Gus¬
sow and Clarkson 1989) with primers IL/IR and A/B respectively.

Filter preparations and hybridization. Southern blots and filter lifts
of bacterial colonies were prepared by standard procedures (Sambrook et
al. 1989). DNA dot blots were prepared in 2 x SSC (0.3 M NaCl, 30 mM
trisodium citrate, pH 7.4) buffer with a Hybri-dot vacuum manifold (Be-
thesda Research Laboratories) and then denatured and neutralized as for
colony lifts. After 2-h pre-hybridizations at 68°C in hybridization buffer (5
x SSC, 0.1% ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albu¬
min, 0.1% sodium dodecyl-sulfate, 0.1% sodium pyrophosphate, 10% dex-
tran sulfate), including denatured salmon sperm DNA at 100 |xg/ml, probes
were added, and hybridization was continued overnight. In most cases,
filter washings were conducted in 0.1X SSC, 0.1 % SDS at 68°C. With C„tl
genomic DNA as a probe, washing was performed in 1 x SSC, 0.1% SDS
at 60°C. Zoo blots were washed in 1 x SSC, 0.1% SDS at 55°C. Filters
were exposed to Kodak XAR5 X-ray film or to a Molecular Dynamics
phosphor-imager cassette.

Sequencing. Plasmid insert DNA sequences were determined with a flu¬
orescence-based automatic sequencing apparatus (ABI), following proto¬
cols recommended by the manufacturer.

Results

Preparation of the microdissection resource. The construction of
a phage library of microdissection recombinants from the deriva¬
tive Chr 1 translocation region has been described elsewhere (Muir
et al. 1994). In brief, a series of 0.5-5.0 kb &oRI genomic clones
were produced and shown to be normally distributed -15 Mb
either side of the translocation breakpoint. Screening with a total
human genomic DNA probe was used in an attempt to identify and
exclude recombinants containing repetitive sequences.

To identify genes within the microdissected region, we em¬
ployed an initial set of 84 phage recombinants. The inserts of these
clones comprised the following size groups: 23 of 0.5-1.0 kb, 35
of 1.0-2.0 kb, 20 of 2.0-3.0 kb, and 6 of 3.0-5.0 kb, amounting to
-150 kb of noncontiguous sequence. A random series of 32. of
these clones were used as probes on Southern blots of EcoRI-
digested human genomic DNA. We thus discovered that while
almost all were single-copy £coRI fragments (phage insert and
hybridizing band were equivalent in size), approximately 40% (13
of those tested) contained low, medium, or high copy repeat se¬
quences (example results shown in Fig. 1).

Preparation of the cDNA resource. We chose to use human fetal
brain cDNA for this study because of the association of the trans¬
located region with inherited mental illness. Oligo-dT-primed,
poly-A selected cDNA from the brain of a single fetus (9 week
estimated gestational age) was increased in quantity by Sau3Al
catch-linker PCR amplification as described in Materials and
methods.

cDNA enrichment and product rationalization. The cDNA and
genomic resources described above were employed for cDNA
fishing as described in Materials and methods. To drive duplex
DNA formation, we employed genomic DNA at -1 ng/kb (100 ng
for the 150 kb resource). Figure 2 shows ethidium bromide gel
analysis of the product (enriched) cDNA material along with the
input cDNA for comparison. Two product bands, called U (upper)
and L (lower), are clearly visible over a faint background smear.



A J. Brookes et al.: Improved cDNA selection applied to microdissection clones 259

(kb>
23.0 —

9.4 -

6.6 —

4.4 -

2.3 —

2.0 —

Exposure (hrs) -*•

Fig. 1. Repetitive content of the microdissection clones. Microdissection
clones were probed onto Southern blots of £coRI-digested human genomic
DNA. Tracks A, B, C, and D show results obtained with four different
clones found to contain medium- to high-copy repetitive elements. Sizes in
kb and autoradiograph exposure time in hours are as indicated.

M C + -

Fig. 2. Input and product cDNA. Ethidium bromine-stained agarose gel
showing in track 'M', KzelK-digested <(>X DNA size marker; in track 'C',
the fetal brain cDNA employed in the study; and in tracks '+' and PCR
products amplified from the cDNA eluate of the cDNA fishing study and
a water control, respectively.

In order to recover DNA from the background smear, the total
PCR product was cloned into a plasmid vector after digestion by
EcoRI (restriction site incorporated into the primer used for cDNA
amplification). After transformation into E. coli, the resulting
clones were called a 'smear' product library. To recover the band
U and L sequences, these fragments were excised from a longer
run preparative version of the gel shown in Fig. 2, and the target
DNA was excised and subsequently recovered from the agarose

matrix by agarase digestion. This material was then similarly pro¬
cessed by EcoRI cloning to derive 'band U' and 'band L' product
libraries.

The ethidium bromide gel of the enriched material suggested a
mix of major (band) and minor (smear) products; however, this
result gave no indication as to the nature of the product material.
Therefore, to rationalize the product libraries into genuine and
artifactual clones, we conducted simple hybridization screenings
of primary platings of the libraries. To identify recombinants en¬
coded by the microdissection resource, pools of 15 kb of the input
genomic DNA were used to probe the smear product library (-500
colonies). To identify recombinants corresponding to the band U
and L material, DNA from each band recovered by preparative
agarose gel electrophoresis (a portion of that obtained for cloning)
was probed onto the appropriate band product library (-1,000
colonies). The results of this analysis are summarized in Table 1.

A series of product library clones that scored positive in this
hybridization were taken for further analysis. These comprised a)
91 colonies from the smear product library, b) 12 colonies from the
band U product library, and c) 32 colonies from the band L product
library. We first determined insert sizes for these clones [employ¬
ing PCR amplification with flanking vector primers (Gussow and
Clarkson 1989)] and then determined insert sequences for 18
clones that represented distinct size groups. These 18 clones were
thus shown to represent six distinct cDNA fragments, including
one each from bands U and L. Consistent with their cDNA origin,
all had terminal sequences that matched the linkers that were ini¬
tially ligated onto the input cDNA and used for PCR amplification.
Their sizes ranged from 0.15 to 0.4 kb. Conducting searches with
these products against current DNA (GenEMBL) and protein
(SW1SSPROT) databases, with the BLAST algorithm (Altschul et
al. 1990), identified one highly significant match. This was be¬
tween product LPB7 and a human heart-derived anonymous
cDNA sequence (accession number hsdheiOlO). This result, which
shows most of the cDNA products to be novel genes, is not sur¬
prising because only a small fraction of the coding capacity of
mammalian genomes is presently represented in DNA and protein
databases. The six novel sequences from this study have now been
deposited in the Genbank and EMBL databases under accession
numbers X82191-X82196 inclusive.

Analysis of hybridization-selected cDNAs. To verify that the six
selected clones were genuine, it was necessary to test for their
presence in both the input genomic DNA and fetal brain cDNA.
This involved probing the inserts onto the following series of
diagnostic filters: i) a Southern blot of 5 |ig of EcoRI-digested
human genomic DNA and 1 pg of the input cDNA, ii) a Southern
blot of a series of somatic cell hybrid DNAs containing the deriv¬
ative 1 or 11 translocation chromosomes, or various fragments
from human Chr 11, and iii) dot blots of the complete set of input
microdissection clones. All six clones gave patterns consistent

Table 1. Summary of identification and abundance of cDNA products. Products and their sizes are sbown with detailsof the probes responsible for their identification. Of ten genomic probe pools of-15 kb utilized, positives were detectedby the four indicated. The given representations in the smear product library (prod, lib.) and input cDNA were used tothe calculate the degrees of enrichment.

Screening cDNA product Representations
Probe Library NAME SIZE (bp) Prod. lib. (%) Input cDNA

Lnncnment

(xlO4)
Band U BandU LPB7 419 1 0.5 x 10-6 2.0Band L Band L G5 295 10 0.5 x 10~3 2.0
Pool 2 Smear RI3-8 171 12 icr3 1.2
Pool 8 Smear M7-6 291 8 10""3 0.8
Pool 6 Smear M6-1 157 1 i<r7 10.0
Pool 5 Smear M5-3 221 0.5 ir7 5.0
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with that expected for genuine products. Thus, each hybridized to
a single genomic locus, was present in the genomic resource, and
originated from the derivative Chr 1. Clone M7-6 mapped telom-
eric to the breakpoint (Chr 11 derived), while the other five
mapped to its centromeric side (Chr 1 derived). Example results
are shown in Fig. 3a-c.

The hybridization signals obtained from the cDNA blots were
of various intensities. By comparison with signals in adjacent ge¬
nomic tracks (for which the mass of each single copy target se¬
quence was known) or with lanes containing known amounts of
the cloned target sequence, we were able to estimate the abundance
of each cloned product in the input fetal brain cDNA. We found
that their expression levels varied from 1(T3 to 10"7 of the total
input cDNA material. Using these data along with the known
abundance of each clone in the smear product library, we were able
to calculate the degree of enrichment accomplished for each of the
cDNA products. The lowest enrichment was ~104-fold, while the
highest was -105-fold. Furthermore, the relative difference be¬
tween the highest and lowest clone representations in the product
library was smaller than the relative difference in the starting
cDNA. This indicates that the cDNA fishing procedure had pro¬
moted a degree of normalization among the recovered cDNA se¬
quences.

Finally, to confirm the genie nature of the recovered se¬
quences, we conducted 'zoo blot' analyses employing £c<iRI-
digested genomic DNA from various mammalian species. Clone
M6-1 showed no conservation and may therefore have been de¬
rived from 5' or 3' untranslated regions of an mRNA. However,
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this clone was also the smallest of the six products, and so this
negative result could be an experimental artifact due to ineffective
hybridization. The remaining five clones showed very clear hy¬
bridization to several mammalian genomes, consistent with the
expected result for cDNA coding sequences. An illustrative exam¬
ple of a zoo blot hybridization result is shown in Fig. 4.

Evaluation ofbackground clones. The six recovered cDNA clones
together represent 32.5% of the total enriched material, leaving
67.5% of undetermined nature. In this study we did not make any
attempt to eliminate 'junk' recombinants, such as vector or repeat-
containing clones, although this could have been achieved by ap¬
propriate hybridization screenings. Therefore, to evaluate the
source of the 'background', we hybridized 5,000 colonies from the
smear product library with C0tl human DNA (high copy LINE and
SINE repeats) at low stringency. Only 0.27% of the recombinants
gave a positive signal, indicating that the stringencies employed in
the hybrid fishing protocol for solution hybridization and washing,
as well as the conditions used for blocking high-copy repeat se¬
quences, had been effective. We then investigated the nature of six
randomly chosen unidentified isolates. Sequence analysis showed
two clones to be novel, while three were derived from lambda
phage or plasmid vector DNA and one was highly similar to the
human ribosomal protein L30 homolog gene (GenBank entry hum-
ribprof). The 3 non-vector-related inserts were then used to probe
Southern blots of human genomic DNA. All gave hybridization
smears, indicating that these sequences contained previously un¬
documented low and medium copy repeat elements (data not
shown).

Discussion

As part of our investigation into the genetic basis of a hereditary
psychosis in a large Scottish pedigree, we have searched for tran¬
scribed sequences in the vicinity of an associated chromosome
translocation breakpoint. This study employed 150 kb of non¬
contiguous genomic DNA in the form of 84 phage recombinants
derived by microdissection. The origin of these clones was previ¬
ously suggested to have a normal distribution centered upon the
translocation breakpoint with an overall span of at most 30 Mb
(Muir et al. 1994). Using a dispersed genomic resource for gene
identification provides an effective way to isolate many distinct
genes. Although the number of recovered cDNA sub-fragments
will be no greater than when analyzing an equivalent length of
contiguous DNA, each fragment one isolates is likely to represent
a distinct gene. This is because the products will have been se¬
lected by individual genomic sequences which are themselves dis¬
persed over a region far greater in size than that of a typical gene.

The cDNA fishing protocol we developed for this study pos-

^MmMsHaRt_PgDg Ct.CwSh Rb

Fig. 3. Hybridization analysis of product cDNAs. The following hybrid¬
ization results are shown: a) Product G5 probed onto the input cDNA (track
C), AcoRI-digested human genomic DNA (track G), and 10,1, and 0.1 pg
of PCR-amplified G5 insert (tracks 10, 1, and 0.1 respectively). The am¬
plified insert contains terminal vector sequences and is therefore larger
than the corresponding cDNA fragment, b) Product M7-6 probed onto
FcoRI-digested genomic DNA from human (track Hu), mouse (track Ms),
hamster (track Ha), human-mouse somatic cell hybrids containing the de¬
rivative Chrs 11 or 1 (MAR1 and MAR12, tracks dll and dl, respectively),
and a human-hamster somatic cell hybrid containing human Chr 1 lq ma¬
terial from Tyrosinase (llql4.3) to the telomere (WJX11) (track X). The
hybrid genomes used for this blot have been described elsewhere (Fletcher
et aL 1993). c) Product LPB7 probed onto a 12 X 8 gridded dot blot of 96
microdissection clone inserts (the 84 used for cDNA fishing and 12 others
not used) identifying clone H2 as its genomic origin.

Fig. 4. Mammalian zoo blot analysis. Hybridization data are shown dem¬
onstrating evolutionary conservation for product G5. The tracks contain
EcoRI-digested genomic DNA from the following species: Hu, human;
Mm, marmoset; Ms, mouse; Ha, hamster; Rt, rat; Pg, pig; Dg, dog; Ct, cat;
Cw, cow; Sh, sheep; Rb, rabbit.
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sesses a number of original technical features. Its development
began with a detailed investigation into why cDNA fishing pro¬
tocols may recover sequences not encoded by the input genomic
DNA. We discovered that the standard use of magnetic beads for
physical selection can allow at least ~1/10;000 of all cDNA frag¬
ments to be artefactually recovered in the final eluate. This places
an intrinsic limit on enrichment potential, since these cDNAs are
available for PCR amplification in competition with genuine prod¬
ucts which themselves will often be of no greater initial abun¬
dance. Modeling cDNA fishing applications showed this artefac-
tual recovery to be due to a) the selective enrichment of repeat-
containing cDNAs by similar motifs in the genomic DNA, and b)
non-specific binding of cDNAs to magnetic beads. We therefore
empirically determined conditions that i) extensively block high-
copy repeat sequences prior to mixing the genomic and cDNAs, ii)
provide optimum stringencies for the solution hybridization and
pre-elution washing steps, and iii) suppress by -100 fold the non¬
specific binding of DNA to magnetic beads (pre-incubation with
the DNA analog PVP in the presence of SDS). These modifica¬
tions produce an effective method that can accomplish high-level
cDNA enrichment in a single cycle. Eliminating the need for mul¬
tiple cycling not only simplifies the overall procedure, but dramat¬
ically reduces the total amount of PCR amplification required. This
is of major importance because it both helps retain a large average
product size and minimizes the possible biasing action of PCR
amplification (Lovett 1994).

The important aspects of the new cDNA fishing procedure
relate to the empirically optimized parameters described above,
specifically, the modes of input DNA denaturation, annealing,
washing, and blocking, and the PVP/SDS pretreatment of the
Dynal magnetic beads. The input cDNA and genomic DNA re¬
sources may be prepared by any procedure that furnishes PCR
linkered representative fragments. The method is not restricted to
microdissection clone genomic DNAs, but is equally applicable to
any standard genomic resource. For example, we have also em¬
ployed it successfully in the analysis of a 250-kb contig of phage
recombinants (vector sequence not removed), and a 1.3-Mb Yeast
Artificial Chromosome [purified by the usual combination of pre¬
parative conventional and pulse field gel electrophoresis (Lovett,
1994)].

Applying the method to 150 kb of genomic DNA in the form
of microdissection clones yielded six novel gene products of size
range 0.15-0.4 kb. They were identified among background col¬
onies by direct hybridization with 15-kb pools of the input geno¬
mic DNAs. Their abundance in the product libraries did not always
accord with their apparent representations suggested by ethidium
bromide gel analysis of the product DNA. Such a discrepancy is
not uncommon in our experience and may be due to phenomena
such as i) a cloning bias in favor of smaller inserts or particular
sequences, and ii) the tendency for some PCR product DNAs to
run anomalously, possibly as smears, on ethidium bromide agarose
gels (possibly because of a partially single-stranded structure re¬
sulting from incomplete primer extension).

Assuming a random genomic distribution of 30,000 brain ex¬
pressed genes (Sutcliffe 1988), then the six clones recovered rep¬
resent -4% of those available within the central microdissected
region (-15 Mb). However, since the translocation region under
study involves two Giemsa dark bands (lq43 and llql4.3), and
such regions are generally believed to be relatively devoid of tran¬
scribed sequences (Craig and Bickmore 1993), the actual effi¬
ciency of gene recovery could be far higher than this theoretical
value of 4%. A comparison of mass representations of the six
recovered gene fragments in the starting and final cDNA mixtures
shows these sequences to have been enriched by 104 to 10s-fold.
This efficiency is unlikely to have been dependent upon the type of
genomic resource employed, since the microdissection clones were
isolated from a large genomic domain and were shown to include
numerous repetitive elements. Excluding artefactual vector prod¬

ucts (comprising -50% of the unidentified product clones) would
approximately double the estimated enrichments and allow for
direct comparison with enrichments usually achieved by cDNA
fishing methods [procedures that exclude artefactual clones and
involve two or more cycles (Lovett 1994)]. Upon this comparison
we find the levels of enrichment to be equivalent.

Analysis of background clones showed that high-copy LINE
and SINE repeats were minimally recovered, whereas low- and
medium-copy (MER) repeats (Kaplan et al. 1991; Jurka et al.
1993) were relatively abundant (3/6 clones tested). We also recov¬
ered a high level of vector sequences (3/6 clones tested). These
vector clones may have been derived by selective enrichment of
trace contaminating sequences present within both input DNA re¬
sources. They are not easily explained except as artefacts peculiar
to this study. In contrast, a background of MERs is common with
cDNA fishing studies (Lovett 1994). Indeed care must be taken not
to interpret MER-based hybridization signals as those of genuine
products derived from gene families. This was not a problem with
the six cDNA fragments we identified, all of which gave unam¬
biguous single-copy bands on human genomic Southern blots.
Their single-copy nature also permitted the gene expression levels
to be determined by comparing input cDNA hybridization signals
with adjacent quantitative control tracks.

In conclusion, we have employed a cDNA fishing method to
identify brain expressed gene sequences encoded within microdis¬
section clones from the region of a clinically relevant translocation
breakpoint. Six novel genes have thus been identified that can now
be investigated for possible involvement in the psychosis associ¬
ated with this translocation. This general strategy for gene identi¬
fication could be exploited for transcription map construction in
any defined genomic region of interest.
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Auditory P300 Event-Related Potentials and
Neuropsychological Performance in Schizophrenia and
Bipolar Affective Disorder
Valeria B.N. Souza, Walter J. Muir, Maura T. Walker, Michael F. Glabus, Hilary M.
Roxborough, Clifford W. Sharp, Julie R. Dunan, and Douglas H.R. Blackwood

The auditory P300 event-relatedpotential (ERP) andperformance on neuropsychological tests
were evaluated in 26 subjects with schizophrenia, 19 with bipolar affective disorder, and 27
controls. The schizophrenic and the bipolar groups were similar in having prolonged P300
latency recorded from central and temporal leads. The P300 was significantly reduced in
amplitude in the schizophrenic group at midline leads and the left temporal lead but was not
significantly reduced in amplitude at any electrode site when the bipolar group was compared
to controls. Schizophrenics performed significantly less well than bipolars and controls on tests
ofverbalfluency and, within this group, a significant correlation wasfound between the latency
of P300 and verbal fluency test scores. While the bipolar group ofpatients was similar to the
schizophrenic group in having prolonged P300 latency, these groups differed in P300 ampli¬
tude, performance on verbal fluency tests, and the relationship between the physiological and
neuropsychological variables.

Key Words: Schizophrenia, bipolar, P300 event-related potential, neuropsychology, verbal
fluency

Introduction

Event-related potentials (ERPs), recorded using relatively
simple, noninvasive techniques, offer a versatile approach
to investigating cognitive changes and brain structural ab¬
normalities in psychiatric disorders. Many studies have ex¬
amined the P300 response in normal ageing and dementing
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illnesses, in particular Alzheimer's disease and vascular
dementias, and those dementias associated with Hunting¬
ton's disease, Parkinson's disease, human immunovirus
(HIV) infection, and Down's syndrome. Yet, as discussed
by Goodin (1990) and Pfefferbaum et al (1990), the rather
low sensitivity and specificity of P300 changes in dementia
may restrict its clinical usefulness as an aid to diagnosis or
as a tool for measuring specific cognitive impairments in
these conditions. However, the utility of a test such as the
P300 depends on the exact clinical question being asked
rather than on "an arbitrary definition of what constitutes
acceptable levels of sensitivity or specificity." Similar ar¬

guments should be applied to the interpretation of P300
responses in the major psychoses. There has been almost
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universal agreement that the amplitude ofP300 is reduced in
schizophrenia (Roth and Cannon 1972; Levit et al 1973;
Shagass et al 1977; Verleger and Cohen 1978; Pass et al
1980; Baribeau-Brown et al 1983; Brecher and Begleiter
1983; Morstyn et al 1983; Faux et al 1988; McCarley et al
1991); several studies have now shown the latency of P300
to be increased (Pfefferbaum et al 1984; Blackwood et al
1987; Kutcheretal 1987;Romani et al 1987; Blackwood et
al 1991; Muiretal 1991). These effects seem to be indepen¬
dent of medication, sex, and clinical state at the time of
testing and thus fulfill many of criteria for useful biological
markers (Reider and Gershon 1978). Indeed, when large
families multiply affected with schizophrenia are exam¬
ined, the P300 abnormalities exhibit a bimodal distribution
in the clinically unaffected relatives, consistent with the
expectation for a trait marker (Blackwood et al 1991).

Nevertheless, the observation by Muir et al (1991) that
P300 latency and amplitude recorded from the midline ver¬
tex position are abnormal in a large percentage of patients
with bipolar affective disorder as well as in schizophrenia
calls into question the specificity of these P300 changes to
schizophrenia among the psychotic illnesses. The changes
found in the bipolar group were not due to medication
effects or clinical state at the time of testing. The use of a
single scalp electrode site in this study allowed large num¬
bers of subjects to be studied but limited the amount of
information that could be obtained. In view of these limita¬
tions, the present study was designed to investigate these
two groups in more detail. P300 recordings were made from
five electrode sites, including right and left temporal posi¬
tions. The recording method was further modified to include
the use of a wider bandpass and a computer-based method of
peak detection to standardize P300 latency and amplitude
measurement (Glabus et al 1994). All subjects were also
tested on a range of neuropsychological tests, including
tests of verbal fluency, a test which has been previously
reported as impaired and correlated with P300 latency in¬
crease in schizophrenic subjects and a subset of their rela¬
tives (Roxborough et al 1993).

Deficits in neuropsychological tests thought to be asso¬
ciated with temporal lobe and frontal lobe functions have
been reported repeatedly in schizophrenia (Flor-Henry and
Yeudall 1979; Taylor and Abrams 1984; Kolb and Wishaw
1983). Gruzelier et al (1988) reported significant differ¬
ences in tests associated with frontal lobe and temporohip-
pocampal function in 36 schizophrenic patients compared
to 29 normal controls. The schizophrenic group performed
particularly poorly in tests sensitive to temporohippocam-
pal lesions.

Tests chosen in the present study for frontal lobe function
were verbal fluency (letters and categories) measuring left
frontal lobe function (Frith et al 1991) and copying of de¬
signs test (Benton 1968) sensitive to right frontal lobe func¬

tion. The tests chosen for temporal lobe function were
Hebb's Recurring Digits test, which shows sensitivity to left
hippocampal damage (Milner 1970, 1971), and Corsi's
Block Tapping test, which shows sensitivity to right hippo¬
campal lesions (Corsi 1967; Milner 1971). The Free Verbal
Recall tests taken from Toglia and Battig's (1978) word list
were used to test the ability of subjects to form associative
connections. The test was used to measure the disturbance
of association often found in patients with schizophrenia.

Methods

Subjects
All patients were inpatients or outpatients of the Royal
Edinburgh Hospital and all were right-handed as measured
by the Edinburgh Handedness Inventory (Oldfield 1971).

Twenty-six inpatients with a clinical diagnosis of schizo¬
phrenia were referred by their responsible consultants. All
agreed to participate in the study and were able to give
informed consent. The subjects met both the criteria for
definite schizophrenia according to both research diagnos¬
tic criteria (RDC) and the DSM-III-R (American Psychiat¬
ric Association 1987). This was confirmed by interviews,
including the Schedule for Affective Disorders and Schizo¬
phrenia (SADS; Endicott and Spitzer 1978) and case note
review. One patient could not complete the neuropsycholo¬
gical testing but was able to provide electrophysiological
data, and these were included.

Nineteen subjects with a clinical diagnosis of bipolar
affective disorder were similarly referred. All were inter¬
viewed and found to meet both DSM-HI-R and RDC criteria
for Bipolar I disorder. All were right handed.

A control group of 27 volunteers was drawn from hospital
staff and members of the local community. These gave no
history of psychiatric disorder when interviewed using SADS
(Life-Time version). Subjects were excluded if they had a
history of neurological disease, head trauma, or alcoholism.

Assessment of Clinical State

The current clinical state of all subjects was assessed using
the Brief Psychiatric Rating Scale (BPRS; Overall and Gor-
ham 1962) and Krawiecka Rating Scale (Krawiecka et al
1977). The bipolar group was further subdivided on the
basis of clinical state at the time of testing using the Hamil¬
ton Rating Scale (Hamilton 1960) and the Modified Manic
State Rating Scale (MMRS) (Blackburn et al 1977). A
Hamilton score of over 10 was considered as indicating a
moderate degree of depression. Patients scoring more than
15 on the Modified Manic State Rating Scale were rated as
being in a manic phase of illness.

Table 1 shows the demographic data for the three groups.
The groups differed significantly in age, National Adult
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Table 1. Demographic Characteristics of Schizophrenic, Bipolar, and Control Groups"

Schizophrenics Bipolars Controls F

(n = 26) (n = 19) (n = 26) (df = 2)

Age (yrs + SD)' 35 ± 9.9 39 ± 9.3 29 + 8.1 7.0 p < .002
(Range) (21-54) (17-55) (21-53)

Sex (M:F)' 20:6 5:14 16:11

NART (+ SD)" 108 ± 10 115 + 8 120 + 5 13.7 p<.0001
(Range) (87-122) (95-124) (111-126)

WAIS (± SD)' 98 ± 15 112 ± 11 124+ 13 25 pC.0001
(Range) (65-119) (94-125) (96-143)

"ANOVA was performed on group characteristics and the differences between means compared using Scheffe's procedure.
fcAge: Bipolar <control,p< .01.
' Sex: Number of males in schizophrenic groups < bioplar group p < .0! (Chi Square).

Ratios were compared using Chi Square Test.
''NART: Schizophrenic < controls, p < .01.

Bipolars < controls, p < .05.
' WAIS: Schizophrenic < controls, p < .01.

Bipolars < controls, p < .01.
Bipolars < controls, p < .05.

Reading Test (NART), and Wechsler Adult Intelligence
State (WAIS). Sex ratios were also significantly different.
The mean age of onset of illness, duration of illness, and
number of prior admissions did not differ between the
schizophrenic and bipolar groups. Four schizophrenic and
three bipolar patients were drug-free (meaning no oral psy¬
chotropic medication of any form for 2 weeks or more and
no depot medication within the previous 2 months).
Twenty-two schizophrenics and four bipolar patients were
on neuroleptics. The mean dose (range) of chlorpromazine
equivalents for the schizophrenic group was 631 (113—
3750), and for the bipolars it was 210 (200-2475). In the
bipolar group, 3 subjects were taking tricyclics, 1 was on
benzodiazepines, 8 were on lithium, 2 on monoamine oxi¬
dase inhibitors (MAOIs), and 4 on carbamazepine. The
schizophrenic group was subclassified on DSM-III-R as
chronic (n = 20), subchronic (n = 1), subacute (n = 3), and
acute (n = 2). In the bipolar group, at study entry, 3 subjects
were in a manic phase of their illness (Modified Manic State
Rating Scale score > 15), 6 were in a depressive phase (with
4 having a Hamilton score >17, and 10 were euthymic. The
euthymic patients were all medicated with lithium.

Event-Related Potentials (ERPs)
All recordings were made in a sound-attenuated room, with
each subject seated in a comfortable reclining armchair. Uni¬
polar recordings referred to the left ear were made between
silver/silver chloride electrodes at five sites—frontal (FZ),
central (CZ), parietal (PZ), left temporal (T3), and right tem¬
poral (T4) positions—according to the 10-20 electrode sys¬
tem (Jasper 1983). Two electrodes measured the EOG—one
at the left supraorbital position and another at the lateral
canthus of the left eye. A ground electrode was positioned at
the right ear lobe. Electrode impedances were less than 5

kilohms. The subjects were informed that they would hear
low-pitched (1000-Hz) tones interspersed occasionally with
high-pitched (1500-Hz) tones, and that they were required to
silently count the high-pitched tones. They were told that at
the end of the trial they would be asked how many high tones
they had heard. Recordings were considered satisfactory if
counting error was less than 10%. Subjects were instructed to
relax and to keep as still as possible during the test.

ERPs were recorded according to the following proce¬
dures: the EEG data were amplified by 10,000 with a band¬
width of 0.16 to 30 Hz (-3dB) by a Digitimer D-160 ampli¬
fier system. The data were than sampled via an
analogue-to-digital converter (ADC) with 12-bit resolution
(Metrabyte DAS-16) controlled by the main computer
(IBM PS/2) using software procedures written in Turbo
Pascal. Data sampling rate was set at 1500 Hz for 6 chan¬
nels, a sample being take consecutively from channels 1-6,
at this rate. Thus, sampling-rate per channel was 250 Hz.
The data sweep commenced with the collection of244 ms of
prestimulus baseline EEG. This was followed by the stimu¬
lus and 752 ms of poststimulus EEG data. All data were
monitored by a software procedure as it was sampled; any
data exceeding ± 45 p.V absolute size caused automatic
rejection of the whole data sweep for all channels. Prior to
final processing, all data were smoothed with a bidirectional
digital filter with the characteristics of a 15-Hz (-3-dB),
1-pole, low-pass Butterworth. When applied as a bidirec¬
tional filter, there was a zero-phase shift and the -3-dB point
moves to approximately 10 Hz. The stimulus probability
was set at 1/10 (rare:frequent), and stimuli were generated
in random order. Tones of 40 ms duration were generated at
1000 Hz (frequent) and 1500 Hz (rare) and were delivered
binaurally at 75 dB SPL through headphones.

The P300 latency (ms) was measured by the least-mean-
square method (Glabus et al 1993), and the amplitude (p,V)
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was defined as the highest point in the curve. The parietal
lead (PZ) gave good discrimination between groups and
gave the P300 with the highest amplitude allowing compar¬
ison with other studies (e.g., Faux et al 1988; Ebmeier et al
1990).

Neuropsychological Tests
The selection of neuropsychological tests was guided by
earlier work by Gruzelier et al (1988) and Roxborough et al
(1993). These tests had shown differences between control
and schizophrenic populations; in the case of verbal flu¬
ency, they were found to be correlated with P300 latency in
schizophrenia.

Verbal Fluency
The Verbal Fluency Test (Borowski et al 1967; Benton
1968; Frith et al 1991) measures a subject's familiarity and
fluency with words and letters and is thought to reflect
mainly frontal function. The test consists of three word-
naming trials. The subject is asked to say as many words as
he can think of, beginning with a certain letter or category,
for 1 minute. Proper names, numbers, and the same word
with a different suffix are disallowed. The total score is the
sum of all acceptable words produced in the three trials.
Verbal Fluency for the letters FAS and for the categories of
animals, fruits, and flowers were used.

Copying ofDesigns
This is a visual constructive test which is thought to be
associated with right hemisphere function (Benton 1968).
The subject is required to copy the designs of the Benton
Visual Test (Benton et al 1974). Scoring is the number of
errors made of specific types.

Hebb's Recurring Digits (HRD)
This test involves learning processes, using verbal material
(Milner 1970, 1971) and is influenced by left hippocampal
lesions. The subject is asked to repeat lists of digits, each list
being one digit longer than the subject's immediate memory
span. The subject is unaware that every third sequence is
identical while the intervening sequences are novel.

Corsi Block Tapping
Corsi (1967) developed a block-tapping task to test memory
impairment in patients who had undergone temporal lobec¬
tomy. The examiner's tapping pattern is copied each time he
taps out a sequence. The procedure is essentially the same as
the HRD, in that the examiner estimates the subject's block-
tapping scan, and then presents a series of sequences which
exceed the subject's span by one. Every third sequence is
repeated.

Verbal Recall (VR)
The VR tests were designed to enable comparisons of the
rate of recall between various patient groups and normal
control subjects in differentconditions. The test consisted of
seven lists of words that varied in degree of intrinsic emo¬
tive content, and relatedness of the words in each list to each
other. Two of the seven lists of words were associated by
length: one list was composed of short words and the other
consisted of long words. Two lists consisted entirely of
members of specific categories (animals and education-re¬
lated words) and, therefore, were highly related within each
list. In each of these four lists was one isolated word. Two
lists were highly emotive—one containing positive words
and the other consisting of negative words. The last fist
contained neutral words which were unrelated on all dimen¬
sions. The criteria for positive and negative words was
based on rating for "pleasantness" and "unpleasantness,"
respectively, by Toglia and Battig (1978). Each list con¬
sisted of 12 words. Recall was tested after presentation of
each list and the score was the number recalled. Recognition
of the words used in the verbal recall tests was also tested. A
list was made up of 42 words. Three words were taken at
random from each of the seven verbal recall lists, and to
these words were added completely new words randomly
selected from Toglia and Battig's word lists. The new and
old words were arranged in a random order in the list and
subjects were required to tick the words that they had heard
before. The score was the number of correctly identified
words.

National Adult Reading Test (NART)
This test was originally designed for the assessment of
intellectual deterioration in demented patients by providing
a measure ofpremorbid intelligence (Nelson and O'Connell
1978). It has more recently been reported to be a valid and
reliable test and suitable for patients with schizophrenia, de¬
pression, and other psychiatric disorders (Nelson 1982,
O'Carroll 1987; Crawford et al 1989; O'Carroll et al 1992).
The NART is quick to administer and does not demand pro¬
longed concentration or motivation. It is comprised of a list of
50 phonetically irregular words, which subjects are asked to
read aloud. It is scored by the number of errors made.

WechslerAdult Intelligence Scale (WAIS)
Current full-scale, verbal, and performance IQ were esti¬
mated using four subtests of the WAIS (Wechsler 1955).
The "short-form" of the WAIS battery included two sub¬
tests for verbal and two performance scales. These were the
Similarities, Digit Span, Digit Symbol, and Object Assem¬
bly subtests.
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Figure 1. Grand average P300 wave forms recorded from three
midline and right and left temporal positions in 26 schizophrenics,

< 19 bipolars, and 27 controls.
In both schizophrenia and bipolar illness P300 latency was

prolonged at all sites compared to controls. Differences were sig¬
nificant for schizophrenics at Fz, Pz, and T4 and for bipolars at Fz,
Cz, Pz, and T3. Schizophrenics but not bipolars had smaller P300
amplitudes in all leads compared to controls. The reduction was
significant at Cz, Pz, and T3.

Results
i

The data were analyzed by the Statistical Package for the
Social Sciences (SPSS-X). The distribution of data was
examined by the Kolmogorov-Smirnov goodness of fit test.
There were no significant deviations from normal distribu¬
tion for P300 or the neuropsychological data.

Neurophysiologies Findings
Figure 1 illustrates the grand average waveform for con¬
trols, bipolar and schizophrenic subjects. To compare laten¬
cies and amplitudes ofP300 between groups across each site
a two way analysis of variance was performed with a be¬
tween subject factor for diagnosis (3 levels) and a within
subject factor (lead) with 5 levels.

For P300 latency there were significant main effects for
"diagnosis" (F = 6.7, p = .002) and for lead (F = 7.7,
p<.0001) (Applying Greenhouse-Geisser correction). The
diagnosis X lead interaction was not significant (F = 1.8,

p-.ll). For P300 amplitude there were significant main
effects for diagnosis (F = 3.7, p = .03) and for lead (F=81.1,
pC.0001). The diagnosis X lead interaction was significant
(F = 3.5,p = .004) (with Greenhouse-Geisser correction).

These results are consistent with topographic differences
in P300 amplitude among the three diagnostic groups of
controls, schizophrenics, and bipolars.

Table 1 shows the age, sex and IQ differences found
between groups.

Table 2 shows that there were significant differences in
P300 latency between groups at all five electrode sites (ana¬
lyzed by one-way ANOVA). Both in schizophrenia and
bipolar illness, P300 latency was prolonged at all sites com¬
pared to controls. These differences were significant in
schizophrenia at frontal (FZ), parietal (PZ), and right tem¬
poral (T4)leads. Bipolars differed from controls at frontal
(FZ), central (CZ), parietal (PZ), and left temporal (T3)
sites. The bipolar and schizophrenic groups did not differ
significantly at any lead.

Table 3 shows that P300 amplitude differences between
groups were significant at central (CZ), parietal (PZ), and left
temporal (T3) sites and at each of these leads the schizo¬
phrenic group showed smaller amplitude than the control
group. The bipolar group did not differ from controls at any
lead.

Effect ofAge, Sex, IQ, Medication, and Clinical
Variables on P300

Calculation of Pearson Correlation Coefficients showed in
both the schizophrenic and bipolar groups that there were no
significant correlations between P300 latency or P300 am¬
plitude and age, sex, NART, chlorpromazine equivalents,
BPRS score, Hamilton rating, or MMRS.

P300 latency becomes prolonged with age in a normal
population (Goodin et al 1978; Pfefferbaum et al 1984;
Polich 1991; O' Donnell et al 1992) and the effect of ageing
is most evident over the age of 50 (Blackwood et al 1988).
The mean age of the control group did not differ signifi¬
cantly from the schizophrenic group but was significantly
less than the age of the bipolar group (Table 1). An ANOVA
was therefore carried out with P300 latency at each elec¬
trode site as dependent variables, diagnoses as factors, and
with age as a covariate. Age was not a significant covariate
at any of the recording sites (FZ: F = 3.2, p = .08; CZ: F =

2.4,p = .13; PZ: F = 2.3,p =. 14; T3:F = -.4,p = .5; T4: F =
• 13,p = .7).

To further examine the effect of premorbid IQ (mea¬
sured by NART) on P300 latency and amplitude, the
three groups were compared using only subjects whose
NART score was greater than 110. This included all of
the control subjects (n = 26; mean NART score = 119);
14 bipolars (mean NART score = 117); and 8 schizo¬
phrenics (mean NART score = 116). Table 4 shows that.
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Table 2. P300 Latency (ms) Recorded from Five Electrode Sites in Schizophrenic, Bipolar, and
Control Subjects (Mean ± SD)a

Schizophrenics Bipolars Controls F

(n = 26) (n = 19) It £ON (df=2)

Frontal (FZ)' 384 ± 56.1 377 + 61.9 338 ± 22.6 6.5 p < .003
Central (CZ)' 373 ± 48.8 380 + 54.9 341 +26.2 5.4 p < .007
Parietal (PZ)" 391 ± 47.2 399 ± 49.2 355 + 26.5 7.7 p<.001
Left temporal (T3)' 373 ±51 380 ± 49.3 345 ± 18.1 5.0 p<.0l
Right temporal (T4/ 390 + 56.9 375 ± 46.6 348 ± 34.9 4.9 pC.Ol

"ANOVA was performed on group characteristics and the differences between means compared using Scheffe's procedure.
TZ: Schizophrenic = Bipolar < Control, p < .05.
'CZ: Bipolar < Control, p < .05.
rfPZ: Schizophrenic = Bipolar < Control,/? < .05.
T3: Bipolar < Control, p < .05.
^T4: Schizophrenic < Control,/? < .01.

even in this small group of "high-IQ" patients, P300
latency remained longer than controls in both patient
groups. Differences were significant at all leads for bipo-
lars and at Fz and T4 for schizophrenics. The amplitude
of P300 remained significantly smaller in the schizo¬
phrenic group compared with controls at Cz, Pz, and T3.

Table 5 shows the clinical ratings for schizophrenic and
bipolar groups. The only significant differences between the
patient groups was in the BPRS score, which was higher in
the schizophrenics.

Effect ofAge, Sex, IQ, Medication, and Clinical
Variables on Neuropsychological Tests
In the bipolar and schizophrenic groups separately, Pearson
correlation coefficients were calculated for the correlation
between neuropsychological test scores and clinical ratings
of mood (Hamilton score, Modified Manic State Rating
Scale), overall symptoms (BPRS), and drug treatment
(chlorpromazine equivalents). In neither group did any of
these correlations reach conventional levels of significance
for Corsi (span and time to learn), Hebb's (span and time to
learn), verbal recall, verbal fluency, or Benton. Pearson
correlation coefficients of age with performance on neuro¬
psychological tests were calculated in the schizophrenic,
bipolar, and control groups. In controls (r = .5, n = 22, p =

.02) and bipolars (r = .6, n = 13, p = .03) age was correlated
with verbal recall; in schizophrenics, age correlated signifi¬
cantly with Hebb's span (r = .4, n = 25,p = .03). NART was
significantly correlated with several neuropsychological
tests: in the schizophrenic group with verbal fluency (r =
.07, n = 25, p <.0001); Benton copying of designs (r = .7, n
= 25,p <.0001), verbal recall total (r= .6, n = 23,/> = .001),
Hebb's time to leam (r = .6, n = 25, p = .002). In the bipolar
group, NART was significantly correlated with; verbal flu¬
ency (r = .5, n = 26, p = .006); copying of designs (r = .5, n =
25, p = .005); total verbal recall (r = .5, n = 22, p = .008);
Hebb's span (r = .4, n = 26, p - .03). On the basis of these
findings, analyses of covariance (ANCOVA) were carried
out with NART and age as covariates.

Table 6 presents the mean scores and standard deviations
for the schizophrenic, bipolar, and control groups of the
performance on neuropsychological tests. There was a main
effect involving group for verbal fluency and verbal recall.
A one-way ANOVA with NART and age as covariates was
repeated comparing schizophrenics with bipolars, schizo¬
phrenics with controls, and bipolars with control groups.
Schizophrenics differed from controls in verbal fluency and
verbal recall. Schizophrenics differed from bipolars in ver¬
bal fluency. Bipolars did not differ significantly from con¬
trols in any of these tests.

Table 3. P300 Amplitude (pV) Recorded from Five Electrode Sites in Schizophrenic, Bipolar, and
Control Subjects (Mean ± SD)°

Schizophrenics Bipolars Controls F

(n = 26) (n= 19) (n = 26) (df = 2)

Frontal (FZ) 7.2 ± 5.0 6.7 + 4.0 8.0 ±3.3 0.5 p = 0.6
Central (CZ)' 7.8 ± 4.4 8.7 ± 3.5 10.7 + 2.5 4.0 p <.02
Parietal (PZ)' 7.9 ±4.1 10.4 + 3.9 12.1 + 3.2 6.4 p<,001
Left temporal (T3)rt 4.6 ± 2.6 5.3 ± 2.3 6.5 + 2.2 4.4 p < .03
Right Temporal (T4) 5.2 ± 3.0 4.9 ± 3.0 6.5 ± 2.0 2.3 p = .l

" ANOVA was performed on group characteristics and the differences between means compared using Scheffe's procedure.
4CZ: Schizophrenic < Control,/? < .05.
rPZ: Schizophrenic < Control, p < .05.
"*13: Schizophrenic < Control, p < .05.
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Table 4. P300 Latency and Amplitude in "High-IQ" Patients
(NART < 110) and Controls
(Mean ± SD)

Schizophrenics Bipolars Controls

P300 Latency (ms)a (n = 8) (n= 14) (n a 26)

Frontal (FZ) 380 ± 58.7 389 ± 67.8 338 ± 22.6
Central (CZ) 370 ±47.1 388 ±61.7 341 ± 26.2
Parietal (PZ) 386 ± 48.8 406 ± 54.0 355 ± 26.5
Left Temporal (T3) 364 ± 39.6 387 ± 55.8 345 ± 18.1

Right Temporal (T4) 393 ± 59.7 378 ± 52.7 348 ± 34.9

P300 amplitude (p.v)*
Frontal (FZ) 7.3 ± 5.6 7.5 ±4.2 8.0 ± 3.4
Central (CZ) 7.7 ± 3.7 9.6 ± 3.3 10.7 ± 2.6
Parietal (PZ) 7.4 ± 3.5 11.2 ±3.7 12.1 ±3.2
Left Temporal (T3) 4.6 ± 2.7 5.7 ± 2.5 6.5 ± 2.2

Right Temporal (T4) 5.1 ±3.0 5.4 ± 3.0 6.4 ± 2.0
(Student's /test)

"Latency Student's rTest
FZ: Schizophrenia < Control / = 2.9 p > .006

Bipolar < Control / = 3.3 p > .002
CZ: Schizophrenia < Control / = 2.1 p > .04

Bipolar < Control / = 3.1 p > .004
PZ: Schizophrenia < Control / = 2.3 p > .03

Bipolar < Control / = 3.0 p> .004
T3: Schizophrenia < Control /=1.9 p> .07

Bipolar < Control / = 2.5 p > .02
T4: Schizophrenia < Control / = 2.6 p > .02

Bipolar < Control /=2.9 pC.Ol
"Amplitude
CZ: Schizophrenia < Control / = 2.1 p <.02
PZ: Schizophrenia < Control / = 3.5 pC.001
T3: Schizophrenia < Control / = 2.0 p < .06

Correlation between P300 Latency and Verbal
Fluency in Schizophrenia
In the schizophrenic group there was a significant correla¬
tion between verbal fluency and P300 latency recorded
from midline central (CZ) (r = .52, n = 19, p = .02), parietal
(PZ) (r= .51, n= 19,p = .03), right temporal (T4) (r = .47, n
= 19,/> = .04), and left temporal T3) (r= .53, n= 19,/? = .02)
leads, but no significant correlation of P300 latency with

Table 5. Clinical Ratings for Schizophrenic and Bipolar Groups

Ratings
Mean ± SD Schizophrenics Bipolars
(range) (n = 26) (n = 19) rTest

Age of onset (yr) 25 ± 4.6 29 ± 10.1 r= 1.46, NS
(15-34) (15-50)

Duration of illness (yr) 9 ±8.9 10 ± 8.1 r = 0.3,NS
(9.5-34) (1-26)

Brief Psychiatric Rating 17.3 ± 10.3 6.4 ± 5.7 r=4.5,
Scale (BPRS) (1-39) (0-17) p< 0.0001
Modified Manic Rating 4.8 ± 4.2 5.6 ± 5.3 r=0.5,NS
Scale (MMRS) (0-16) (0-17)
Hamilton Depression 7.5 ± 5.2 6.9 + 8.8 r=0.3,NS
Rating Scale (HDRS) (0-22) (0-27)

verbal recall. Figure 2 illustrates the regression of midline
parietal P300 latency with verbal fluency in the three groups
of subjects.

In the bipolar and control groups, P300 latency showed
no significant correlations with these tests at any of the
five electrode sites. P300 amplitude did not correlate sig¬
nificantly with these tests in any of the three groups of
subjects.

Discussion

This study has confirmed some similarities and identified
clear differences in the P300 event-related potential in
schizophrenic and bipolar patients. The main findings are
that P300 latency recorded from midline sites, particularly
Pz, is increased in both schizophrenic and bipolar subjects,
whereas amplitude reduction of P300 is found in the schiz¬
ophrenic but not the bipolar groups. The schizophrenic
subjects performed poorly on a verbal fluency test, and
impairment in verbal fluency was significantly correlated
with P300 latency increase in schizophrenia. The study has
therefore confirmed the observation of Muir et al (1991)
that bipolar subjects have prolonged P300 latency. It is
unlikely that the effects of medication or clinical status can
explain these findings. The bipolar group of patients had
similar BPRS scores to the schizophrenic group yet showed
no P300 amplitude reduction compared with controls. An¬
tipsychotic medication has been associated with amplitude
reduction and changes in amplitude asymmetries in schizo¬
phrenic patients (Roemer and Shagass 1990); most patients
in the present study were medicated. However, other stud¬
ies (Blackwood et al 1987; Pfefferbaum et al 1989; McCar-
ley et al 1991; Muir et al 1991) show that P300 amplitude
reduction in schizophrenia is a fairly robust phenomenon
that is present regardless of medication status. In an earlier
study, a group of initially drug-free schizophrenic subjects
were reviewed during a period of 2 years following recov¬
ery from their acute illness, and no effect of medication or
clinical status on P300 latency or amplitude was found
(Blackwood et al 1987).

The schizophrenics and bipolar subjects also differed in
their results on neuropsychological testing. In particular,
the verbal fluency test performance was significantly im¬
paired in schizophrenics but not in bipolars. The finding
that, in schizophrenia, verbal fluency performance was

highly correlated in P300 latency recorded from midline
parietal left temporal, and right temporal leads, supports the
speculation that surface recorded event-related potentials
are useful probes for detecting and monitoring change in
underlying brain dysfunction associated with schizophre¬
nia and manic depressive illness. There was no significant
correlation between neuropsychological tests and medica¬
tion level in the present study. This was in agreement with
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Table 6. Neuropsychological Test Scores for Schizophrenic, Bipolar, and Control Groups
(Mean ± SD)°

Schizophrenics Bipolars Controls F

(n = 26) (n- 19) (n = 26) <df = 2)

Corsi (span) 5.9 ± 1.9 4.7 ± 1.0 6.1 + 1.7
Corsi (time to learn) 5.4 + 2.8 4.2 + 2.5 4.8 ± 2.9

Hebbs (span) 7.0 ± 1.2 6.9+ 1.1 7.5 ± 1.9
Hebs (time to learn) 6.2 ± 2.8 7.4 + 7.4 3.7 ± 2.3
Verbal recall (total)' 31.2 + 9.6 38.5 + 5.3 47.1 +7.8 5.4 p < 0.007
Verbal fluency" 64.4 ± 9.3 84.1 + 12.7 102.5 + 13.3 6.7 p< 0.002
Benton 1.4+1.8 1.2+1.7 0.1 ±0.3

"One-way analysis of covariance was performed with NART and age as covariates. Significant main effects were found for
verbal recall and verbal fluency. One-way ANOVAs with NART and age as covariates were repeated to compare groups.

"Varbal recall: Schizophrenics < Controls. (F = 7.1, df= l.p = .01)
"Verbal fluency: Schizophrenics < Bipolars. (F= 11.3,df= l,p = .001)

Schizophrenics <Controls. (F = lt.6,df= l,p = .002)

previous studies showing no association between medica¬
tion (Liddle 1987; Liddle and Morris 1991) or clinical
variables (Frith et al 1991) and verbal fluency performance.
Further support for the view that the P300 changes in
schizophrenia and their association with poor performance
in verbal fluency are independent of medication and clini¬
cal status comes from the study by Roxborough et al (1993)
of a group of first-degree relatives of schizophrenic pro¬
bands. An increased incidence of P300 abnormalities (both
latency increase and amplitude reduction) was found
among asymptomatic and drug naive relatives. The rela¬
tives with P300 abnormality performed as poorly in verbal
fluency tests as their schizophrenic relatives and signifi¬
cantly worse than their close relatives with normal P300
latency and amplitude. This latter group did not differ from
control subjects in neuropsychological testing.

It is tempting to speculate that P300 abnormalities in the
psychoses are associated with an underlying neuropathol¬
ogy that also gives rise to impaired neuropsychological
performance. This interpretation receives support from
studies that have examined the relationship between P300
and brain-imaging data. Delayed P300 latency (recorded
from the CZ scalp position) in schizophrenia correlated
with enlargement of the lateral ventricles and bilateral re¬
duction in size of the anterior cingulate cortex (Blackwood
et al 1991) measured by magnetic resonance imaging
(MRI) scanning and a single-photon-emission computed
tomography (SPECT) study shows a strong correlation be¬
tween regional blood flow changes in left frontal and
temporoparietal regions and P300 latency in a drug-free
schizophrenic population (Blackwood et al 1994, in press).
Recently, McCarley et al (1993) have reported that P300
amplitude reduction in schizophrenia is specifically asso¬
ciated with grey matter volume reduction in the left poste¬
rior superior temporal gyrus measured by MRI scanning.

The neural origins of the scalp recorded P300 are not
understood with any certainty; multiple generators are
likely. However, several lines of evidence including topo¬
graphic analyses (Lovrich et al 1988; Rogers et al 1991)
depth electrode recordings (Halgren et al 1980; Meador et
al 1987; Richer et al 1989; Smith et al 1990) and studies of
neurological patients with discrete brain lesions (Knight et
al 1989) suggest that superior temporal and inferior parietal
structures, and in particular auditory association areas, are
implicated in P300 generation.

The correlation between impaired verbal fluency and
delayed P300 latency found in schizophrenic subjects in
this study is of interest in view of the report by Frith et al
(1991), who used positron-emission tomography (PET)
imaging to show that in normal subjects verbal fluency
(defined as the intrinsic generation of a word) was asso¬
ciated with an increase in left dorsolateral prefrontal corti¬
cal activity and a bilateral decrease in activity in auditory
and superior temporal cortices. The functional disturbances
underlying P300 abnormality would appear to be quite
different in schizophrenia and manic depressive illness.
The impairments giving rise to changes in P300 latency and
amplitude in schizophrenia appear to be closely linked to
the same processes that disrupt verbal fluency. Dysfunction
of left prefrontal and superior temporal cortical regions
might best explain these findings. A disturbance of P300
latency without amplitude reduction and with normal ver¬
bal fluency in manic depressive illness could suggest a
different and perhaps less extensive underlying pathology
—for example, without frontal involvement. Studies that
bring together the advantages of the high time resolution of
event-related potentials with the high spatial resolution of
MRI or SPECT imaging may lead to clearer definition of
the boundaries of the psychoses in terms of brain function
and structure.
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Forty-nine clones derived liy microdissection of a
schizophrenia-associated t(t;l1)(q42.1;ql4.3) break¬
point region have been assigned by somatic cell hybrid
mapping to seven discrete intervals on the long arm
of human chromosome 11. Eleven of the clones were

shown to map to a small region immediately distal to
the translocation breakpoint on llq, A 3-Mb contigu¬
ous clone map of this region was established by isola¬
tion of corresponding YAC recombinants. The contig
was oriented and shown to traverse the translocation
breakpoint by FISH and microsatctlite marker analy¬
sis. This contig will facilitate the isolation ofcandidate
sequences whose expression may be affected by the
translocation, n 19.1s At-.ulniui.- ivp«». inc.

INTRODUCTION

Progress toward a comprehensive map of the human
genome has been greatly accelerated by the advent of
YAC cloning for physical mapping mid the utilization
of microsatellite repeats for genetic mapping. Indeed,
framework physical and genetic maps of the entire ge¬
nome are now in place (NIFT/OEPH Collaborative Map¬
ping Group, 1992; Weissenbach et. nI.., 1992; Cohen et
al., 1994). Nevertheless, the limited resolving power of
conventional linkage mapping and the effect of YAC
chimerism on contig assembly mean that considerable
effort is still required to map accurately subchromoso-
mal regions ofparticular clinical interest. Human chro-

' To whom correspondence should he addressed. Telephone: (44)
31-332 2471, x2121. Fax: (44) 31-343 2620. Email: davep@hgu.mrc.
ac.uk.

mosome 11 is one of the better mapped chromosomes
(Evans, 1993; James et al., 1994), but as is also true
for all other chromosomes, there is a relative dearth of
markers in certain subregions. This reflects, at least in
part, the manner in which markers are selected and
the inherent biases in certain cloning procedures for
or against subclasses of nonrandomly distributed
DNA sequences. One such poorly mapped region is
Ilql4-q21, between tyrosinase (TYR) and the marker
D11S388 on the long arm of human chromosome 11, a
distance estimated to be —8 cM (NIH7CEPH Collabora¬
tive Mapping Group, 1992). We have previously shown
that a balanced translocation, t(l;ll)(q42.1;ql4.3),
which cosegregates with schizophrenia and other se¬
vere mental illness in a large Scottish pedigree (St.
Clair et al„ 1990), breaks in this region (Fletcher et al.,
1993).

To characterize the molecular nature of this translo¬
cation breakpoint, it was first necessary to obtain new
markers for this region. To this end, we undertook to
microdissect and microclone the region directly from
the der(l) translocation chromosome (Muir et al.,
1995). In situ hybridization "painting" of the microdis¬
section library back onto metaphase chromosomes from
the translocation patient had shown that approxi¬
mately 50% of the cloned material derived from chro¬
mosome 1, immediately proximal to the breakpoint,
and approximately 50% from chromosome 11, immedi¬
ately distal to the breakpoint. The cloned inserts aver¬
aged 1.5 kb in length and thus were potentially suitable
for direct hybridization screening of genomic libraries
and Southern blots. We have also described previously
a panel of somatic cell hybrids bearing reduced human
chromosomes 11, which permit high-resolution local-
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ization of such markers on the long arm (Fletcher et
al., 1993; Evans et al., 1993,1995; Slorach et ah, 1995).

The objectives of this study were (a) to localize re¬
gionally microdissection-derived clones (MDs) on the
long arm of chromosome 11 by somatic cell hybrid map¬
ping, (b) to use those mapping closest to the transloca¬
tion breakpoint as probes to isolate YAC recombinants,
and (c) to construct a contiguous clone map across the
region of chromosome 11 disrupted by the schizophre¬
nia-associated translocation. This would provide a
starting point for studies aimed at determining the mo¬
lecular nature of that breakpoint and the effect it may
have on the expression of neighboring genes. This
study demonstrates the utility of the microdissection
clones as hybridization probes. Using just five of the
microdissection clones that map to the interval on llq
closest to the breakpoint, we were able to establish a
contig map of ~3 Mb with only a single gap. Isolation
of critical end clones and one further round of YAC
library screening allowed that gap to be filled and vali¬
dated the contig. Fluorescence in situ hybridization and
microsatellite marker analysis were used to establish
orientation and to confirm that this contiguous clone
map on chromosome 11 did extend over the transloca¬
tion breakpoint.

MATERIALS AND METHODS

Somatic cell hybrid lines. A subset of hybrid cell lines from our
previously described chromosome llq mapping panel (Fletcher et al.,
1993; Evans et al., 1993, 1995; Slorach et al., 1995) was used to
localize the microdissection clones regionally. The hybrids MIS 7.4,
PG48, CF52, WJX 5.4, WJX 11.2, and E67.4 constitute the minimum
set that defines all discernible intervals distal to the t(l; 11)
(q42.1;ql4.3) translocation breakpoint and are described briefly be¬
low. MIS 39.8 was used to define the region on human chromosome
11 centromeric to the t(l;ll)(q42.1;ql4.3) translocation breakpoint.

(a) MIS 7.4 and MIS 39.8 are mouse hybrids formed by fusion of
a human lymphoblastoid cell line carrying the t(l;ll)(q42.1;ql4.3)
and retain several human chromosomes but carry only the der(l)
and der(ll) translocation chromosomes, respectively, in the absence
of any normal chromosome 1 or 11 material.

(b) PG48 is a hamster hybrid that retains several human chromo¬
somes but whose only human chromosome 11 material is a translo¬
cated chromosome 11, which lacks llq22-qter.

(c) CF52 is a mouse hybrid that retains several human chromo¬
somes but has as its only human chromosome II component a
t(ll;16)(ql3;pll) translocation chromosome.

(d) The X irradiation hybrids, WJX 5.4 and WJX 7.4, are hamster
hybrids that contain multiple subfragments of human chromosome
11 (derived from the human chromosome 11-only hamster hybrid
Jl), obtained by positive selection for expression of human-specific
cell surface markers encoded by genes on llq.

(e) The HRASl-selected chromosome-mediated gene trans-
formant, E67.4, is a mouse hybrid that carries a single human trans-
genome comprising only human chromosome 11 material, derived
from both the Bhort and the long arms with multiple interstitial
deletions.

Cell culture methods and DNA isolation. Standard conditions
were used, as described previously (Fletcher et al., 1993).

Mapping of microdissection clones to somatic cell hybrids. The
microdissection, microcloning, and preparation of inserts is described
in detail elsewhere (Muir et al., 1995). Briefly, inserts of individual
microdissection clones were amplified by PCR using primers flanking

the EcoRI cloning site. Vector sequences were removed by EcoRl
digestion and electrophoresis through 1% LMP agarose. The inserts
were labeled by random priming and then hybridized directly to
Southern blots of EcoRI restriction digested hybrid DNA (~5 jzg/
track). Southern blots were hybridized at 68°C and washed to 0.1 X
SSC at 68°C. Hybridization signal was detected by a Molecular Dy¬
namics Phosphorlmager after exposure for 24 h.

Mapping of D11S931 and D11S873 to somatic cell hybrids and
YAC recombinants. Previously published primers and PCR condi¬
tions for amplification of D11S931 (Weissenbach et al., 1992) and
D11S873 (Litt et al., 1993) were used.

YAC libraries. The ICI YAC library (Anand et al., 1990) was grid-
ded by one of us (B.A.) at the UK HGMP Resource Centre, London.
The library consists ofapproximately 35,000 YAC recombinants grid-
ded on 23 filters of 8 X 12 cm using a 96-pin device. The average
insert size is approximately 350 kb, and the theoretical complexity
of the library is therefore >3.5 genome equivalents. Duplicate filters
of three of the large-insert high-density gridded ICRF YAC libraries
(Lehrach et al., 1990; Larin et al., 1991) comprising —21,000 clones in
total and representing ~3 genome equivalents were made available
(courtesy of Hans Lehrach) through the ICRF Reference Library Da¬
tabase.

YAC library screening. Microdissection clones from the interval
immediately distal to the translocation breakpoint on chromosome
11 were prepared as described above and used to screen the ICI
and ICRF YAC libraries by filter hybridization. The microdissection
clones chosen, MD 283 (ICI library screening only), MD 122, MD
176, MD 220, and MD 471, were those that failed to hybridize to
human Cot I DNA and that showed no evidence of repetitive content,
as judged by hybridization to Southern blots ofhuman genomic DNA
digests.

Isolation of YAC DNA. DNA was prepared from YAC recombi¬
nants by standard procedures described elsewhere (Arveiler, 1994).

Isolation of YAC end clones. The vectorette method used was as
originally described (Riley et al., 1990) using Sau3AI compatible
ends. Total yeast DNA was digested with BamEl, Bglll or Bel I
before ligation. The PCR employed a "hot-start" (Chou et al., 1992).
Conditions were 95°C for 40 s, 72°C for 4 min (cycles 1 to 10), 5 min
(cycles 11 to 20), 7 min (cycles 21 to 30), and finally 10 min (cy¬
cle 31).

The Bplinkerette method was essentially as described elsewhere
(Devon et al., 1995). Total yeast DNA was digested with BaraHI plus
Bglll and ligated to duplexed oligonucleotides with Sau3AI compati¬
ble ends. The PCR employed hot-start (Chou et al., 1992) and "touch
down" (Don et al., 1991) conditions. Secondary amplification with a
primer internal to the left arm YAC primer was sometimes used.
The YAC arm primers were derived from those described previously
for inverse PCR (Arveiler and Porteous, 1991). Splinkerette PCR:
left arm YAC primer, 5' CCC GTC CTG TGG ATC AAT TC 3'; left
arm internal, 5' GCC AAG TTG GTT TAA GGC GC 3'; right arm
YAC primers, 5' GCT CCT TCC TTC GTT CTT CC 3' or 5' CCA
CCA TAC CCA CGC CGA AAC AA 3Splinkerette oligonucleotides:
upper, 5' CGA ATC GTA ACC GTT CGT ACG AGA GTT CGT ACG
AGA ATC GCT GTC CTC TCC AAC GAG CCA AGG 3'; lower, 5'
GAT CCC TTG GCT CGT TTT TTT TTG CAA AAA 3'. Splinkerette
primer, 5' CGA ATC GTA ACC GTT CGT ACG AGA A3'; PCR
conditions, denaturation, 94°C, 30 s (cycle 1) and then 15 s to end;
annealing, 70 -► 60°C (by 2°C per cycle) and then 60°C to end for 1
min; extension, initially 3 min (cycles 1 to 10), then 5 min (cycles 11
to 20), and finally 8 min (cycles 21 to 30) at 72°C.

Catch tinkering of YAC recombinants. The method has been de¬
scribed in detail elsewhere (Shibasaki et al., 1995). Briefly, YAC
recombinants were separated from the yeast chromosomes by analyt¬
ical PFGE (—5 fig of total yeast DNA), digested with Sau3Al, ligated
to a compatible oligonucleotide duplex (upper strand, 5' CCG AAT
TCT AGA GTC GACC 3lower strand, 5' GAT CGG TCG ACT CTA
GAA TTC G 3'), and PCR primed and amplified using the upper-
strand oligonucleotide as follows: 35 cycles of 93°C for 15 s; 54°C for
30 s; 72°C for 1 min (cycles 1-10), then 2 min (cycles 11-20), and
finally 4 min (cycles 21-35).



TABLE 1

Regional Mapping of Microdissection Clones

MD
clone GDB No. MIS 7.4 CF52 PG48 WJX7.4 WJX5.4 E67.4

MD 543 D11S2107 + + + + _ +

MD 104 D11S2108 + + + + - +

MD 282 D11S2109 + + + + - +

MD 437 D11S2110 + + + + _ +

MD 220 D11S2111 + + + + — +

MD 286 D11S2112 + + + + - +

MD 283 D11S2113 + + + + _ +

MD 176 D11S2114 + + + + - +

MD 122 D11S2115 + + + + - +

MD 412 D11S2116 + + + + - +

MD 471 D11S2117 + + + + _ +

D11S873 + + + + - +

MD 174 D11S2129 + + + _ _ _

MD 139 D11S2130 + + + - _ -

D11S388 + + + - - -

MD 128 D11S2118 + + + _ _ +

MD 118 D11S2119 + + + - - +
MD 310 D11S2120 + + + - _ +

MD 130 D11S2122 + + + - +

MD 040 D11S2123 + + + - — +

MD 159 D11S2124 + + + - - +

MD 129 D11S2125 + + + - _ +

MD 377 D11S2126 + + + - - +
MD 421 D11S2127 + + + - - +

MD 281 D11S2128 + + + - - +

MD 074 D11S2121 + + + - - +

MD 558 D11S2131 + + + _ + +

MD 330 D11S2132 + + + - + +
MD 173 D11S2138 + + + - + +

MD 038 D11S2139 + + + - + +

MD 021 D11S2140 + + + - + +

MD 063 D11S2141 + + - + +

MD 136 D11S2142 + + - - + +

MD 027 D11S2143 + + - - + +

MD 151 D11S2144 + + - - + +

MD 509 D11S2145 + + - - + +

MD 211 D11S2146 + + - - + +

MD 116 D11S2147 + + - - + +

MD 388 D11S2148 + + - - + +
MD 596 D11S2149 + + - - + +

MD 075 D11S2150 + + - - + +

MD 399 D11S2151 + + - - + +

CLG + + - - + +

STMY1 + + - - + +

D11S385 + + - - + +

MD 110 D11S2152 + + - - - +

MD 453 D11S2153 + + - - - +

MD 214 D11S2154 + + - - - +

NCAM + + - + - +

DRD2 + + - + - -

MD 096 D11S2155 + + - - + -

MD 054 D11S2156 + + - - + -

MD 162 D11S2157 + + - - + -

MD 044 D11S2158 + + - - + -

MD 215 D11S2159 + + - - + -

MD 277 D11S2160 + + - - + -

D11S351 + + ND - + -

THY1 + + ND - + -

Note. The table summarizes the hybridization results of 49 microdissection clones assigned to chromosome 11 and regionally mapped
using the chromosome llq mapping panel. Established markers mapped previously to the panel are included for reference. In many cases,
microdissection clones were placed in a previously defined interval, but in several cases (e.g., MD 021; see Fig. lb) the segregation pattern
identified a new interval. In this situation markers were arranged in the order that assumed the least number of independent blocks of
human DNA in the various hybrids. +, present; —, absent; ND, not determined.
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TABLE 2

First-Generation YAC Contig Map

MD MD MD MD MD MD MD MD MD MD MD

YAC designation 543 104 282 437 220 286 283 176 122 412 471

ICRF y901 D0485 + + + + +

ICI yac 35IF5 + + + + +

ICI yac 6DB11
ICI yac 14IA11
ICRF y901 H0515
ICRF y900 A0846
ICRF y900 D11155
ICI yac 11EA9
ICRF y900 H07131
ICI yac 15IE11
ICI yac 16GB9
ICRF y900 C04151
ICI yac 11BA9
ICI yac 2AH11
ICI yac 33EB11
ICRF y900 A04135
ICI yac 8AB2
ICRF y900 D0165
ICRF y905 H092I
ICI yac 34GE5
ICI yac 38CE7
ICI yac 5FD7

Note. The table summarizes the results ofhybridization of each of the 11 microdissection clones in the interval closest to the translocation
breakpoint to restriction-digested DNA from all 23 of the YACs obtained by screening with MDs 220, 283, 176, 122, and 471.

The whole catch linker product was directly labeled for use as a
FISH probe by PCR amplification using the upper-strand primer
biotinylated at the 5' end (Shibasaki et al., 1995). Catch linkered
products were also cloned by Sau3AI digestion and ligation into the
BamHI cloning site ofpBluescribe (Stratagene). Inserts from individ¬
ual colonies were recovered by reamplification using universal prim¬
ers flanking the cloning site (Gussow and Clackson, 1989).

Fluorescence in situ hybridization. Interphase and prometaphase
chromosomes were prepared essentially as described previously (Shi¬
basaki, 1994) from fresh peripheral blood lymphocytes or lympho-
blastoid cell lines from individuals either with a normal karyotype
or bearing the t(l;ll)(q42.1;ql4.3) chromosomes. Cosmids corre¬
sponding to selected MD clones were obtained by hybridization to
gridded filters of the ICRF Reference Library No. 107(L4/FS11) con¬
structed by D. Nizetic (Lehrach et al., 1990). YAC in situ hybridiza¬
tion utilized catch linker material prepared as described above and

in detail elsewhere (Shibasaki et al., 1995). Chromosomal in situ
suppression hybridization was used throughout (Lichter et al., 1988;
Shibasaki, 1994). Cosmid DNA and AIu-PCR products of YACs were
labeled by nick-translation using either bio-16-dUTP or DIG-11-
dUTP. Catch-linkered YAC inserts were labeled directly by PCR
using biotinylated primer (Shibasaki et al., 1995). The signal detec¬
tion for the biotin-avidin system was performed according to Pinkel
et al. (1986) using FITC-avidin DCS (Vector Labs) and biotinylated
anti-avidin antibody (Vector Labs). For multicolor FISH, DIG-labeled
probes were visualized together with biotin-labeled probes by using
mouse monoclonal anti-DIG antibody (Boehringer Mannheim), rab¬
bit anti-mouse antibody conjugated to Texas red (Jackson Immuno-
Research Lab.), and mouse anti-rabbit antibody conjugated to Texas
red (Jackson ImmunoResearch Lab.). To generate yellow color, equal
amounts of biotin- and DIG-labeled probes were cohybridized and
detected by FITC and Texas red. FISH slides were examined under
a Zeiss AxioPhoto microscope equipped with a Photometries CCD

a ! 3 %
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FIG. 1. Regional mapping of microdissection clones to the hybrid
panel. The figure shows representative results with two microdissec¬
tion clones, (a) MD 021 and (b) MD 283. Both clones hybridize to
MIS 7.4, the hybrid representing the microdissected chromosome.
The pattern of hybridization observed in the other hybrids was used
to assign each clone to an interval distal to the t(l;ll)(q42.1;ql4.3)
translocation breakpoint (see Table 1). The marker is the 1-kb ladder
(Gibco BRL). The size of the hybridizing fragment corresponds to
that of the particular insert, as FcoRI was used both to produce the
microdissection clone insert and to digest the target genomic DNA.

FIG. 2. Isolation of YAC end clones and "catch linker" products,
(a) The molecular weight marker is Haelll-digested <£X174. Lanes
1 to 4 show end clones isolated by splinkerette PCR from the left
arm of ICI yacs 19EE2, 21BG4, 2AH11, and 33EB11, respectively.
Note that the products from 19EE2 and 21BG4 are indistinguishable
in size, part of the evidence for these YACs being an identical set,
together with ICI yac 11BA9. (b) The molecular weight marker is
Haelll-digested 4>X174. CL is the primary catch linker PCR product.
Lanes 1 to 8 show amplified inserts after cloning into pBluescribe,
as described under Materials and Methods.
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TABLE 3

Localization and Characterization of MD-Derived Cosmid and YAC Clones by PFGE and FISH

Clone designation Size Location Note End clones mapped to

cos Tyr 7H3 (TYR) <40 kb llql4.3
ICI yac 12GE1 (TYR) 350 kb llql4.3 CL
ICRF cl07 A0551 (MD104) <50 kb Ilql4.3~q21
ICRF cl07 F790 (MD220) <50 kb Ilql4.3-q21
ICRF cl07 A0543 (MD283) <50 kb Uql4.3-q21
ICRF y901 D0485 1.3 Mb Ilql4.3-q21 CL, cosmid subclones (cYS4) L: 36IF5, 6DB11, 14IA11
ICI yac 36IF5 600 kb Uql4.3-q21, 5pl4 Alu-VCR, CL, chimeric, L: D0485

cosmid subclones (cYS2) R: chimeric end
ICI yac 14IA11 350 kb Ilql4.3-q21 CL
ICRF y900 A0846 600 kb Uql4.3-q21 CL L: 36IF5, 6DB11, 14IA11

R: D11155, 11EA9, 15IE11, 16GB9
ICRF y900 D11155 700 kb Ilql4.3-q21 CL L: A04135, 8AB2, D0165

R: A0846
ICI yac 11EA9 270 kb Uql4.3-q21 CL L: D11155, 15IE11, 16GB9, 11BA9, C04151

R; A0846, 37GE11, 35IA2, D11155
ICI yac 15IE11 240 kb Uql4.3-q21 CL
ICI yac 16GB9 330 kb Uql4.3-q21 CL, cosmid subclones (cYS3) L: 11BA9, 2AH11

R: 11EA9, 15IE11
ICI yac 11BA9 300 kb Ilql4.3-q21 Alu-PCR L; 11EA9, 15IE11, 16GB9
ICI yac 2AH11 200 kb Ilql4.3-q21 A/u-PCR L: 15IE11, 16GB9, 11BA9,
ICI yac 33EB11 350 kb Uql4.3—q21, AIw-PCR, CL, chimeric L: chimeric end

18q23 R: 16GB9, 11BA9, 2AH11
ICRF y900 A04135 700 kb Uql4.3-q21 CL L-. D11155, 11BA9, 2AH11, C04151

R: H0921
ICI yac 8AB2 260 kb Uql4.3-q21 AIu-PCR R: A04135, 5FD7, D0165, H0921, 34GE5
ICI yac 38CE7 280 kb Ilql4.3-q21, 19? Alu-PCR, chimeric? R: 8AB2, 34GE5
ICI yac 5FD7 250 kb Uql4.3-q21 CL L: 8AB2, 34GE5, 38CE7
cosCJ52.4 (D11S388) <50 kb Uq21

Note. The table summarizes the cosmid and YAC clones used in FISH analysis, the insert sizes of the YACs as estimated by pulsed-field
gel electrophoresis, their localization on the long arm of chromosome 11, and how they were labeled and identifies those shown or suspected
to be chimeric. YAC clones from which end clones and subfragments were isolated are also identified. CL, catch linker plus PCR labeling;
L, left arm YAC end clone; R, right arm YAC end clone.

camera and an IPLab image analyzing system on an Apple Macintosh
computer or a Leiz microscope equipped with a Bio-Rad MRC-600
confocal laser scanning system.

RESULTS

We have described elsewhere a somatic cell hybrid
mapping panel that allows precise localization of mark¬
ers on the long arm ofhuman chromosome 11 (Fletcher
et al., 1993; Evans el al., 1993, 1995; Slorach et aL,
1995). By combining somatic cell hybrids bearing
translocation chromosomes with stable, positively se¬

lected radiation-reduced or chromosome-mediated
gene transformant hybrids, it was possible to assemble
a panel that facilitated high-resolution mapping in the
region immediately distal to the t(l; 11) breakpoint
from a minimum of genomic DNAs. This has obvious
advantages over the use of large sets of transient radia¬
tion hybrids (James et al., 1994), not least the fact that
these hybrids represent a stable replenishable map¬
ping resource and allow direct hybridization to be used
in addition to PCR-based mapping procedures. Eighty-
six microdissection-derived clones (MDs) were mapped
onto a subpanel of just six somatic cell hybrids that

FIG. 3. An 3-Mb contig on chromosome Ilql4-q21. The figure shows the contig in diagrammatic form and approximately to scale. All
YACs have been tested with all MDs, and their presence is indicated by a solid vertical bar. Isolated YAC end clones are indicated, and
their presence in other YACs is marked by a bar. Not all of the YACs have been tested with all of the end clones, and this is indicated by
a Chimeric YACs are asterisked, and the region of chimerism ia indicated where known. Only minimum addresses are shown for each
YAC (see text and Tables 2 and 3 for full details).

FIG. 4. Orientation of the contig and breakpoint analysis by multicolor FISH, (a) Triple-color FISH analysis reveals the order of MD
104 (ICRF cl07 A0551, red) and MD 220 (ICRF cl07 F790, yellow) relative to TYR (ICI yac 12GE1, green), establishing the orientation of
the contig. Note that the distance between TYR (green) and MD 104 (red) is much greater than that between MD 104 (red) and MD 220
(yellow), (b) The result of triple-color FISH using MD 283 (ICRF cl07 A0543, green), ICRF y900 A0846 (red), and MD 176/122 (cYS3-pool,
yellow), placing the YAC into the gap of the first-generation contig. This result also confirms the orientation of the contig with respect to
the translocation breakpoint, (c) A partial metaphase plate of a patient carrying the reciprocal t(l; 11) chromosomes hybridized with catch-
linkered ICRF y901 D0485. Confined signals are seen on the derril) as well as the der(l) and normal chromosome 11, demonstrating that
the YAC crosses the translocation breakpoint.
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included the hybrid, MIS 7.4, bearing the schizophre¬
nia-associated der(l) translocation chromosome. Rep¬
resentative hybridization results are shown in Fig. 1.
Of these 86 MDs, 49 were localized to intervals on llq,
while the remaining 37 (43%) hybridized only to MIS
7.4 and were therefore provisionally assigned to chro¬
mosome 1.

All 49 of the chromosome 11 assigned microdissec¬
tion clones mapped to or above the interval defined
by THYI (see Table 1), in general agreement with the
expectation from our previous FISH "painting" analy¬
sis of the library (Muir et al., 1995). Microdissection
clones were mapped to all intervening intervals defined
by the hybrid panel, with the exception of those marked
by NCAM and by DRD2. Other studies have shown
that these genes map within —500 kb of each other
(McConville et al., 1990). The microdissection clones
also define two new intervals on chromosome 11. Most
importantly, 11 map to a region immediately distal
to the breakpoint, as defined by the microsatellite
D11S873, a recently defined marker that lies centro-
meric to D11S388 (Litt et al., 1993; Evans et al., 1995).
These results are therefore in keeping with our previ¬
ous estimate that the microdissected region on chromo¬
some 11 corresponds to —15 Mb (Muir et al., 1995) and
the expectation that the markers approximate
to a normal distribution around the translocation
breakpoint itself. The distance separating TYR and
D11S388 has been estimated to be ~8 cM and that
between D11S873 and D11S388 to be ~2.4 cM (NIH/
CEPH Collaborative Mapping Group, 1992; Weissen¬
bach et al., 1992). It was therefore considered likely
that the 11 MDs mapped to the "breakpoint-D11S873"
interval would be sufficient to isolate a complete YAC
contig of the region.

Isolation of YAC Recombinants
To construct a contiguous clone map toward the

translocation breakpoint, five repeat-free microclones
(MD 220, MD 283, MD 176, MD 122, and MD 471)
were selected from this set of 11 and used as direct
hybridization probes to gridded filters of YAC recombi¬
nants. Two libraries were screened, the ICI YAC li¬
brary (Anand et al., 1990) (courtesy of the UK HGMP
Resource Centre) (with all five MDs) and the ICRF
Reference Library (Larin et al., 1991) (courtesy of Dr.
Hans Lehrach) (MD 283 not used). A total of 23 inde¬
pendent YAC recombinants were obtained. These were
reprobed with the remaining six microdissection clones
to assemble a first-generation contig map as shown in
Table 2. By this simple screening procedure, a contig
map was assembled with just a single gap (between
MD 283 and MD 176), but it contained no information
regarding orientation (relative or absolute), net size, or
extent of overlap between YACs.
Isolation of YAC Endclones and Gap Closure

To confirm the first-generation contig map and
achieve closure of the single gap, end clones were iso¬

lated from selected YAC recombinants by either the
vectorette (Riley et al., 1990) or the splinkerette (Devon
et al., 1995) methods (Fig. 2a) and probed onto the
primary set of 23 YACs. In addition, selected YAC re¬
combinants were purified and ligated to catch linkers
for PCR amplification (Fig. 2b). Single-copy subclones
isolated from plasmid libraries, derived from catch
Iinkered material, were also used to confirm overlaps
between YAC recombinants and as additional markers
for genomic hybridization. YAC recombinants were
sized by pulsed-field gel electrophoresis as summarized
in Table 3 and analyzed with end clones. Secondary
screening of the ICI YAC library was carried out with
the right arm end clone of ICI yac 11EA9, which identi¬
fied ICI yacs 37GE11 and 35IA2. Isolation of a left arm
end clone from ICI yac 37GE11 confirmed the link from
ICRF y900 A0846 through the ICI yacs 14IA11 and
36IF5 and therefore to ICRF y900 D0485 (see Table 3
and Fig. 3). This analysis allowed us to establish the
consensus map shown in Fig. 3. Note that the marker
positions are relative, not absolute. The estimated end-
to-end length of the contig map is —3.5 Mb. When the
most telomeric and only partially characterized YAC
ICRF y905 H0921 is excluded, the validated contig,
which extends across the translocation breakpoint, is
itself greater than 2.8 Mb. This follows from the insert
sizes of ICRF y901 D0485, ICRF y900 A0846, ICI yac
2AH11, and ICRF y900 A04135, which alone sum to
—2.8 Mb, but this does not take into account the two
internal regions represented by (a) MD 286 and MD
283 (three positive overlapping YACs) or (b) the left
end clone of ICI yac 11EA9 (five positive overlapping
YACs). The core contig, that is, excluding the terminal
regions represented only by D0485 and H0921, respec¬
tively, sums to —2.2 Mb. This agrees well with the size
estimate based on (i) our previous mapping results, (ii)
the known genetic distance between flanking markers,
and (iii) the estimated physical distance based on our
previous FISH analysis (Muir et al., 1995).

Establishing Orientation and Crossing the
Translocation Breakpoint

To establish the orientation of the cloned contig,
FISH analysis on prometaphase and interphase chro¬
mosomes was undertaken, with reference to estab¬
lished, previously mapped markers (Fig. 4). Figure 4a
shows a representative result, using the TYR locus (in
the form of ICI yac 12GE1) as a reference marker in
green and cosmids isolated using two microdissection
clones MD 104 and MD 220 in red and yellow, respec¬
tively. The demonstration that MD 104 maps between
TYR and MD 220 establishes orientation of the contig
with respect to the chromosome 11 centromere and
therefore the translocation breakpoint. This result was
confirmed by independent analysis of(a) additional cos-
mid clones (either derived by screening with microdis¬
section clones or subcloned from YAC recombinants)
and (b) catch linkered total YAC probes (Table 3). Fig-
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ure 4b shows a similar analysis with cosmid clones
corresponding to MD 283 (green) and MD 176/122 (yel¬
low) plus catch linkered ICRF y900 A0846 (red).

The orientation of the contig as determined by FISH
predicts that the YAC recombinant ICRF y901 D0485
maps closest to the translocation breakpoint. To test
this, the YAC insert was purified by catch linker ampli¬
fication and hybridized to lymphocyte metaphase
spreads from a schizophrenic patient carrying the
translocation (Fig. 4c). Signal was seen on both the
der(l) and the der(ll) chromosomes, establishing that
this YAC recombinant does cross the translocation
breakpoint. In addition, the signal was confined to the
normal chromosome 11 and to the derived chromo¬
somes 1 and 11, confirming that this YAC recombinant
is nonchimeric. Independent confirmation of this result
was obtained by PCR analysis of somatic cell hybrid
DNAs and the YAC recombinant ICRF y901 D0485
using primers specific for the microsatellite repeat
marker D11S931 (Weissenbach et al., 1992). Two frag¬
ments of 261 and 265 bp were amplified from total
genomic DNA from a t(l; 11) subject. No band was am¬
plified from MIS 7.4, the patient-derived hybrid that
contains the der(l) chromosome as its sole chromosome
11 material. Only one band, of 265 bp, was amplified
from MIS 39.8, the patient-derived hybrid that carries
the der(ll) chromosome as its sole chromosome 11 ma¬
terial. PCR analysis of the YAC recombinants showed
that only ICRF y901 D0485 was positive for D11S931.
These results demonstrate that the t(l; 11) breakpoint
lies within the region flanked by D11S931 (centro-
meric) and MD 104 (telomeric) and represented by
ICRF y901 D0485.

DISCUSSION

This study demonstrates the value ofmicrodissection
for establishing a veiy high density of region-specific
markers. Forty-nine new markers have been regionally
localized on the long arm of human chromosome 11,
of which more than a fifth map to a small interval
immediately telomeric to the t(l; 11) breakpoint and
previously identified by only a single marker. We have
shown the utility of these markers for direct hybridiza¬
tion mapping to somatic cell hybrids and for screening
of gridded YAC libraries. The value of panels of stable
somatic cell and chromosome-reduced hybrids for accu¬
rate subregional mapping should also be emphasized.
The six somatic cell hybrids together define a minimum
of nine discrete intervals in the region Ilql4.3-q23
and provide new and useful markers for seven of these.
We have been able to establish an extensive contiguous
clone array of YAC recombinants with a minimum
number of screening steps. The method compares fa¬
vorably with PCR-based methods of screening YAC su-

perpools and pools for individual recombinants, a pro¬
cedure prone to PCR amplification biases that may
mean that valuable recombinants are not recovered.

In this regard, it is of interest to note that three

examples of duplicate YAC recombinants were identi¬
fied upon screening the ICI YAC library. Insert size,
Cot I hybridization, fingerprint analysis, and hybrid¬
ization with end clones and internal probes were used
to establish identity (data not shown). Two sets are
probably artifacts of the original gridding procedure
(ICI yacs 37GE11 and 37GE12 are identical, as are ICI
yacs 34GE5 and 34GF5). The third set comprising ICI
yacs 11BA9,19EE2, and 21BG4 is presumably genuine
replica clones. These findings attest to the efficiency of
the filter screening procedure.

FISH analysis with reference to known flanking
markers and to the translocation breakpoint was ini¬
tially used to establish the orientation of the cloned
array (Fig. 4). This was subsequently confirmed by in¬
dependent marker analysis on somatic cell hybrids. Al¬
though the microdissection clones themselves are too
small to be used reliably for in situ hybridization, it
is relatively trivial to obtain corresponding cosmids,
again by direct filter hybridization. Furthermore, high-
resolution FISH analysis is possible using minute
quantities of YAC recombinants purified by analytical
pulsed-field gel electrophoresis and subsequently am¬
plified by catch linker-based PCR (Shibasaki et al.,
1995). As a by-product of this analysis, we were able
to assess the degree of chimerism among the YAC re¬
combinants. Three were shown to be definitely chimeric
by FISH analysis and/or hybridization analysis with
relevant end clones, microdissection clones, and/or
catch linker-derived markers. A further three are likely
to be chimeric based on provisional evidence from one
or the other of the above analyses. We conclude that
the level ofchimerism is ~ 12.5% in both YAC libraries,
but without any apparent bias toward those YACs with
larger inserts.

This study was undertaken as part of our concerted
effort to investigate the molecular basis of psychiatric
disorders. While it remains to be seen whether the
translocation described here is causally related to
schizophrenia, the presence of a discrete breakpoint on
a chromosome provides a precise target for positional
cloning and an unique opportunity to investigate the
molecular architecture of the translocation and its pos¬
sible relationship to the manifestation of the disorder.
The contiguous clone map described here establishes
the key reagents necessary to achieve this aim. By
applying these same methodological procedures, it
should be equally possible to assemble contiguous clone
maps rapidly for other intervals on chromosome 11
(and indeed chromosome 1) defined by regionally as¬
signed microdissection clones.
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A genome-wide search for linkage of micro-
satellite markers to chromosomal loci con¬

taining genes responsible for the major
psychoses is a laborious task which can he
carried out with greater speed and economy
by introducing automation to several steps
in the procedure.

We describe the use of the Automated
Linkage Preprocessor (ALP) program for
the computer analysis of the waveform gen¬
erated by fluorescein-labelled markers after
electrophoretic separation. (To obtain a
copy send a request to A.F. Brown at the
below MRC address or use Anonymous FTP
to ftp.hgu.mrc.ac.uk. Software is in direc¬
tory pub/ALP.) The program runs on a PC in
the Microsoft Windows environment, and is
used in conjunction with an automated
laser fluorescence (ALF) sequencer (Phar¬
macia) and its Fragment Manager™ soft¬
ware to detect and size the PCR products,
filter out peaks of fluorescence due to nonal-
lele fragments, and generate genotypes in a
format suitable for direct input to standard
linkage analysis programs.

The method should offer the advantages
of speed, accuracy, and reduced cost. Its use
in linkage studies in a large family with
manic-depressive illness is discussed.
© 1995 Wiley-Liss, Inc.
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INTRODUCTION

Linkage studies in the major psychiatric illnesses,
schizophrenia and manic depression, are done in a con-
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text ofuncertainties about the definition ofphenotypes,
the modes of inheritance, and the likely presence of lo¬
cus heterogeneity. These make it essential to genotype
large numbers of affected individuals who are either
members of separate pedigrees among which homo¬
geneous subgroups can be identified, or members of
single, very large families where linkage of disease with
a single locus can be sought.

The identification of loci for genes involved in the
affective and nonaffective psychoses by searching the
entire genome is now a realistic strategy, given the avail¬
ability of sufficient highly informative microsatellite
polymorphisms [NIH/CEPH, 1992; Weissenbach et al.,
1992], but there remain logistic difficulties associated
with typing large numbers of markers. Microsatellite
alleles can be routinely identified by staining methods
[Coleman et al., 1990], direct probing [Hazan et al.,
1992], or autoradiography [Weber and May, 1989;
Tautz, 1989; Weber, 1990], However there are problems
with each method both in the accurate and consistent
measurement of allele size, and in the manual tran¬
scription of data from gels into computer-readable files,
which is time-consuming and prone to error.

There are several potentially rate-limiting steps in
typing microsatellites for linkage analysis. The first of
these is setting up PCR reactions. This can be done us¬

ing a 96-well plate format and multichannel pipettes,
but robotic pipettors provide a more versatile solution.
The second is the electrophoretic separation of alleles.
Fast electrophoresis runs and real-time detection are

possible using automated sequencers. The third step
involves detection of DNA fragments and translation of
raw data into accurately sized alleles. Detection using
laser-excited fluorescent products provides high sensi¬
tivity and immediate digitization of detected signals,
and avoids radiation. This further allows processing of
the raw data to measure allele sizes and to exclude de¬
tected fragments which do not represent true alleles.
The final step is transcription of the results into a for¬
mat suitable for linkage analysis software.

We describe a fluorescein-based method for typing
microsatellites, coupled to a rapid method ofautomated
data analysis called the Automated Linkage Prepro-
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cessor (ALP) program, which incorporates routines for
detecting results which are ambiguous or which ap¬
parently contravene rules of Mendelian inheritance.

The method is designed to accelerate each of the
potentially rate-limiting steps in genotyping microsat-
ellites, as outlined in Figure 1. A robotic pipettor is
used to set up PCR reactions to amplify microsatellite
or genomic DNA. Fast electrophoresis times and real¬
time detection of label are obtained by using an auto¬
mated laser fluorescent (ALF) sequencer (Pharmacia),
and the peaks of fluorescence detected by the photodi-
ode are tabulated by the Fragment Manager™ soft¬
ware (Pharmacia). It is the subsequent analysis of this
data by the ALP software which provides an estimate of
the size of DNA fragments by comparison with both in¬
ternal and external standards, followed by the recogni¬
tion and elimination ofnonallelic peaks. After checking
that the data conform to the rules ofMendelian inheri¬
tance, the program generates an output file in which
genotypes are tabulated. The user can inspect the data
at several stages of the analysis to check the selection
of peaks of fluorescence.

METHODS
Preparation of Microsatellite Markers

Oligonucleotide primers are synthesized on an ABI
PCR Mate™ by phosphoramidite linkage. Fluorescein
(FITC) labelling is carried out during primer synthesis
by addition of Fluorprime™ (Pharmacia). Each newly
synthesized primer in ammonium hydroxide solution is
passed through a NAP-10™ column (Pharmacia) and
eluted in 10 p,M sodium phosphate, pH 6.8. PCR mix¬
tures consist of 20 ng DNA, 200 mM dNTPs, 10 mM
Tris HCI, pH 9 (at 25°C), 1.0 mM MgCl2, 50 mM KC1,
0.1% Triton X-100, 400 nM primers (one of which was
FITC labelled), 1.5 units Tag polymerase (Promega) in
a 25 p,l volume, overlaid with 25 pi mineral oil.

A Tecan RSP5052 robotic sampler is used for setting
up microsatellite amplification in 96-well plates which
are placed on thermal cyclers (Cetus, Hybaid, or
Techne). The PCR conditions are as follows: 2 min at
94°C (first cycle); 1 min at 94°C, 2 min at 55°C, 2.5 min
at 72°C (24 cycles); 1 min at 94°C, 2 min at 55°C, 10 min
at 72°C (last cycle). After completion of the PCR reac¬
tions, 75pl of "stop" solution (95% formamide, 0.8%
dextran blue, 25 mM EDTA, pH 9) is added to each 25pl
sample. Samples are stored at 4°C until ready for
analysis, at which time, internal size standards are
added and the samples heat-denatured at 95°C for 2
min and then rapidly cooled in ice water prior to load¬
ing onto the gels.

Internal standards are prepared by amplification
from single stranded ( + ) DNA of the M13mpl8 vector
using a variety of primer pairs and the above reaction
conditions.

Gel Electrophoresis
Electrophoresis is carried out using a 40-lane auto¬

mated laser fluorescence (ALF) sequencer (Pharmacia).
Gels are made up with 6% Hydrolink (Long Ranger™,
AT Biochem, Ltd., Malvern, PA) or acrylamide/bis-acry-
lamide (29:1, BDH) in 0.6 X TBE (0.06 M Tris base,
0.05 M boric acid, 0.6 mM EDTA) containing 7 M urea,

and run in the same buffer at constant power (55 W)
and constant temperature (50°C). Up to 10 sets of reac¬
tion products may be loaded per lane, but in practice
2-4 multiplex PCR products are run in each lane at the
same time, and gels can be routinely used twice.

Automation of Genotyping
The separate stages of automated linkage analysis

are shown in Figure 1. Also illustrated are the stages at
which the user can inspect required parameters from
the raw data produced by the ALF Manager and edit
them in a file for subsequent use by ALP.

Figure 2 illustrates steps in the analysis. The frag¬
ment lengths of internal markers are tabulated in col¬
umn A. Column B includes the peaks of fluorescence for
each of the 40 lanes detected by the program Fragment
Manager™ (Pharmacia), which produces raw data of
peak times and intensities. The software program ALP,
developed to analyze this raw data and to generate
genotypes for each individual, further analyzes the raw
data of column B, generating the autoradiograph simu¬
lation shown in column C. In this column the most

probable alleles are shown as bold lines, while "stutter"
peaks and other artifacts are depicted as half-lines. The
fragment lengths of the alleles converted to integer
values are listed in column D.

The analysis program ALP runs on a PC using
Microsoft Windows (Fig. 3) and is used in the following
way:

1. At the end of the electrophoresis, the user first
inspects the raw data generated by ALF Manager and
creates a file containing the run times of the internal
markers and the total envelope of time of each allele
set. ALP will then identify the internal standards sep¬
arately in each of 40 lanes.

2. Each lane is then calibrated in turn so that the
time of peak detection is converted to a first approxi¬
mation of the fragment length by comparison with
internal standards in that lane.

3. The second estimate of fragment length is ob¬
tained by comparing peaks of each allele across all 40
lanes for each locus.

4. Nonallelic peaks such as "stutter" or "shadow"
peaks [Hauge and Litt, 1993] are detected and tagged,
and an output file containing these data as a simulated
autoradiograph is generated.

5. A final estimate of fragment length is made by
comparing each estimated fragment length with exter¬
nal standards.

6. The compatibility of alleles with Mendelian in¬
heritance is checked.

7. Probabilities are assigned to the selected geno¬
types according to the relative fluorescence intensities
of allelic peaks.

The results of the analyses are printed graphically so
that all stages of peak detection and selection can be
checked, and any ambiguities or inconsistencies are
highlighted. Finally, the allele fragment sizes are con¬
verted to numbered allele sizes in file suitable for input
into linkage analysis program [Ott, 1991]. Figure 3 il¬
lustrates the Microsoft Windows screen display. Peak
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Fig. 1. A flow diagram of the steps in automated linkage analysis. The Automated Linkage Pre¬
processor (ALP) program analyzes the raw data of fluorescent peaks generated by the Fragment Manager™
program which is routinely used with the Automated Laser Fluorescence (ALF) sequencer (Pharmacia).
Each step is described in the text.
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Fig. 2. A diagrammatic representation of the stages of data analy¬
sis by the ALP program. Fragment sizing is carried out in 3 stages,
and employs both internal (column A) and external standards as
described in the text. Peaks of fluorescence detected following
electrophoresis of the sample represent both allelic and nonallelic
fragments (column B). Applying rules to define "stutter" peaks and
background "noise," the program generates a simulated autoradi-
ograph (column C) on which probable alleles (bold lines) are distin¬
guished from nonallelic signals (half lines). Fragment size (in integer
values) is estimated (column D) as described in the text.

data for individual lanes (top right) are used to gener¬
ate the simulated autoradiograph (left) which includes
major peaks and "stutter" peaks (half length).

In practice, the procedure is as follows:

in the lane are converted to an initial, noninteger esti¬
mate of the detected DNA fragment.

2. In the second stage, a revised integer estimate of
DNA fragment length is derived from the first esti¬
mate. For each lane, a frequency histogram of the size
distribution of peaks across all 40 lanes is calculated.
The histogram peaks are smoothed using a simple
smoothing filter 1.4-nucleotides-wide at an interval of
0.2 nucleotides (the signal length at each point in the
histogram is replaced by the average of that point and
its six neighbors, giving least weight to the farthest
neighbors). Each peak represents an individual allele
which will generally be separated from other peaks by
a time corresponding to 2, 3, or 4 nucleotides, depend¬
ing on the type of marker used. In practice, peaks may
be separated by noninteger numbers of nucleotides be¬
cause the linear relationship between fragment length
and rate of electrophoresis is less than perfect. To cor¬
rect this, the user first defines whether a di-, tri-, or
tetranucleotide is being used, and the program calcu¬
lates, by the method of least squares, the repeat value
which most closely fits the smoothed data.

3. Following the initial estimation of allele sizes,
the program eliminates peaks by applying a series of
rules. A "stutter" peak is defined as a peak which pre¬
cedes another peak within a time equivalent to a frag¬
ment-size increment of up to 1.5 X the nucleotide re¬
peat, and which has an intensity of less than 70% of the
intensity of the later peak. The value of this threshold
(70%) can be varied and is occasionally as high as 95%.
This is illustrated in Figure 2, column B, where "stut¬
ter" peaks precede all of the alleles shown, and in col¬
umn C where they are represented by half-lines on the
left-hand side. After the removal of "stutter" peaks, the
program excludes as "noise" all peaks with an intensity
of less than 5% the amplitude of any other peak at the
same locus in the same lanes (shorter band on the
right-hand side in locus 2 of Figure 2C). This threshold
is set to 5% by default, but is user-selectable.

4. In the next stage, the estimate of DNA fragment
size is further refined against external standards. A
single lane in the center of each gel is routinely loaded
with both internal and external standards containing
alleles of known sequence. The external standard is
supplied by CEPH (sample number 134702). This en¬
sures that differences in gel performance do not pro¬
duce differing results between different laboratories
and on different days.

1. At least two internal standard markers are run

in each lane. The size of these is chosen to be as close as

possible to and flanking the microsatellite markers be¬
ing used. The peaks of fluorescence initially recorded by
the ALF Manager are first inspected, and a text file is
prepared containing the time in minutes of each inter¬
nal standard and the total period of time required for
all the alleles at each locus to pass through the gel. At
this stage, data points can be excluded from analysis if
the quality of data is poor, e.g., if peaks are very small
or so large that the photodiode output is saturated. A
calibration equation is derived from the internal stan¬
dards in each lane separately, and the times of all peaks

Figure 2 illustrates the results of peak detection and
the initial elimination of artifactual peaks. It is im¬
portant to note that all peaks suspected of being arti¬
factual are retained and tagged to assist later visual
inspection. The allele data thus obtained is included in
a text file, including pedigree information, in a format
suitable for linkage analysis. However, at this stage, in¬
dividuals may have more than two potential alleles
identified.

5. In the next stage, the program will disregard al¬
leles present in an individual but absent from both par¬
ents, a process which is repeated for each individual in
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Fig. 3. The Windows display illustrates a) the autoradiograph simulation, which includes data or pu¬

tative alleles as well as "stutter" peaks and low amplitude peaks considered as "noise;" b) the allele size
data from individual lanes; and c) allele sizes estimated as integers, and based on the relative amplitudes
of peaks and compatibility with Mendelian inheritance. The allele data is combined with pedigree infor¬
mation to generate a prelinkage file. The final step is transforming allele size to allele numbers for input
to the linkage program. Finally d) other icons can be opened to check the process at different stages.

the pedigree. An iterative genotype filter is then applied
incorporating the rules ofMendelian inheritance. When
an individual has more than two alleles, these are taken
in pair-wise combination and potential genotypes,
which could not arise from combinations of the parents'
alleles, are discarded. Parental genotypes which cannot
give rise to offsprings' genotypes are also discarded.

In a final step, the program selects the most probable
genotype based on relative peak intensities, where the
most intense peak is assumed to be at least one of the
alleles. In general, peaks of highest amplitude are iden¬
tified as being the most probable alleles.

Linkage Studies in a Large Manic
Depressive Family

There is a strong possibility of locus heterogeneity in
manic depressive illness, and considerable uncertainty
surrounds the correct definition of the phenotype. One
approach in linkage studies is to focus on single large
multiply-affected pedigrees where illness, in all cases,
can be assumed to have the same genetic basis. The use
of an Automated Laser Fluorescence sequencer com¬
bined with the ALP programs for data analysis has

greatly improved the speed and accuracy of genotyping
in a large manic depressive family from which we have
interviewed and obtained blood samples from 127
members (108 relatives and 20 spouses) using the
Schedule for Affective Disorders and Schizophrenia
[Endicott and Spitzer, 1978] to generate DSM-3R diag¬
noses [APA, 1987]. In this family, affective illness ap¬
pears to segregate as an autosomal dominant disorder,
because bipolar affective disorder is diagnosed in indi¬
viduals belonging to three generations in several
branches.

For linkage analysis the phenotype is broadly defined
to include as "cases:" bipolar 1 (7), bipolar 2 (5), schizo¬
affective depressed (1), and recurrent major depressive
illness (17). Cases with single-episode major depression
(1), minor depression (2), intermittent depression (1),
generalized anxiety (1), and alcoholism (1) are recorded
as "unknown" phenotypc in the analysis.

Simulated linkage analysis was performed using the
programme SLINK [Ott, 1989; Weeks et al., 1990]. For
this analysis the disease gene frequency was 0.01 and
the age-dependent penetrances ranged from 0.06 for
subjects aged less than 20 yrs to 0.54 for age greater
than 60 yrs.
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A marker with 4 alleles of equal frequency will gen¬
erate an average LOD score of 5.5 (SD = 1.7) with a re¬
combination fraction set at 0.01 and 2.7 (SD = 1.6)
when the recombination fraction is 0.1. It is therefore
feasible to follow a strategy of a systematic search for
linkage in this single pedigree using microsatellite
markers spaced 10-20 cM apart.

Table I shows the LOD scores for 10 markers cover¬

ing candidate regions on chromosomes 1 and 11 in this
family. Linkage of these markers and a locus for affec¬
tive disorder is excluded around the region of a break¬
point associated in another family with major mental
illness including depression. Using ALP these data on
10 markers from 120 individuals could be obtained and
analyzed in 2-3 weeks by one operator.

In this particular pedigree, DNA from all the most
informative family members can be analyzed with the
appropriate internal and external standards on 3 gels,
each of 40 lanes. The main problems encountered with
such a large pedigree are achieving compatibility of
data between different gels, correcting data inconsis¬
tent with rules of Mendelian inheritance, and entering
the marker data to a linkage input file.

Each of these steps is simplified by the ALP program.
In practice, one person can run 3 gels a day, and typing
data on the whole family with a single marker can be
achieved in 6-9 hr running time on the ALF sequencer.
Efficiency may be increased by multiplexing 2-4 mark¬
ers per gel and using each gel twice. The initial inspec¬
tion of raw data and entry of internal standard and
locus limits into ALP takes about 5 min. ALP requires
approximately 1 min to detect peaks, measure allele
size, discard nonallelic peaks, and prepare an output file
for linkage analysis on a 66-Mhz 486 PC. The running
time is dependent on number of individuals and number
of loci. On average it requires about 1 hr to visually
check the data on each marker in this single family, but
the data is then in a format suitable for input to linkage
analysis programs. It is the analysis and management
of data, and not the throughput of the sequencer, which
should be considered the rate-limiting step in the gen¬
eration of accurate genotypes in such families.

In large families the time spent on checking is well
worthwhile, and in our experience running 2 amplified
loci on the same gel is a convenient strategy. An analy¬

sis of genotyping problems during the development of
these programs revealed the most common source of er¬
ror was due to incomplete separation of overlapping
peaks in heterozygote individuals having alleles 2 base
pairs apart. The peak detection program may miss a
"shoulder" on a main peak, and this was most common
with larger fragment sizes over 245 nucleotides in
length. The second most common source of error was
the occurrence of extra peaks, the source of which was
probably at the PCR priming stage. Poor amplification
of 1 of 2 alleles in a heterozygote, and incorrect sizing
due to convergence of adjacent peaks, were also
observed. Callen et al. [1993] described unequal ampli¬
fication of alleles at a single locus due to a mutation
within a primer site. This may result in a homozygous
genotype being given a higher probability than the het¬
erozygote.

DISCUSSION

The degree of separation ofDNA fragments currently
possible by electrophoresis does not always permit full
automation of linkage analysis. However, with the ALP
program, family data can be rapidly checked on screen
using all the advantages of the Windows environment.
In Windows, all stages of the analysis may be rapidly
viewed and understood, and the entire analysis proce¬
dure can be quickly mastered with minimal training
time. When small families are studied, the requirement
for visual checking may be minimal, but using a very
large pedigree, visual inspection and editing of data
has generally been necessary to obtain allele data
which are fully consistent in 117 related individuals.
This is facilitated by printing the autoradiograph and
the allele sizes and comparing these with the printout
of raw data generated by the Fragment Manager™ pro¬
gram. The use of this program has greatly improved the
reliability of this stage of the analysis, and also offers
many other advantages over nonautomated methods of
typing microsatellites. Allele sizing is more accurate,
making it easier to integrate data from different gels
carrying branches of one large pedigree. The use of in¬
ternal and external standards ensures definitive sizing
of alleles for accurate comparison of data from other
laboratories. In large pedigrees, the requirement for
internal consistency among related individuals in a

TABLE I. LOD Score Table for 10 Markers Covering Candidate Regions
on Chromosomes 1 and 11 in a Large Manic-Depressive Pedigree

Recombination fraction

Markers 0 0.01 0.05 0.1 0.2 0.3 0.4

D1S103 -13.4 -8.5 -5.5 -3.7 -1.7 -0.6 -0.06
D1S210 -18.9 -7.3 -3.5 -1.9 -0.7 -0.2 +0.02
D1S191 -11.0 -2.6 -1.0 -0.4 -0.1 -0.04 -0.03
D1S304 -23.0 -9.6 -5.6 -3.8 -1.9 -0.9 -0.3
D1S225 -22.3 -8.1 -3.6 -1.9 -0.5 -0.01 -0.11
D1S205 -17.0 -6.7 -3.0 -1.5 -0.4 -0.09 -0.03
D1S237 -3.0 -1.6 -0.6 -0.2 0 0 -0.03
D11S35 -15.0 -7.7 -3.6 -1.7 -0.2 +0.2 +0.2
CD3D -7.6 -6.9 -5.2 -3.9 -2.1 -1.0 -0.4
TOH -16.0 -9.2 -4.5 -2.6 -1.0 -0.4 -0.1
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single pedigree is an added check for inconsistencies.
If faster throughput is achieved by omitting manual
checking of data, more results are rejected, the proce¬
dure is less efficient, and reagent costs increase. The
trade-off between speed and quantity of accurate geno-
typings must be considered when planning a strategy
for linkage analysis.

Several other steps are speeded up in particular, and
multiplex PCR setup by robot has proven to be rapid
and reliable. The uniform PCR conditions used in all re¬

actions are not always optimal but are a reasonable
compromise. The ALF automated sequencer gives good
resolution of alleles up to 400 nucleotides in length in
about 2.5 hr, and although the electrophoresis is by no
means the rate-limiting step in the entire process, up to
8 loci can be loaded in a single gel lane if desired. This
may require a combination of dinucleotides in the
70-150-nucleotide range being combined with longer
tri- and tetranucleotide repeats. The typing technique
is nonhazardous.

A comparison of manual genotyping and automated
genotyping with ALP shows that both methods give
similar results, except that the automated method
takes less time. The use of shorter gels may further re¬
duce the run-time for electrophoresis to under 1 hr, and
this may allow adequate resolution of alleles under
about 250 nucleotides in length. However, as this is not
a rate-limiting step in the whole procedure, this may be
of limited benefit.

New mutations are a source of genotyping error.
However, a new mutation producing an incompatible
genotype would not be accepted by the linkage pro¬
grams, and would have to be eliminated from the analy¬
sis whether the genotyping was manual or automated.
Mutations which are non-Mendelian would be flagged
for the user to inspect further.

A "shoulder" in a heterozygote was missed by the
Fragment Manager™ peak detection program rela¬
tively infrequently when the fragment size was below
250 nucleotides using our standard gel running con¬
ditions, but this occurred more often with fragments
above this size. The frequency of this error was found
to be 1.5% (6/393) before and 0.5% (2/393) after ALP
processing.

In principle, ALP could be made to work with the ABI
sequencer, but the use of overlapping loci in individual
lanes would have to be avoided, thus making the mul¬
ticolor system redundant and hence much slower. ALP
is specifically designed to work with the output from
the ALF sequencer. Versions 1.10 and above of ALP
read data directly from ALF files, and do not require

the use of the Fragment Manager™ software. The al¬
gorithm for peak detection used by ALP is the same as
that used by the Fragment Manager™ software.

Comparison to ABI Genotype-ABI does not produce
linkage-formatted files (the manual creation of which is
a serious source of translation/typographical error), nor
does the ABI software do Mendelian checks on more

than 2 generations. Because of this and the much
slower run-times, the multicolor system does not pro¬
vide significantly higher throughput.
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Abstract
We describe the use of pooled, region-specific hybridisation
probes to screen high-density replica filters of a human
genome YAC library. The probes were derived by microdis¬
section of an approximately 30-Mbp region subtending the
translocation breakpoint on a der(l)(l;l l)(q42.1;ql4.3) chro¬
mosome. Of 70 microdissection clones used in pools of 4-10,
47 identified a total of 77 YAC recombinants, representing
over 50% of the microdissected region. This strategy can easily
be adapted to other poorly mapped subchromosomal regions
of the human or other mammalian genomes and will provide a
solid framework for detailed contig map constructions.

Introduction

Large-scale genome mapping projects have
benefited enormously from the ability to
clone large fragments ofgenomic DNA as arti¬
ficial chromosomes (YACs) in the budding
yeast Saccharomyces cerevisiae [1]. This tech¬
nology allows coverage of large chromosomal
regions or even entire chromosomes with a

The first two authors made an equal contribution to this
work.

relatively limited number of overlapping
clones [2, 3].

Contig mapping generally relies on a suffi¬
cient density of markers to anchor clones on
the chromosomal map, However, certain re¬

gions of the genome are poorly mapped be¬
cause of a relative dearth of markers, there¬
fore constraining chromosome walking and
contig mapping exercises. It is then desirable
to produce new markers and to screen large-
insert genomic libraries with many markers at
once to accelerate contig mapping.
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St. Clair et al. [4] described a Scottish
family with a balanced t( 1; 1 l)(q42.1 ;q 14.3)
translocation which segregates with schizo¬
phrenia. As part of a strategy towards cloning
the translocation breakpoint, we produced a

large number of new markers by microdis-
secting and microcloning regions Iq4l-q42.3
and 1 Iql4.3-q23 from the der(l) transloca¬
tion chromosome of one of the patients [5],
FISH painting performed with the whole li¬
brary of microdissection clones (MDs)
showed that the signal mapped equally to
chromosomal regions Iq41-q42.3 and
Ilql4.3-q23 [5],

We screened high-density replica filters [6]
of a whole human genome library [7] by
hybridisation with pools of 4-10 repeat-free
MDs, leading to the isolation of 162 YACs.
We describe the analysis of this region-spe¬
cific YAC minilibrary, and discuss the effica¬
cy of the technique as well as its practicability
as a general approach to initiating contig
maps of large genomic regions.

Materials and Methods

Primary Screening
High-density replica filters of the ICI library [7]

were produced at the Human Gene Mapping Project
Resource Centre in Harrow (UK) as described else¬
where [6], Inserts from the MDs were amplified by
PCR using vcctor-specific primers [8, 9]. Insert DNA
was carefully quantified by agarose gel electrophoresis
followed by ethidium bromide staining. Pools of 4-10
MD inserts were made by mixing equal amounts of
DNA from individual inserts to normalise the hybrid¬
isation of each MD as far as possible. 20 ng of pool
DNA were radiolabelled [ 10] and hybridised to the ICI
high-density replica filters as described elsewhere [6],
except from pool 7 which required repeat suppression
with human Cotl DNA (Gibco BRL; performed fol¬
lowing the supplier's instructions). Filters were then
washed as described in Bentley et al. [6] and exposed
for autoradiography to Kodak XAR films between two
intensifying screens at-80 °C for 1-5 days.

Secondary Screening ofthe Minilibrary
The YAC clones identified in the primary screen¬

ing were ordered in two 96-well microtitre plates which
were replicated onto Hybond N (Amersham) using a
96-prong device [11], grown on AHC agar for 48 h, and
processed [6], using Glucanex (Novo Nordisk Fer¬
ment) as a yeast lytic enzyme [12], Secondary screen¬
ing was performed with individual, radiolabelled MDs
[10].

Southern blot analysis of the YACs was performed
by digesting 500 ng of total yeast DNA with EcoKl
(Eurogentec), followed by electrophoresis through a
0.9% agarose gel and transfer onto Hybond N. Probe
labelling, hybridisation and washes were as described
for the primary screening.

Results

Primary Screening ofa Human YAC
Library
Inserts of 600 phages obtained by micro-

dissecting the chromosomal segment encom¬
passing the t(l;l l)(q42. l;ql 4.3) translocation
breakpoint were screened for the presence of
repetitive sequences by Southern blot analysis
with a total human DNA probe, 70 repeat-
free MDs were identified. The insert size
ranged between 500 bp and 4 kbp, with an
average size of 1.5 kbp. Ten complex probes
were prepared by mixing between 4 and 10
MDs (table 1), radiolabelled [10] and hybrid¬
ised to high-density replica filters of a YAC
library [7],

As screening with complex probes was ex¬
pected to result in non-uniform signals from
between MDs within a pool, some clones giv¬
ing signals just above background were
picked, although strongly hybridising clones
were selected preferentially.

Typical results are shown in figure 1. Panel
A shows one filter screened with pool 3 (ta¬
ble 1). All four strongly hybridising clones
(numbered 1-4) proved to be real positives by
Southern blot analysis (see 'Secondary
Screening'). Panel C shows a filter from
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screening with pool 8. Clones labelled 1-4
were picked, but only clone 1 was found posi¬
tive at later stages of analysis (data not
shown).

Results from screening with the 10 pools
are indicated in table 1. A minilibrary of 162
YAC clones was collected.

Secondary Screening ofthe Minilibrary
Secondary screening of the minilibrary was

performed by hybridisation with individual
MD clones. A YAC was considered genuine
when it gave, on a Southern blot, an iscoRI
hybridisation signal of the same size as in
total human genomic DNA and in the .EcoRI-
cloned MD insert. Southern blot analysis of
some of the clones identified in the primary
screening with pool 3 is displayed in figure lb,

Fig. 1. Hybridisation screening with MDs.
a Screening with pool 3 (see table 1). Clones 1,2, 3 and
4 were picked, b Southern blot analysis demonstrating
three YACs positive for two MDs (MD21 and MD27)
belonging to pool 3. M = Size marker (1-kb ladder,
Gibco BRL). c Screening with pool 8 (sec table 1).

Table 1. Summary ofscrcen-
ngdata

Pool Size MDs YACs Positive Positive Hybridisation
range, kb n n MDs, % YACs, % background"

1 0.8-1.6 4 17 75 41 _

2 0.8-1.6 8 15 too 73 +/—
3 1-1.6 6 13 83 69 -

4 1.6 7 13 57 69 -

5 1-2.5 10 23 50 43 +

6 1.3-2.5 5 14 60 50 +/-
7 2-2.5 7 23 47 35 +

8 2-4 9 15 22 20 +

9 0.5-3 10 23 90 62 -

10 0.7-3 8 0 0 0 +

n — = Hybridisation background absent or low; +/- = medium level of

background; + = Strong level of background.

1.6 kbp
1.4 kbp

MD27
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and shows that clones 1CG5 and 25EH3, and
clone 1CF2 are positive for MD21 and
MD27, respectively. In total, 77 YACs out of
162 (47.5%) were found to contain one or
more MDs and were therefore considered to

be real positives.
47 MDs out of 70 (67%) used in the prima¬

ry screening identified at least one positive
YAC in the minilibrary, and will be referred
to hereafter as 'positive MDs'. This propor¬
tion is as high as could be expected, consid¬
ering the fact that the probes had not been
characterised prior to undertaking the screen¬

ing, except that they were known to be repeat
free. Positive MDs detected between one and
six YACs in the minilibrary.

The minilibrary was further evaluated by
screening with several markers known to map
to the microdissected chromosomal segments.
Positive YACs were found for markers
D1S103 [13] and D1S251 [14] on chromo¬
some 1, and for the ionotropic glutamate
receptor gene GLUR4 and marker D1S351
on chromosome 11 [15], However, no YAC
was found at loci STMY and D11S388 al¬
though markers mapping both proximal and
distal to these markers are known to exist in
the MD library [18],

Effect ofPool Size, Insert Size and
Presence ofModerately Iterated Repeats
on the Screening
The rate of genuine positive YACs as well

as the proportion of positive MDs vaiy con¬

siderably from one pool to another (table 1).
The effect of three parameters was examined.

Number ofMDs per Pool. Although a slight
trend towards lower yields was observed with
the larger pools, no major difference between
the pools was observed in the proportions of
either positive MDs or positive YACs.

Insert Size. Whereas the insert size did not
seem to have a major effect on the percentage
of positive MDs, an obvious trend towards

higher rates of false-positive YACs was ob¬
served with the larger inserts. 60-70% of
genuine positive YACs were obtained with
insert sizes up to 1.6 kbp (pools 2, 3, 4 and 9;
the latter contains inserts with sizes mostly
between 0.5 and 1.3 kbp). The figures drop¬
ped consistently with inserts larger than
1.6 kbp, down to 35 and 20% for pool 7 and 8,
respectively. This showed that insert size had
a major effect on the screening.

Presence ofModerately Iterated Repeats in
the Inserts. As indicated in table 1, primary
screening with pools 5,7,8 and 10 produced a

significant level of hybridisation background
and led to high rates of false-positive YACs.
Secondary screening with individual MDs
showed that each of these pools contained an
MD with a moderately iterated repeat in its
insert. The vast majority (60—100%) of false-
positive YACs obtained with these pools hy¬
bridised in an aspecific manner to these par¬
ticular MDs, indicating that the repeat-con¬
taining MDs were responsible for the high
rate of false positive YACs in the correspond¬
ing pools. Indeed, pool 1 initially contained
an MD with a repetitive element, and no
genuine positive YAC was identified. When
primary screening was repeated without this
MD, 41% of YACs identified in the primary
screening were genuine.

Discussion

We have used 70 MDs derived from re¬

gions Iq41-q42.3 and 1 lq 14.3-q23 pooled in
sets of 4-10 to screen high-density replica fil¬
ters of a human genome YAC library. We iso¬
lated 162 YACs, 77 of which (47.5%) were
found to be positive for one or more MDs in
the secondary screening. Of the 70 MDs, 47
(67%) identified YACs.

The size of the inserts played a major role
on the outcome of the screening. The percent-
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age ofgenuine positive YACs was consistently
above 60% as long as the individual probe
sizes remained below 1.6 kbp, but dropped as
soon as they exceeded 1.6 kbp. The presence
of moderately iterated sequences in four in¬
serts accounted for the vast majority of false-
positive YACs observed in our experiment.

The MDs were assigned to either chromo¬
some 1 or chromosome 11 using a panel of
somatic hybrid cell lines [8, 16]. 23 were
assigned to chromosome 1, and 33 to chromo¬
some 11. The remaining 14 MDs could not be
assigned to either chromosome unambiguous¬
ly-

On the basis of the average insert size of
the YACs in the library (350 kbp), the 36
YACs containing MDs assigned to chromo¬
some 1 and the 30 YACs containing MDs
assigned to chromosome 11 cover a total of
12,600 and 10,500 kbp, respectively. The 11
YACs corresponding to the MDs that could
not be assigned to either chromosome covered
an estimated extra 3,850 kbp of DNA.

The 77 YACs identified in this work are

anchored at 47 MDs. The microdissected seg¬
ment is estimated at about 30 Mbp, giving an

average density of one positive MD per
650 kbp. Given that the mean size of the
YACs is 350 kbp, it is likely that about halfof
the microdissected region is covered with
YACs. Although the repartition of MDs fol¬
lows a Gaussian distribution centered around
the t(l; 11) translocation breakpoint [5,8], one
can estimate that our minilibrary of YACs
constitutes the backbone for constructing a

contig map of the whole microdissected seg¬
ment.

Confirmation and closure of the map will
require further screening with additional, se¬
lected MDs or STS markers and will benefit
from the emerging whole genome genetic and
physical map [17], Assignment of the chromo¬
some 11 q MDs to nine subregions defined by
a panel of somatic hybrid cell lines [8, 16]

allowed the direct physical localisation of the
YACs which contain these MDs. This will
facilitate the elaboration of an integrated map
of these chromosomal intervals.

We propose that a strategy in which MDs
are used to screen large-insert genomic librar¬
ies and which are subregionally mapped with
a panel of reduced somatic hybrid cell lines
will be a powerful procedure to initiate the
construction of a contig map in any region of
the genome.
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Structure of a variable number tandem
repeat of the serotonin transporter gene
and association with affective disorder
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We have recently reported an association between a polymorphism of a variable number tandem repeat (VNTR) region of
the serotonin transporter gene and susceptibility to major depressive disorder. We identified three alleles containing
respectively 9 (STin2.9), 10 (STin2.IO) and 12 (STin2.12) copies of a repetitive element. We report here the sequences of
the three alleles. The repetitive element conformed to the consensus sequence, GGCTGYGACCY(R)GRRTG, where
Y=T/C, R=G/A, with loss of the 12th base pair in one of the repeating elements. We have also extended the numbers of
cases and controls in the study. The frequencies of the three alleles in 119 individuals with single or recurrent major
depressive episodes, 128 individuals with bipolar disorder and a group of 346 controls were compared. There was a signif¬
icant difference between patients with affective disorder and controls in the proportion of individuals carrying the STin2.9
allele. For the risk of unipolar disorder given a single STin2.9 allele, the odds ratio was 4.44 (95% CI, 1.65-11.95) and for
bipolar disorder 3.22 (95% CI, 1.15-9.09). The findings support the hypothesis that allelic variation in the serotonin trans¬
porter gene may contribute to susceptibility for both major depression and bipolar disorder.

Keywords: Affective disorder - bipolar disorder - Major depression - Polymorphism - Serotonin transporter gene - SSRI

INTRODUCTION
The most selective antidepressant drugs block the
active transport of serotonin (5-HT. 5-hydroxytrypta-
mine) into neurones. The target for these drugs, the
human serotonin transporter, is encoded by a single
gene on chromosome 17q 11.1-17q 12 composed of 14
exons and spanning approximately 31 kb (Rama-
moorthy el al„ 1993; Lesch el til.. 1994). The second
intron of the gene contains a polymorphic variable
number tandem repeat (VNTR) region with multiple
repeated copies of a 16-17 bp element. We have
recently reported preliminary evidence for an associ¬
ation between increased risk of affective disorder and
an allele of the VNTR (Ogilvie el al.. 1996).

We identified three alleles in our control and
patient populations containing respectively 9, 10 and
12 repeats. We report here the sequences of the novel

9 repeat and 12 repeat forms of the VNTR. We also
extended the numbers of cases and controls for com¬

parison. The results confirm that patients with a clear
history of unipolar affective disorder are about four
times more likely to carry the allele with 9 copies of
the repeat element.

METHODS

Subjects
The design of the study was approved by the relevant
committee for Medical Ethics.

One hundred and nineteen individuals with single
or recurrent major depressive episodes and 128 indi¬
viduals with bipolar disorder were compared with a
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group of 346 controls. These totals include 36 unipo¬
lar, 44 bipolar and 193 controls from our preliminary
study (Ogilvie el id., 1996). Patients with major affec¬
tive disorder were recruited from the in-patient and
out-patient population of the Royal Edinburgh
Hospital. All patients met DSM-III-R criteria for
major depressive disorder or bipolar disorder and
also the probable Research Diagnostic Criteria
according to the Schedule for Affective Disorders
and Schizophrenia (Lifetime version) (SADS-LA)
(Endicolt and Spitzer, 197S). Control samples were
obtained from two sources: 103 volunteers who were

screened to exclude past psychiatric illness by a brief
interview and 243 anonymous donors from the
Scottish Blood Transfusion Service who met usual cri¬
teria for blood donation and were therefore not cur¬

rently on any psychotropic medication.

DNA isolation
Genomic DNA was isolated from whole venous blood
as described previously (Smith el id.. 1992). One hun¬
dred p.1 of whole blood was washed three times in TE
buffer (K)mM Tris-HCI. pH8, ImM EDTA).
Peripheral blood leucocytes were harvested by cen-
trifugation and re-suspended in 100 jjlI lysis buffer

a

(50mM KG. 20 mM Tris-11CI, pH S.3. 2.5 mM MgCL,
0.45'h Nonidet P-4(l, 0.45G Tween 20) containing 200
p.g ml ' Proteinase K. Lysis was completed by incuba¬
tion for 20 min at 55°C. Crude lysales were diluted
with an equal volume of sterile distilled water and
heated to 96°C for 10 min to inactivate the pro¬
teinase. Samples were either used immediately or
stored at -20°C until required.

Polymerase chain reaction
Target DNA was amplified by the polymerase chain
reaction (PCR) using specific oligonucleotide
primers; 8224 (5'-GTCAGTATCACAGGCTGC-
GAG) and 8223 (5'-TG'ITCCTAGTCTTACGCCA-
GTCi). This primer pair amplifies the region of inlron
2 containing the 17 bp repetitive element. PCR was
carried out using 1.5U Taq polymerase (Promega).
100 ng of each primer. 200 p.M each of dATP, dCTP.
dGTP and dTTP. IT (v/v) DMSO and 1.5 mM MgCL
in 50(jlI of PCR buffer (Promega). PCR was carried
out in a Hybaid Omnigene thermal cycler, using
35-43 cycles of primer annealing at 60°C (20 s). poly-
merization at 72°C (20 s) and denaturation at 94°C
(30s). A final polymerization step of 120s was carried
out to complete elongation of all amplified strands.

b
1(A) 2(B) 3(C) 1(D) 5(E)

STin2.9 GGCTGTGACCCAGGGTG GGCTGTGACCCGGAGTG GGCTGTGACCCGGGGTG GGCTGTGACCCGGGTG GGCTGCGACCTGGGGTG
STin2.10 GGCTGTGACCCAGGGTG GGCTGTGACCCGGAGTG GGCTGTGACCCGGGGTG GGCTGTGACCCGGGTG GGCTGCGACCTGGGGTG
STin2.12 GGCTGTGACCCAGGGTG GGCTGTGACCCGGAGTG GGCTGTGACCCGGGGTG GGCTGTGACCCGGGTG GGCTGCGACCTGGGGTG

6 (P) 7(D) 8(G) 9(D) 10(0)
STin2.9 GGCTGTGACCCGGGTG GGCTGTGACCTGGGGTG
STin2.10 GGCTGTGACCTGGGATG GGCTGTGACCCGGGTG GGCTGTGACCTGGGGTG
STin2.12 GGCTGTGACCTGGGATG GGCTGTGACCCGGGTG GGCTGTGACCTGGGGTG GGCTGTGACCCGGGTG GGCTGTGACCTGGGGTG

11(D) 12(P)
STin2.0 GGCTGTGACCCGGGTG GGCTGTGACCTGGGATG
STin2 . I'd GGCTGTGACCCGGGTG GGCTGTGACCTGGGATG
5Tin2. 1GGCTGTGACCCGGGTG GGCTGTGACCTGGGATG

FIG. 1. (a) Polymerase chain reaction analysis of variable number tandem repeats in intron 2 of HSERT gene in seven indi¬
viduals. Four different genotypes are shown: STin2.10/STin2.10 (267bp: Lanes 1 and 5), STin2.10/STin2.l2 (267+300bp: Lane
2), STin2.9/STin2.12 (250+300bp: Lanes 3 and 4} and STin2.9/STin2.10 (250+267bp: Lanes 6 and 7). Five percent polyacry-
lamide gel stained with ethidium bromide. M indicates lanes containing DNA markers of the sizes indicated, (b) Sequences
of STin2.9, 2.10 and 2.12 alleles of variable number tandem repeats in intron 2 of HSERT gene. Seven variants of the 16/17bp
repetitive element (A-G) are seen.
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Identification of polymerase chain reaction
products
Fragments were resolved on 5Of non-denaturing
polyacrylamide gels and bands were visualized by
ethidium bromide staining and UV transillumination
(Fig. la). The identity of the produets was confirmed
by digestion with restriction enzymes HaelU, BstN 1
and Sinn 1.

A minimum of 15 examples of each allele were
directly sequenced. Amplified products were separat¬
ed on 2% agarose gels, excised and purified by the
Wizard PCR DNA purification system (Promega)
and concentrated with Microcon 100 columns

(Amicon). Sequencing was achieved using the Prism
DyeDeoxy Terminator Cycle sequencing kit (Pcrkin
Elmer) in a Perkin Elmer Cetus thermal cycler
(30 cycles consisting of 30 s at 96°C\ 15 s at 5()°C and
4 min at 60°C) with primers 8223 and 8224. Unincor¬
porated nucleotides were removed by phenohchloro-
form extraction. Electrophoresis was carried out on
an Applied Biosystems model 373 STRETCH DNA
Sequencer at a constant power of 30W for 12 h using
a 4.75% denaturing polyacrylamide gel.

For heteroduplex analysis, PCR products were
denatured for 3 min at 95°C and allowed to cool to

37°C over 30 min. Samples (5 pel) were electro-
phorcsed through MDE Hydrolink gels (AT
Biochcm) at 800 V overnight and bands were visual¬
ized by silver staining.

Statistical methods

Analysis of allele and genotype distribution was car¬
ried out on the raw frequencies by the jf test using
the Statistical Package for the Social Sciences (SPSS
Apple Macintosh version 4.0). Bonferroni correction
was applied to allow for multiple comparisons when
the test was employed to compare the affective
sub-groups with controls. In addition, odds ratios and
confidence limits were calculated by standard meth¬
ods.

RESULTS

Characterization of VNTR alleles
Three alleles of the VNTR region of intron 2 of the
human serotonin transporter gene were identified
when amplified fragments were resolved on 5% non-
denaturing gels (Fig. la) and by heteroduplex analy¬
sis (data not shown).

Fifteen examples of each allele were sequenced
and proved to be identical. The three alleles con¬
tained respectively 9 (STin2.9), 10 (STin2.l0) and 12
(STin2.12) copies of a repetitive element which was

present as seven variants (indicated as A-G in Fig.
lb). The repeating element conformed to the consen¬
sus base pair sequenee, GGCTGYGACCY(R)
GRRTG, where Y=T/C, R = G/A, with loss of the
12th base pair in repeat D. The exact sequence of
repeats in the three alleles was as follows:

STin2.12 ABCDEFDG DGDF
STin2.10 ABCDEF DGDF
STin2.9 ABCDE DGDF

Association study
Table I illustrates the distribution of genotype and
allele frequencies for the VNTR in the control and
patient samples. The distribution of genotype and
allele frequencies were similar in the larger control
and patient samples described here to those des¬
cribed for the smaller preliminary study (Ogilvie et
ul., 1996).

Allele frequencies were calculated for the control
and patient groups (Table I). There was a significant
difference in overall allele distribution between the
affective disorder group v control group (x"=9.86,
2df, /z=(1.007) and the unipolar v control group
(X"=I0.51, 2 df,/>=0.005). There was a similar trend
in the bipolar sample which did not reach statistical
significance (x"=5.36, 2 df,/>=0.069).

For genotypes, there was a significant difference
between patients with affective disorder and controls
in the proportion of individuals carrying the STin2.9
allele (Table I). This was true for both unipolar and
bipolar sub-groups although there appeared to be a
larger effect in the unipolar group (Table 1). For the
risk of unipolar disorder given a single STin2.9 allele,
the odds ratio was 4.44 (95% CI. 1.65-11.95) and for
bipolar disorder 3.22 (95%' CI, 1.15-9.09).

The mean age of the volunteer controls was 45.04
(S.D. 15.21) and of the patients 41.23 (S.D. 15.00).
There was no significant sex difference in the distrib¬
ution of STin2.9 allele between patient and control
groups (x:=0.99).

DISCUSSION

In this study we report a significant overall difference
between affective disorder and control groups in the
frequency distribution of alleles of the human sero¬
tonin transporter gene. The main finding is a signifi¬
cant increase in the frequency of the STin 2.9 allele in
patients with major affective disorder. This extends
our previous published finding (Ogilvie el a I., 1996) to
a larger patient and control sample from the same
population.
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TABLE I. Distribution of allele and genotype as percent and raw frequencies (brackets) of variable number tandem repeats
in control and patient groups. For description of BTS (Blood Transfusion Service) and screened controls
see Methods.

Allele frequency Genotype distribution

n STin2.9 STin2.10 STin2.12 9 10 9 12 10 10 10 12 12 12 9+
10 or 12

Controls
BTS 243 1.23 40.74 58.02 0.41 2.06 15.64 49.79 32.10 2.47

(6) (198) (282) (1) (5) (38) (121) (78) (6)
Screened 103 0.49 39.32 60.19 0.00 0.97 12.62 53.40 33.01 0.97

(1) (81) (124) (0) (1) (13) (55) (34) (1)
All controls 346 1.01 40.32 58.67 0.29 1.73 14.74 50.87 32.37 2.02

(7) (279) (406) (1) (6) (51) (176) (112) (7)

atients
Bipolar 128 3.13 39.45 57.42 2.34 3.91 14.06 48.44 31.25 6.25

(8) (101) (147) (3) (5) (18) (62) (40) (8)3
Unipolar 119 4.20 36.55 59.24 4.20 4.20 13.45 42.02 36.13 8.40

(10) (87) (141)1 (5) (5) (16) (50) (43) (10)'
All affective disorder 247 3.64 38.06 58.30 3.24 4.05 13.77 45.34 33.60 7.29

(18) (188) (288)' (8) (10) (34) (112) (83) <18)5

Significant differences from the combined control group in the total sample: 'X'=10.51, 2df, p=0.005; ^'=9.86, 2df,
p=0.007; 3X =5.45, 1 df, p=0.020; y=1°-23, 1 df, p=0.001; 5X?=9.89, 1 df, p=0.002.

The structure of the VNTR consisted of 9, 10 or 12
copies of ;i 16-17 bp motif. The three alleles con¬
tained seven variants of the repetitive element (indi¬
cated as A-G in Fig. lb) in a specific order. We did
not detect any allele containing 11 repeats, even
though it has been reported in another study that the
majority of chromosomes examined contained either
10 or 11 copies (Lesch el al., 1994). STin2.ll) is simi¬
lar to the 10 repeat allele described by (Lesch el al.,
1994) although repeats A and D show slight sequence
variation and the order of elements seen here is
ABCDEFDGDF rather than ABCDEGDGDF.

Comparison of the STin2.9, 10 and 12 alleles sug¬
gests that the shorter forms may have been generated
by loss of central repeating elements. Evidence from
VNTRs such as those in the collagen type II
(COL2AI) and Apolipoprotein B genes suggest that
the secondary DNA structure may be important in
the generation of new alleles (Berg and Olaisen,
1993; Desmarais el al., 1993). The sequences of
VNTRs may favour the formation of hairpins and
loops, which could result in the formation of new alle¬
les by replication slippage.

The particular association between the occurrence
of a STin2.9 allele and the risk of affective disorder

requires explanation. A study may be positive
because of Type 1 error or poor sampling. Replication
will exclude these possibilities. However, we are reas¬
sured that the results in the two halves of our own

study were the same. Different study designs using
family members as controls would overcome the
potential for sampling bias.

If we assume the association to be real, the possi¬
bilities are intriguing. As we have noticed previously,
the VNTR may simply be in linkage disequilibrium
with another more directly relevant gene locus
(Ogilvie et al., 1996). This may be elucidated by link¬
age disequilibrium mapping (Jorde, 1993) of markers
upstream and downstream of the intron 2 VNTR. A
recently described polymorphism in the S'-flanking
regulatory region of the serotonin transporter gene,
with surprisingly large functional effects (Heils el al.,
1996) will be included in this analysis. Alternatively,
the level of serotonin transporter gene transcription
may be influenced by the sequences of the repetitive
elements themselves. VNTRs close to the insulin
(1DDM2 locus) and HRASI genes bind transcription
factors and show allelic variation associated with dis¬
ease (Green and Krontiris, 1993; Catignani Kennedy
el al., 1995). These VNTRs regulate transcription in a
cell and promoter specific way and small differences
in nucleotide sequence influence the level of tran¬
scriptional activity. At the IDDM2 locus, the absence
of a single 14 bp repeat element designated 'e' has
been suggested to cause loss of a protective effect
against the development of insulin dependent dia¬
betes (Bennett el al., 1995). By analogy, the absence
of the 16 bp element 'F' near the centre of the VNTR
may also have functional consequences. Alternatively
it may simply be the overall length of the VNTR
which is adjacent to a putative transcription factor
(AP-1) binding site, that is important.

These findings support the hypothesis that allelic
variation in the serotonin transporter gene may
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contribute to susceptibility for both major depression
and bipolar disorder. It remains to be established how
far it accounts for the occurrence of affective disorder
within families and whether there is a predictable
association between particular alleles or combina¬
tions of alleles and individual patterns of illness.
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The frequencies of HLA class I (HLA-A, B, C) and class II (HLA-DR, DQ) antigens were measured in 107 unrelated
schizophrenic subjects and the results compared with 264 controls from south-east Scotland and a second control group of 133
individuals from north-east England. The expression of HLA-B35 was significantly reduced in the schizophrenic population
compared to both control populations and these differences remained significant after correction for multiple testing. Linkage
of schizophrenia and the major histocompatibility complex region of chromosome 6p was, however, excluded in a group of 17
families multiply affected with schizophrenia. Linkage was also excluded with several red cell antigens, red cell enzymes and
plasma proteins. A negative association between the frequency of an HLA antigen and schizophrenia suggests that immune
mechanisms may contribute to the aetiology of the disease in some subjects.

Keywords: Association - HLA - Linkage - Schizophrenia

INTRODUCTION

A very large number of studies have investigated
possible associations between schizophrenia and 'clas¬
sical' genetic markers including the ABO blood
groups, HLA types, red cell enzymes and protein
polymorphisms, especially before RFLPs and micro-
satellites were widely available when these classical
markers were the few polymorphisms available for
population and family studies of association and
linkage.

McGuffin and Sturt (1986), making reference to
48 published studies on the ABO group, concluded
that the weight of evidence was firmly against an
association of this blood group with schizophrenia.
Many weak associations have been reported ofschizo¬
phrenia with antigens of the highly polymorphic
HLA system, but few of these findings have been
replicated. Of particular interest has been a weak asso¬
ciation reported between HLA-A9 and the paranoid
subgroup of schizophrenic subjects. Combining the
data from nine studies, McGuffin and Sturt (1986)
showed that the probability that this association had
arisen by chance was very small. However, the robust¬
ness of the A9 association has been questioned by

($ 1996 Rapid Science Publishers

Owen and McGuffin (1991) on the grounds that
there was a wide variability of results between studies,
even when these had been carried out on roughly the
same populations in the same country; different diag¬
nostic criteria were used for defining paranoid schizo¬
phrenia and finally, the A9 antigen was shown to
comprise two components (A23 and A24) and there
was no agreement between studies on which of these
subgroups was associated with schizophrenia.

In some studies an association has been sought
between HLA and schizophrenia as a whole, while in
other studies the frequency of markers has been
measured in subpopulations of the disease, for exam¬
ple: family history and no family history (Rudduck
et al., 1984a); good and bad responders to neuro¬
leptics (Smeraldi et aI., 1976a; Bersani et at., 1989);
tardive dyskinesia (Brown and White, 1991); late
paraphrenia (Naguib et al., 1987); patients with or
without brain atrophy determined by CT imaging
(Luchins et al., 1980; Grangos et al., 1982). Alexander
et al. (1990) examined HLA in patients subdivided
into groups on the basis of clinical subtypes, response
to treatment and CT scan findings including brain
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asymmetries and enlargement of the ventricles. In
none of these studies were significant and consistent
differences observed in antigen frequencies between
the schizophrenic groups as a whole or subgroups
when compared with a matched control group.

Class 2 HLA antigens have been less studied. In
other diseases, antigens of the HLA-DR and -DQ loci
have shown stronger associations than those with
HLA class 1 antigens and several of these associations
have been attributed to linkage disequilibrium with a
defective immune response. Of the few studies which
have looked for an association of schizophrenia with
HLA class 2 antigens, a positive association was
reported with HLA-DR-W8 (Miyanaga et al., 1993)
whereas both Nimgaonkar et al. (1993) and Zhang et
ul. (1994) found a significant negative association of
HLA-DQ-B1 with schizophrenia in different ethnic
groups. These are interesting in view of the evidence
that an immune dysfunction may occur in a subgroup
of schizophrenic patients (Ganguli et al., 1987;
Knight et al., 1992).

Wright et al. (1993) have proposed an intriguing
hypothesis giving a role to maternal infection with
influenza virus in the pathogenesis of schizophrenia
while bringing together several unexplained observa¬
tions in schizophrenia, including the season of birth
effect and a negative association with rheumatoid
arthritis. The cytotoxic response to the influenza
virus is mediated by Class 1 antigens (HLA-A, -B, -C)
and the antibody response by Class 2 antigens
(HLA-DR-DQ). It is argued that some HLA antigens
may confer protection and others increased risk of
disease by modulating the immune response to cer¬
tain infections including influenza, by analogy with
the protection conferred by HLA-DR2 allele against
juvenile diabetes mellitus and the increased risk to
rheumatoid arthritis conferred by HLA-DR4.

Just as association studies of HLA have been incon¬
sistent, so family studies reported to date have failed
to find evidence for linkage between schizophrenia
and a locus near the histocompatibility complex on
chromosome 6. The LOD score method of analysis
has indicated that close linkage of schizophrenia to
HLA can be excluded for most models of inheritance
of the illness (Turner, 1979; McGuffin et al., 1983;
Andrew et al., 1987; Goldin et al., 1987). Campion et
al. (1992) with data from 33 families and using the
affected sib-pair method, found no evidence for a
relationship of HLA type to schizophrenia and specifi¬
cally no association between HLA-A9 and the illness.

Whenever other associations with normal variants
of serum proteins or red cell enzymes have been
reported, they have been weak or not confirmed in
subsequent studies (McGuffin et al., 1983). Such
52 Psychiatric Genetics . Vol 6 . 1996

markers have included the Gm and Km serum groups
(Propert, 1983); complement types (Rudduck et al.,
1985a,b); red cell acid phosphatase and esterase D,
transferrin, haptoglobin group specific component
(Rudduck et al., 1985c; Fanangas et al., 1990).

The lack of agreement among previous studies of
associations of class 1 and class 2 HLA antigens with
schizophrenia could suggest that certain HLA types
confer risk or protection to illness only in sub-
populations of the disease. Perhaps also HLA haplo-
types are in an epistatic relation with other genes in
certain families. It therefore seems worthwhile to

assign HLA haplotypes as part of a strategy to find
linkage between schizophrenia and genomic markers
in multiply affected families.

In this present study, we measured HLA and other
classical markers in families multiply affected with
schizophrenia, recruited for linkage studies. We also
studied a population of schizophrenics based in the
same geographical area as these families.

The study concentrated on the MHC region of
chromosome 6 and the C3 region of chromosome 19
(Rudduck et al., 1985a). The first part of the study
sought associations of the disorder with clinical mark¬
ers in a series of unrelated patients. The second part
enquired whether there was evidence that the variants
segregated with the disorder in families by using
linkage analysis.

METHODS

In the association study, subjects were 107 unrelated
schizophrenics admitted to the Royal Edinburgh Hos¬
pital. There were 68 males and 39 females ranging in
age from 18 to 69 years (mean 39.7 years). All pa¬
tients were interviewed by a psychiatrist and fulfilled
the Research Diagnostic Criteria (RDC) and DSM-
III-R criteria for schizophrenia (Spitzer et al., 1978).
From these patients, blood specimens were obtained
and typed for HLA-A, -B, -C, -DR and -DQ antigens
and the Bf complement component (loci which are
within the major histocompatibility complex) and the
glyoxylase locus (GLOl) which is nearby. The com¬
plement component C3 allotypes were also examined.
The results were compared with a group of 133
controls from north-east England and a second com¬
parison was made with published data on HLA-A,
-B and -DR antigen frequencies found in 264 indiv¬
iduals attending the blood transfusion service in the
south-east of Scotland (Jazwinska and Kilpatrick,
1987). These latter were drawn from the same hospi¬
tal catchment area as the schizophrenic population.
In making the comparisons the probabilities (p) that
the association was due to chance were multiplied by
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TABLE I. Diagnoses of members of the 17 families
included in linkage studies

Males
n = 102

Females
n = 106

Normal 58 66

Schizophrenia 29 16

Bipolar 1 disorder 2 5

Bipolar II disorder 1 5
Schizoaffective disorder 5 7

Unspecific functional psychoses 3 1

Schizotypal personality 1 2
Minor depressive disorder 0 2
Chronic alcoholism 2 0
Generalized anxiety 1 1

Major depressive disorder 0 1

the number of comparisons made for each locus, to
give corrected probabilities (pc) allowing for the
number of tests done.

The linkage study was carried out with 17 families
with large sibship size and at least two cases of
schizophrenia. Some of these pedigrees have been
previously described (St Clair el a/., 1989). Blood
samples for investigation were obtained from 187
members of these families with a further 21 members
available for clinical assessment only. A total of 208
family members were examined clinically by a psychia¬
trist (DB, WM, DStC) using the Schedule for Affec¬
tive Disorders and Schizophrenia and the diagnoses
are shown in Table I.

Two-point linkage analysis was carried out using
MLINK in the LINKAGE programs (Terwilliger
and Ott, 1994). The mode of inheritance was assumed
to be autosomal dominant with a disease gene fre¬
quency of 0.004 in model 1 and 0.006 in model 2.
Recessive inheritance with disease gene frequency of
0.12 was also considered. Two diagnostic models of
illness were considered. In model 1, patients with
schizophrenia, schizoaffective disorder and unspecific
functional psychoses were included as cases (pene¬
trance 70%). In model 2, affected cases also included
bipolar and unipolar affective disorder (penetrance
88%). Age-dependent penetrances for unaffected indi¬
viduals were based on the age of onset of illness,
under each of the two models found in this particular
set of families. Two-point linkage analysis of HLA-A,
-B, -C, -DR, -DQ and properdin factor B (Bf) with
schizophrenia was carried out. In addition, we tested
red cell antigens ABO, rhesus C, D, E, MNS, Kell,
Pi, Duffy, Jh; plasma proteins complement C3,
haptoglobin, transferrin, acid phosphatase; red
cell enzymes glutamate pyruvate, transaminase,

adenosine deaminase, esterase D, glyoxylase and
phosphoglucomutase. The chromosomal locations of
these are given in Tables VI and VII.

RESULTS

Associations
Of the 107 schizophrenic patients, 103 were typed for
HLA-A, -B and -C antigens, 91 for DR antigens and
73 for DQ antigens and all were typed for Bf, GLOl
and C3. The observed numbers and percentage fre¬
quencies of HLA class 1 and 2 antigens and Bf,
GLOl and C3 phenotypes for the patient and control
samples are presented in Tables II—IV. The statisti¬
cally significant comparisons of patients with controls
are given in Table V.

Comparing the patient and north-east England
control samples, the B35 antigen showed a highly
significant (p = 0.0002) reduction in frequency in the
patient group which remained after correction (/>,. =
0.004) and so did Cw5 (p = 0.01, pc = 0.05). There
was a significant elevation in frequency of HLA-A1
and HLA-DQwl and significant reductions of B15,
Bw22 and DR4, none of which remained significant
after corrections. No other system showed any signifi¬
cant association.

By comparison with the second control sample
(Jazwinska and Kilpatrick, 1987) the patients also
showed a highly significant reduction in frequency of
antigens B35 and B15, while antigen DR1 showed an
increased frequency. The associations between B35
and DR1 retained their significance after correction
for the number of antigens tested. The reduced fre¬
quency of B35 is similar to that observed in the
comparison with the north-east England controls, in
whom however the frequency of the DR1 antigen
was almost identical to that in the patient series.

Linkage
In model 1, using a narrow definition of the disease
and dominant inheritance, the combined LOD score
of the 17 families (Table VI) showed a highly negative
value at low recombination fractions with the MHC
locus. Close linkage was excluded with most other
loci studied.

In model 2 (Table VII) again, the overall total
LOD score of the 17 families at low recombination
fractions on all variables was highly negative, suggest¬
ing an exclusion of close linkage of schizophrenia
with the loci investigated. With a recessive model
(results not tabulated) linkage was excluded beyond
10% recombination from the HLA region, rhesus,
MNS, GPT and AP.

A test for linkage given heterogeneity was carried
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TABLE II. HLA class I antigen numbers and percentage
frequencies in schizophrenic patients and controls

TABLE III. HLA-DR and -DQ antigen numbers and percent¬
age frequencies in schizophrenic patients and controls

Antigen Patients

(103)
Controls

(NE England 133)

No. % No. %

HLA-A
1 46 44.7 43 32.3
2 57 55.3 69 51.9
3 23 22.3 31 23.3
9 25 24.3 27 20.3
10 8 7.8 11 8.3
11 10 9.7 17 12.8
w19 13 12.6 28 21.1

23(9) 3 2.9 1 0.8

24(9) 22 21.4 26 19.5

25(10) 3 2.9 5 3.8

26(10) 5 4.9 6 4.5
28 2 1.9 5 3.8

29(w19) 2 1.9 9 6.8

30(w19) 2 1.9 6 4.5

31(w19) 3 2.9 4 3.0

32(w19) 6 5.8 6 4.5

HLA-B
5 12 11.7 13 9.8
7 31 30.1 39 29.3
8 28 27.2 26 19.5
12 36 35.0 45 33.8
13 10 9.7 6 4.5
14 8 7.8 8 6.0
15 3 2.9 17 12.8
16 6 5.8 10 7.5
17 9 8.7 12 9.0
18 4 3.9 13 9.8
21 4 3.9 5 3.8
w22 1 1.0 8 6.0

27 10 9.7 5 3.8
35 1 1.0 18 13.5

38(16) 2 1.9 6 4.5

39(16) 4 3.9 4 3.0
40 11 10.7 16 12.0

44(12) 35 34.0 44 33.1

45(12) 1 1.0 1 0.8

51(5) 12 11.7 11 8.3

HLA-C
w1 1 1.0 6 4.5
w2 8 7.8 19 14.3
w3 16 15.5 31 23.3
w4 14 13.6 18 13.5
w5 10 9.7 29 21.8

Antigen Patients* Controls*"

No. % No. %

HLA-DR
1 23 25.3 30 22.6
2 31 24.1 37 27.8
3 29 31.9 35 26.3
4 27 29.7 56 42.1
5 17 18.7 24 18.0
7 23 25.3 36 27.1

HLA-DQ
1 53 72.6 76 57.1
3 36 49.3 81 60.9

Number typed: DR, *91, ' *133; DQw. *73, "133.

TABLE IV. BF, GL01 and C3 phenotypic numbers and
percentage frequencies in schizophrenic patients and
controls

Phenotype Patients

(107)
Controls

(133)

No. % No. %

BF
FF 1 0.9 2 1.5
FS 32 29.9 30 22.6
SS 71 66.4 95 71.4
F1S 1 0.9 1 0.8
FS1 1 0.9 1 0.8
SS1 1 0.9 4 3.0

GL01
1-1 20 18.7 24 18,1
2-1 47 43.9 72 54.1
2-2 40 37.4 37 27.8

C3
FF 8 7.5 7 5.3
FS 36 33.6 55 41.4
SS 63 58.9 69 51.9
F1S 0 0.0 1 0.8
SS1 0 0.0 1 0.8

out on model I LOD scores using the Admixture
Test and the HOMOG program (Terwilliger and
Ott, 1994). The test provided no evidence for linkage
with heterogeneity, with any of these markers and
HLA in particular. For HLA-A data under model 1
the maximum LOD scores calculated under the as¬

sumption of heterogeneity with proportion of linked
54 Psychiatric Genetics . Vol 6 . 1996

families given as 0.1 was LOD = 0.32 at recombina¬
tion fraction of 0.05 and LOD = 0.19 at zero

recombination.
Further analysis of the linkage between HLA and

schizophrenia was made by examining haplotype shar¬
ing between affected siblings. Thirteen sibships were
identified under model 1. The sibship size of those
concordant for the disorder varied in different fami¬
lies (2-6 siblings). The observed distribution of the
haplotype sharing did not differ significantly from
that expected. The overall results of LOD score and
sib-pair analyses were not in favour of linkage be¬
tween HLA and schizophrenia.
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TABLE V. The HLA class 1 and class 2 antigens that
show different distributions in schizophrenic patient and
control samples

Phenotype Patients vs. NE England controls
RR P Pc

HLA
A1 1.69 0.04 NS
B15 0.20 0.005 NS
Bw22 0.15 0.04 NS
B35 0.06 0.0002 0.004*
Cw5 0.38 0.001 0.05'
DR4 0.58 0.04 NS
DQw1 1.99 0.02 NS

RR, relative risk; p, Fisher's exact probability; pc, cor¬
rected p; *, significant after correction.

DISCUSSION

Association
The suggestion from these two comparisons of anti-

i gen frequencies in schizophrenics with normal control
series is that there may be a reduction in frequency
of antigen B35, possible reductions in frequency of
Cwl and B15 and possible increased frequency of
DR1. Such variations in frequency of an autoimmune
component are interpreted as representing either pro¬
tection against the development of the disorder (a
reduced frequency of a gene) or increased susceptibil¬
ity to a disorder (increased frequency of a gene).

The reduced frequency of HLA-B35 antigen in this
schizophrenic population compared with two separate
control groups was highly significant. The frequency of
the B35 allele was 12.1% in the Scottish control

population and 13.5% in the controls from north-east
England. Tiwari and Terasaki (1985) found a mean
frequency of 18.2% for B35 in European populations
with a range worldwide of 12.1-41.7%. Thus, the
reduced frequency found in this schizophrenic popula¬
tion was in comparison with two control groups
having frequencies already at the lower end of the
published ranges.

A dissociation of schizophrenia with the B35 allele
at the ULA-B locus has also been reported previ¬
ously. In Milan, Smeraldi et al. (1976b) measured 25

) HLA-A and -B antigens in 144 schizophrenic and 386
control subjects and showed a significant reduction
at the 5% level of four antigens including B35. How¬
ever, there was no significance after correction for
multiple testing. In Athens, Frangos et al. (1982)
studied HLA antigen distribution in 56 chronic schizo¬
phrenic patients compared with 200 controls. A de¬
crease in B35 in schizophrenia was found in this
sample and was significant at the 1% level but failed

to be significant when correction was made for the
number of antigens tested. In a Swedish population,
Rudduck et al. (1984b) studied 100 schizophrenic
patients and 919 controls for heterogeneity in frequen¬
cies of HLA antigens between the clinical subgroups
hebephrenic, paranoid, residual and undifferentiated
schizophrenia. A significant heterogeneity between
these four clinical subgroups was found only for A3
and B35. The frequency of B35 was increased in the
undifferentiated groups and relatively low in the para¬
noid and residual groups.

In contrast to these findings, no difference has
been found in the frequency of B35 between controls
and schizophrenics in several studies shown in Table
VIII. Correcting the significance level by the number
of antigens tested, however, will permit the detection
of only quite strong associations.

These findings could be taken to suggest that B35
is a protective immunogenetic character, conferring
resistance to developing schizophrenia. A similar ex¬
ample of an inverse relationship with an MHC gene
occurs in insulin-dependent diabetes where the pres¬
ence of a Dq allele apparently reduces the risk of
developing the disease. A possible protective role for
HLA-B35 against the onset of schizophrenia is intrigu¬
ing in the light of a report that a similar HLA class I
antigen (HLA-Bw53) which serologically cross-reacts
with B35, protects against malaria in a West African
population. The significant reduction of incidence of
HLA-B35 in a schizophrenic population could thus
be related to susceptibility to some specific infections
in schizophrenia (Hill et al., 1991).

There are very few associations reported with anti¬
gens of the HLA-C series. Two studies reported a
strong association between the Cw4 antigen and para¬
noid schizophrenia (Ivanyi et al., 1978; Julien et al.,
1978) and in the present investigation, although no
association was found the Cw4, the patients showed
a slight but significantly decreased frequency of the
Cw5 antigen.

The present results suggest a possible association
with the HLA-DR1 antigen and this observation
receives some slight support from another DR study
carried out in schizophrenia patients, for a significant
association was also reported in Japanese patients
(Miyanaga et al., 1984) though it did not remain
significant after correction for the number of tests.
The number of investigations of the association of
antigens of the DR locus with schizophrenia is as yet
small, and more are required before concluding
whether or not the DR antigens are an important
genetic factor in the aetiology of schizophrenia.

The association of DQ antigens and schizophrenia
has not been widely studied. A negative association
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Locus Chromosome No. of Recombination fraction 0
individuals

0 0.05 0.1 0.2 0.4

Histocompatibility antigens
HLA A 6p 234 -21.32 -9.48 -5.53 - 1.98 -0.07

B 6p 234 -23.29 -9.83 -5.73 -2.03 -0.07

C 6p 234 -17.35 -7.92 -4.84 -1.96 -0.15
DR 6p 134 - 16.34 -7.68 -4.89 -2.18 -0.23

DQ 6p 134 -4.42 -2.1 -1.31 -0.55 -0.04

Properdin Factor B (Bf) 6p 234 -5.17 -2.75 -1.78 -0.76 -0.05

Red Cell antigens
ABO 9q 234 -1.43 -0.4 -0.17 0.01 0.01

Rhesus C 1p 234 -9.23 -3.72 -2.37 -1.01 -0.06
Rhesus D 1p 234 -1.24 -0.51 -0.29 -0.11 -0.01
Rhesus E 1p 234 -6.49 -2.21 -1.27 -0.44 -0.02
MNS 4p 234 -5.07 -1.1 -0.09 0.63 0.3
Kell 7q 234 -0.29 -0.21 -0.15 -0.07 -0.01
Pi 22q 234 -2.22 -1.33 -0.91 -0.43 -0.04

Fy (Duffy) iq 234 -4.17 -1.67 -0.54 -0.38 -0.06
Jk 18q 234 -1.59 -0.83 -0.47 -0.14 0.0

Plasma proteins
Complement C3 19q
Haptoglobin (HP) 16q
Transferrin (Tf) 3q
Acid phosphatase (AP) 2p

Red cell enzymes
Glutamate pyruvate transaminase (GPT) 8q
Adenosine deaminase (AD) 20q
Esterase D (EstD) 13q
Glyoxylase (GL01) 6p
Phosphoglucomutase locus 1 (PGM) 1p

234 -3.63 -1.18 -0.66 -0.22 0.01
234 -4.39 -2.13 -1.42 -0.66 -0.06
234 -0.3 -0.2 -0.13 -0.05 0.0
234 -8.84 -3.65 -2.43 -1.21 -0.2

234 -7.27 -2.38 -1.37 -0.51 -0.05
234 0.24 0.2 0.16 0.1 0.02
234 -0.3 -0.23 -0.18 -0.09 -0.01
234 -5.9 -2.98 -2.0 -0.92 -0.06
234 -11.6 -4.28 -2.48 -0.68 -0.01

of DQ B1 with schizophrenia has been reported in a
population of Afro-Americans (Nimgaonkar et aI.,
1993) and also among a cohort of Chinese ethnicity
from Singapore (Zhang et al., 1994).

For other genetic variants the results do not con¬
firm the previous association with the Ci*F allele
described by Rudduck et al. (1985a). No association
was found with the A9 antigen in the present study
but a separate paranoid subgroup of patients was
not analysed. The HLA-A9 antigen has now been
split into two subtypes, A23 and A24. In the present
study, the majority of the A9-positive patients reacted
with the A24 antiserum but again there was no
significant association with either subtype.

Linkage
Some evidence is emerging for a locus on chromo¬
some 6p distal to the MHC region in schizophrenia
(Straub et al., 1985). In the present investigation, in
both models tested the combined LOD scores ex¬

cluded close linkage to the HLA-A, -B, -C, -DR,
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-DQ, Bf and GLOl loci and the Admixture Test
provided no evidence of heterogeity in these families.
The linkage data however are relevant to the sugges¬
tion from the association study that B35 may possibly
be considered as a protective factor, because of the 17
schizophrenic families studied, in only one did anti¬
gen B35 occur - unusual in that B35 is found in more
than one in seven of the normal population. How¬
ever, in this family of whom 35 members were typed,
none of the affected individuals (four schizophrenics
and five with affective disorders) had the haplotype
containing this antigen, whereas it was found in nine
asymptomatic relatives.

This study has revealed an association and absence
of linkage between a polymorphic marker and puta¬
tive disease gene. Several factors would explain an
association without close linkage. These include the
possibility that the association is a chance finding in
a small sample size, and the results require replication
in another independently ascertained group of pa¬
tients and controls. Population stratification could
lead to spurious differences between the control and
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TABLE VII. LOD scores In 17 families (model 2)

Locus Chromosome No. of Recombination fraction 0
individuals

0.05 0.1 0.2 0.40

Histocompatibility antigens
HLA A 6p 234 - 30.03 -13.69 -8.25 -2.81 -0.04

B 6p 234 - 32.84 -14.09 -8.42 -2.81 -0.03
C 6p 234 - 18.41 -9.49 -6.08 -2.44 -0.18
DR 6P 134 -19.15 -9.31 -5.97 -2.46 -0.15
DQ 6p 134 -31.86 -10.94 -6.94 -3.07 -0.3

Properdin Factor B (Bf) 6p 234 -5.18 -2.81 - 1.84 -0.79 -0.05

Red cell antigens
ABO 9q 234 - 23.37 -10.31 -7.25 -3.7 -0.66
Rhesus C ip 234 -13.15 -6.17 -3.76 - 1.39 -0.46
Rhesus D ip 234 -3.56 -1.49 -0.98 -0.49 -0.13
Rhesus E ip 234 -4.55 -1.57 -0.77 -0.1 0.04
MNS 4q 234 - 18.49 -7.85 -4.43 -1.3 0.13
Kell 7q 234 -1.53 -0.89 -0.57 -0.23 -0.02
Pi 22q 234 - 16.26 -7.06 -4.32 - 1.66 -0.09

Fy (Duffy) 1q 234 -13.9 -6.73 -4.18 -1.68 -0.14
Jk 18q 234 -9.13 -5.1 -3.3 -1.38 -0.06

Plasma proteins
Complement C3 19q 234 -8.78 -3.63 -2.08 -0.68 0.01

Haptoglobin (HP) 16q 234 -5.94 -2.49 - 1.46 -0.51 -0.02
Transferrin (Tf) 3q 234 -3.63 0.6 0.84 0.84 0.27
Acid phosphatase (AP) 2p 234 - 12.73 -6.33 -4.13 -1.91 -0.26

Red cell enzymes
Glutamate pyruvate transaminase (GPT) 81 234 -11.59 -5.34 -3.25 -1.29 -0.14
Adenosine deaminase (AD) 20q 234 -1.51 -0.87 -0.63 -0.37 -0.09
Esterase D (EstD) 13q 234 0.05 0.03 0.02 0.01 0.0

Glyoxylase (GL01) 6p 234 -11.69 -5.99 -4.07 -1.99 -0.26
Phosphoglucomutase locus 1 (PGM) 1P 234 - 33.83 -11.53 -7.0 -2.48 -0.03

TABLE VIII. Summary of studies comparing HLA-B35 frequency in schizophrenic and control populations

Reference No. of schizophrenics/
controls

HLA-B35 frequencies

Schizophrenics Controls

Population

Smeraldi et a/., 1976b" 144/386 10.0 21.5 Italy
Crowe eta/., 1979 45/1263 9.0 14.3 USA
Asaka eta/., 1981 136/187 15.4 15.0 Japan
Frangos ef a/., 1982" 56/200 17.8 36.0 Greece

Ivanyi et at., 1983 62/1018 17.7 17.1 Holland

Naguib et at., 1984 31/187 12.9 14.4 UK

Miyanagaef a/., 1984 77/1252 14.5 14.1 Japan
Rudduck et at., 1984b' 116/919 13.8 10.9 Sweden
Adler etal.. 1985 24/246 25.0 18.7 USA
Bersani etal., 1989 91/321 29.7 32.7 Italy
Alexander et at., 1990 55/1029 16.4 15.6 USA
Muller etal., 1993 49/133 14.3 14.2 Germany
'

Significant heterogeneity of frequency of B35 in clinical subgroups.
** Reduced B35 in schizophrenia.

patient groups. This appears unlikely because the
data from schizophrenics in south-east Scotland were
compared with two independent control populations,

one from the Newcastle area and the other from
south-east Scotland. A third possibility is that there
is epistasis or interaction among several genes. The
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B35 allele may interact with other genes or with
specific environmental factors (of which infections
could be one) to modify the clinical expression of the
disease. Wright el al. (1996) have recently reported
remarkably similar reductions in HLA-DR4 and
HLA-D35 in schitzophrenic subjects.
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Bipolar and unipolar affective disorder are com¬
monly occurring, multifactorial diseases that are proba¬
bly polygenic. Attempts to identify genetic factors con¬
tributing to susceptibility to affective disorder have
utilized both linkage-based and candidate gene
strategies, each of which has inherent advantages and
disadvantages. We have adopted a candidate gene ap¬
proach, drawing on evidence from a number of sources
implicating dysfunction in serotonergic neurotransmis¬
sion in the pathophysiology of depression. The dura¬
tion of action of serotonin in the brain is limited by
Na+-dependent uptake via the serotonin transporter
into the presynaptic terminal, where it is either repack¬
aged or degraded by monoamine oxidase to its major
metabolite, 5-hydroxyindoleacetic acid (5-HIAA), Ini¬
tial evidence for a role for abnormal serotonin function
in depression came from studies showing decreased
levels of 5-HIAA in depressed patients, especially
those likely to commit suicide (for review, see Meltzer
and Lowy 1987). There is also evidence that plasma
levels of tryptophan, the amino acid precursor of
serotonin, are reduced in depression (Coppen and
Wood 1978; DeMcyer et al. 1981) and that tryptophan
depletion causes a lowering of mood in normal subjects
and in recovered depressed patients (Salomon et al.
1993). In addition, the withdrawal of L-tryptophan
treatment appears to precipitate relapse in chronically
depressed patients (Ferrier et al, 1990). Reports of ab¬
normalities in imipramine-binding sites in blood
platelets and brain (Maj 1988; Boyer and Feighner
1991) suggest altered function and/or regulation of the
serotonin transporter itself in affective disorder.

These findings suggesting a role for dysfunction of
the serotonergic system in mood disorder are sup¬
ported by evidence from drug treatment studies. One
of the first drugs used convincingly to treat depressive
illness was imipramine (Kuhn 1958), a tricyclic
antidepressant that nonselectively inhibits the uptake
of norepinephrine and serotonin. Evidence of its ef¬
ficacy is now overwhelming (Davis and Classman
1989). Serotonin-selective reuptake inhibitors (SSRIs)
such as fluvoxamine, fluoxetine, and paroxetine target
the serotonin transporter specifically. These drugs
were developed in a successful strategy to retain the ef¬
ficacy of the tricyclic compounds while reducing side
effects and toxicity (Anderson and Tomenson 1994).

It is now possible to study the structure and function
of the gene encoding the human serotonin transporter,

the target of the SSRIs, at a molecular level. The trans¬
porter protein is encoded by a single gene located on
chromosome 17q11.1-l7q12 composed of 14 exons
spanning approximately 31 kb (Ramamoorthy et al.
1993; Lesch et al. 1994). Studies of the serotonin trans¬
porter gene in affective disorder have been few and
limited in scope. In one published study, variations in
the coding region of the gene were analyzed in 17
patients with affective disorder. Only one base sub¬
stitution, representing a silent polymorphism, was
found in a single patient (Lesch et al. 1995),

Recently, a polymorphism in the second intron of
the human serotonin transporter gene has been de¬
scribed (Fig. 1) (Lcsch et al. 1994). This polymorphic
region contains a 16- to 17-bp variable number tandem
repeat (VNTR) element, close to a putative transcrip¬
tion factor (AP-1) binding site. We have analyzed al¬
lelic variations in the number of repetitive elements in
this VNTR in 593 individuals and have identified three
alleles, containing, respectively, 9,10, and 12 repeats of
the VNTR element, in our control and patient popula¬
tions. Patients with a clear history of unipolar affective
disorder are about four times more likely to carry the
allele with 9 copies of the repeat element (Battersby et
al. 1996; Ogilvieet al. 1996).

METHODS

Subjects. The design of the study was approved by
the relevant committee for Medical Ethics. We com¬

pared 119 individuals with single or recurrent major
depressive episodes and 128 individuals with bipolar
disorder with a group of 346 controls. Patients with
major affeclive disorder were recruited from the in¬
patient and out-patient population of the Royal Edin¬
burgh Hospital. All patients met DSM III-R criteria
for major depressive disorder or bipolar disorder and
the probable Research Diagnostic Criteria (Spitzer et
al. 1978) according to the Schedule for Affective Dis¬
orders and Schizophrenia (Lifetime version: SADS-
LA) (Endicott and Spitzer 1978). We obtained control
samples from two sources: 103 volunteers who were
screened by a brief interview to exclude past
psychiatric illness and 243 anonymous donors from the
Scottish Blood Transfusion Service who met usual
criteria for blood donation and were therefore not cur¬

rently on any psychotropic medication.

Cold Spring Harbor Symposia on Quantitative Biology, Volume LXI. © 1998 Cold Spring Harbor Laboratory Press 0-87989-071-2/96 $6+.00 791
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8224

>--- [GGCTGYGACCY(R) GRRTG] ---•

Figure 1. Schematic representation of the region of the serotonin transporter gene containing the VNTR. The consensus se¬
quence of the VNTR and the locations of the forward (8224) and reverse (8223) primers used in PCR are indicated. The coding
region of exon 2 is shaded. (Reprinted, with permission, from Ogilvie et al. 19%.)

DNA Isolation. Genomic DNA was isolated from
whole venous blood as described previously (Smith et
al. 1992). 100 pi of whole blood was washed three times
in TE buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA).
Peripheral blood leukocytes were harvested by centri-
fugation and resuspended in 100 pi of lysis buffer (50
mM KC1, 20 mM Tris-HCl, pH 8.3, 2.5 mM MgCl2,
0.45% Nonidet P-40, 0.45% Tween 20) containing 200
pg ml""1 proteinase K. Lysis was completed by incuba¬
tion for 20 minutes at 55°C. Crude lysates were diluted
with an equal volume of sterile distilled water and
heated to 96°C for 10 minutes to inactivate the

proteinase. Samples were used immediately or stored
at -20°C until required.

Polymerase chain reaction. PCR was carried out
using two oligonucleotide primers (8224: 5'-
GTCAGTATCACAGGCTGCGAG and 8223: 5'-TG

TTCCTAGTCTTACGCCAGTG) flanking the VNTR
in intron 2. Samples contained 50-100 ng of DNA; 1.5
units of Taq polymerase (Promega); 100 ng of each
primer; 200 pM each dATP, dCTP, dGTP, and dTTP;
1% (v/v) DMSO; and 1.5 mM MgCl2 in 50 pi of PCR
buffer (Promega). PCR was carried out in a Hybaid
Omnigene thermal cycler, using 35-43 cycles of primer
annealing at 60°C (20 sec), polymerization at 72°C (20
sec), and denaturation at 94°C (30 sec). A final poly¬
merization step of 120 sec was carried out to complete
elongation of all amplified strands.

Identification ofPCR products. PCR products were
resolved on 5% nondenaturing polyacrylamide gels
and visualized by ethidium bromide staining and UV
transillumination (Fig. 2). The identity of the products
was confirmed by digestion with restriction enzymes
HaeUl, RsrNI, and Sinai.

A minimum of 15 examples of each allele were se¬

quenced. Amplified products were separated on 2%
agarose gels, excised, and purified by the Wizard PCR
DNA purification system (Promega), and concentrated
with Microcon 100 columns (Amicon). Sequencing was
accomplished using the Prism DyeDeoxy Terminator
Cycle sequencing kit (Perkin Elmer) in a Perkin Elmer

Cetus thermal cycler (30 cycles consisting of 30 sec at
96°C, 15 sec at 50°C, and 4 min at 60°C) with primers
8223 and 8224. Unincorporated nucleotides were
removed by extraction with phenolxhloroform. Elec¬
trophoresis was carried out on an Applied Biosyslems
model 373 STRETCH DNA Sequencer at a constant
power of 30 W for 12 hours using a 4.75% denaturing
polyacrylamidc gel.

For heteroduplex analysis, PCR products were
denatured for 3 minutes at 95°C and allowed to cool to

37°C over 30 minutes. Samples (5 pi) were elec-
trophoresed through MDE Hydrolink gels (AT
Biochem) at 800 V overnight, and bands were visual¬
ized by silver staining.

Statistical methods. Analysis of genotype distribu¬
tion was carried out on the raw frequencies by the chi-
square test. Comparison of allele frequency distribu¬
tions between the control and patient groups was by
multiple analysis of variance (MANOVA) using the
Statistical Package for the Social Sciences (SPSS Apple
Macintosh version 4.0). Bonrerroni correction was ap¬
plied to allow for multiple comparisons when the chi-
square test was employed to compare the affective sub¬
groups with controls. Odds ratios and confidence limits
were calculated by standard methods.

RESULTS

Characterization or VNTR Alleles

Three alleles of the VNTR region of inlron 2 of the
human serotonin transporter gene were identified
when amplified fragments were resolved on 5% non-
denaturing gels (Fig. 2) and by heteroduplex analysis
(data not shown). Fifteen examples of each allele were
sequenced and proved to be identical. The three alleles
contained, respectively, 9 (STin2.9), 10 (STin2.10), and
12 (STin2.12) copies of a repetitive element that was
present as seven variant motifs (indicated as A-G in
Fig. 2). The repeating element conformed to the con¬
sensus sequence GGCTGYGACCY(R)GRRTG,
where Y = T/C, R = G/A, with loss of the 12th base
pair in motif D.
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1(A) 3(B) 3(0) 3(D) 5(b)
STina.d GGCTGTGACCCAGGGTG GGCTGTGACCCGGAGTG GGCTGTGACCCGGGGTG GGCTGTGACCCGGGTG GGCTGCGACCTGGGGTG
STill2 .10 GGCTGTGACCCAGGGTG GGCTGTGACCCGGAGTG GGCTGTGACCCGGGGTG GGCTGTGACCCGGGTG GGCTGCGACCTGGGGTG
STin2.12 GGCTGTGACCCAGGGTG GGCTGTGACCCGGAGTG GGCTGTGACCCGGGGTG GGCTGTGACCCGGGTG GGCTGCGACCTGGGGTG

6(F) 7(D) 8(G) 9(D) 10(G)
Grin:;. 9 GGCTGTGACCCGGGTG GGCTGTGACCTGGGGTG
."Tin.'!. 10 GGCTGTGACCTGGGATG GGCTGTGACCCGGGTG GGCIGTGACCTGGGGTG
;;Tin);.12 GGCTGTGACCTGGGATG GGCTGTGACCCGGGTG GGCTGTGACCTGGGGTG GGCTGTGACCCGGGTG GGCTGTGACCTGGGGTIJ

11(D) 13(F)
stin.:. (' goctotgacccgggtc. ggctgtgacctgggatg
ctii,::. 1' GGCTGTGACCCrjGGTG ggctgtgacctgggatg
-:! i.;:.:.. coci • itoacccgggtg ggctgtgacctgggatg

Figure 2. (a) PGR analysis of VNTR in intron 2 of the serotonin transporter gene in seven individuals. Four different genotypes
are shown: STin2.10/STin2.l() (267 bp: lanes 1,5), STin2.10/STin 2.12 (267+300 bp: lane 2), STin2.9/STin2.]2 (250+300 bp: lanes
3,4), and STin2.9/STin2.!0 (250+267 bp: lanes 6,7). 5% polyacrylamide gel stained with ethidium bromide. M indicates lanes con¬
taining DNA markers of the sizes indicated. (6) Sequences of STin2.9, 2.10, and 2.12 alleles of VNTR in intron 2 of human
serotonin transporter gene. Seven variants of the 16/17-bp repetitive element (A-G) arc seen. (Reprinted, with permission, from
Batlersby ct al. 1996.)

Association Study
Allele frequencies for the VNTR were calculated

for the control and patient groups (Table 1). Analysis
by MANOVA showed a significant difference in over¬
all allele distribution between the affective disorder

group versus control group and the unipolar versus
control group. There was a similar trend in the bipolar
sample thai did not reach statistical significance (p =
0.065, 2 d.f., two-tailed).

The difference between the patients with affective
disorder and controls was largely explained by an in¬
crease in the proportion of individuals with genotypes
containing the STin2.9 allele (Table 1). This was true
for both unipolar and bipolar subgroups, although
there appeared to be a larger effect in the unipolar
group. For the risk of unipolar disorder given a single
STin2,9 allele, the odds ralio was 4.44 (95% CI,
1.65-11.95) and for bipolar disorder 3.22 (95% CI,
1.15-9.09).

The mean age of the volunteer controls was 45 (s.o.
15) and of the patients 41 (S.D. 15). There was no sig¬
nificant sex difference in the distribution of STin2.9 al¬
lele between patient and control groups (chi-square =
0.99).

DISCUSSION

We have detected three novel alleles (STin2.9,
STin2.10, and STin2.12) of the VNTR region of the
serotonin transporter gene containing, respectively, 9,
10, and 12 copies of the VNTR element. There is a sig¬
nificant overall difference between affcclive disorder
and control groups in the frequency distribution of al¬
leles: The main finding is a significant increase in the
frequency of the STin2.9 allele in patients with major
affective disorder. Comparison of the sequences of the
three alleles suggests that the shorter forms may have
been generated by loss of central repealing elements.
Evidence from VNTRs such as those in the collagen
type II (COL2A1) and apolipoprotcin B genes sug¬
gests that the secondary DNA structure may be impor¬
tant in the generation of new alleles (Berg and Olaisen
1993; Desmarais et al. 1993). The sequences of VNTRs
may favor the formation of hairpins and loops, which
could result in the generation of new alleles by replica¬
tion slippage.

There are two alternative mechanisms that may ex¬
plain the association between the STin2,9 allele and
the risk of affective disorder. First, the VNTR may be
in linkage disequilibrium with another more directly
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Tabic 1. Distribution of Genotype and Allele Frequencies of VNTR in Control and Patient Groups
Genotype distribution (%) Allclcfrequcncy (%)

N
9+

Id or 12 9 10 9 12 1(1 11) 10 12 12 12 STin2.9 STin2.IO STin2.12 F

Controls
al! controls
B.T.S.
screened

346
243
103

2.02
2.47
0.97

0.29
0.41
0.00

1.73
2.06
0.97

14.74
15.64
12.62

50.87
49.79
53.40

32.37
32.10
33.01

1.01
1.23
0.49

40.32
40,74
39.32

58.67
58.02
60.19

Patients
all affective 247 7.29» 3.24 4.05 13,77 45.34 33.60 3.64 38.06 58.30 5.081'
disorder

bipolar
unipolar

128
119

6.25b
8.40c

2.34
4.20

3.91
4.20

14.06
13.45

48.44
42.02

31.25
36.13

3.13
4.20

39.45
36.55

57.42
59.24

2.74
5.42c

For description of B.T.S. (Blood Transfusion Service) and screened controls, sec Methods. Significant differences from the corahined control
group in the total snmple: = 9.89, p - O.(K) 17, idf; - 5.45, p = 0.0196, idf; cy2 = 10.23, p = 0.1X114, Idf; MANOVA, 2df, p = 0.IKI6;
cMANOVA,2ilf,p = 0.005.

relevant gene locus. Alternatively, it is possible that
the level of serotonin transporter gene transcription
may be influenced by the sequences of the repetitive
elements in the VNTR themselves.

Linkage disequilibrium mapping (Jorde 1995) has
been used to map a locus conferring susceptibility to
Type 1 diabetes mellitus (the WDM2 locus) to a 14- to
15-bp VNTR located on chromosome tip!5.5 between
the tyrosine hydroxylase and insulin genes and to
demonstrate that other polymorphisms in the region,
although in linkage disequilibrium with IDDM2, are
unlikely to predispose to disease (Bennett ct al. 1995).
We are now conducting linkage disequilibrium map¬
ping using markers upstream and downstream from the
serotonin transporter VNTR. A recently described
polymorphism in the 5'-flanking regulatory region of
the serotonin transporter gene, with surprisingly large
functional effects (Heils et al. 1996), will be included in
this analysis.

VNTRs close to the insulin (IDDM2 locus)
(Calignani-Kcnnedy et al. 1995; Lucassen et al. 1995)
and Harvey Ras-I (Green and Krontiris 1993) genes
bind transcription factors and show allelic variation as¬
sociated with disease. These VNTRs regulate tran¬
scription in a cell- and promoter-specific way, small dif¬
ferences in nucleotide sequence influencing the level of
transcriptional activity. At the IDOM2 locus, it has
been suggested that the absence of a single 14-bp
repeat clement designated "e" results in the loss of a

protective effect against the development of insulin-
dependent diabetes (Bennett et al. 1995). By analogy,
the absence of the 16-bp element "F" near the center
of the VNTR in the serotonin transporter gene may
have functional consequences. Alternatively, it may
simply be the overall length of the VNTR, which is ad¬
jacent to a putative transcription factor (AIM) binding
site, that is important. We are now investigating
whether the VNTR influences the expression of the
serotonin transporter in platelets, using reverso-
transcriptase PGR, or in the living human brain, using
single-photon emission tomography with 2fl-carbo-
methoxy-3(l-(4-[l23I]iodophenyl)lropane ([l23I][i-CIT),

a ligand for the serotonin and dopamine transporters
(Kuikkaet al. 1995).

Our findings support the hypothesis that allelic vari¬
ation in the serotonin transporter gene may contribute
to susceptibility for both major depression and bipolar
disorder. It remains to be established how far it ac¬

counts for the occurrence of affective disorder within
families and whether there is a predictable association
between particular alleles or combinations of alleles
and individual patterns of illness.
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The frequency and extent of pairing failure around human translocations are unknown. We have examined the pattern of
recombination around the breakpoints of a balanced autosomal translocation t( 1;11) (q43;q2l) associated with major men¬
tal illness. DNA was available from 17 carriers and 10 non-translocation carriers with meioses involving four generations.
The derivative 1 and 11 chromosomes were also isolated in somatic cell hybrids and used to confirm phase. We have geno-
typed pedigree members using 20 polymorphic markers within 10 cM on either side of both chromosome 1 and 11 break¬
points. We find no significant reduction of recombination in the vicinity of either breakpoint. However we estimate that
there are insufficient meioses even in this large family to make a meaningful interpretation and suggest that sperm typing
alone can answer these interesting questions.

Keywords: Autosomal translocation - Genetics - Recombination

INTRODUCTION

An extensive literature on recombination in plants
and animals suggests that under certain, as yet
poorly understood, circumstances pairing failure and
recombination suppression occur in the vicinity of
chromosomal rearrangements such as balanced reci¬
procal translocations (Dohzhansky and Sturtevant.
1931; Cattanach and Moseley, 1973; Chandley ct id.,
1976; Parker ct ill., 1982; Goldman and Hulten, 1993).
Much of the evidence is indirect, such as comparisons
of chiasmata frequency at meiotic pachytene in sper¬
matocytes between translocation carriers and kary-
otypically normal controls. Interpretation of these
findings, especially in humans, can be problematic
since translocation carriers are frequently ascertained
on account of male infertility, itself a potentially con¬
founding variable. By contrast, surprisingly few studies
have used genetic linkage to observe recombination
patterns on translocation chromosomes; the two most
recent studies in mouse and human respectively, high¬
light the complexity of the emerging picture.

Linkage data were obtained with polymorphic
markers by Davisson and Akeson (1993) on a series
of Robertsonian translocations in mouse involving
different chromosomes. Over 100 meioses were typed
for most markers. They found that suppression of
recombination occurred between the centromeres

and proximal markers near Robertsonian transloca¬
tions involving chromosomes I, 2.5 and 16, with a dis¬
tance ranging from 8-40 cM. By contrast, three sepa¬
rate Robertsonian translocations involving chromo¬
some 7 failed to show any suppression of recombi¬
nation either between the centromere and the nearest

marker, or between the nearest or more distal mark¬
ers. The authors suggested that where recombination
suppression occurs it is the result of mechanical
interference in meiotic pairing between Robertsonian
chromosomes and their telocentric partners. They
presumed that minor structural differences that arise
during the formation of Robertsonian translocations
are responsible.
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By contrast, Wolff and Schwartz (1443) used
RFLPs to determine the frequency tind approximate
locations of crossovers on chromosome 21 of human
Roherlsonian translocations. Markers were analysed
that spanned the long arm of chromosome 21 in five
separate families. They found no recombination sup¬
pression in males but suggested that in females there
was tin unexpected elevation of the amount of
crossing-over. Unfortunately only 12 meioses were
studied and much of the evidence for elevation of
recombination in females depended upon it small
number of apparent double crossovers that involved
in each case only one of the RFLP probes. However,
Roberlsonian and reciprocal autosomal transloca¬
tions involving an acrocentric chromosome may he
unusual and particularly prone to pairing failure,
ehiasma formation failing in the tiny short arms which
consist mainly of satellite stalks (C'handley. 14N8). To
date no other types of translocation have been exam¬
ined for recombination patterns in humans, so that
formal proof that suppression occurs is lacking.

We decided to examine the patterns of recombi¬
nation around the breakpoints of a balanced t( 1:11)
(q43;q21) autosomal translocation associated with
major mental illness. The family was initially ascer¬
tained through a cytogenetic survey of Scottish men¬
tal hospitals and borstals (Jacobs ct al.. 11J7()).
Although no mental illness was reported at the time
it was subsequently found that a high proportion of
translocation carriers had major psychiatric problems
(16 out of 34). whereas only five out of 44 11011-
translocation carriers had a psychiatric diagnosis and
these were of a minor nature (generalized anxiety,
minor depression and alcoholism). The logarithm of
the odds (lod) ratios against chance linkage and men¬
tal illness with the rearrangement depended upon the
precise model of the disease phenotype. A maximum
lod score of 4.34 was obtained when the disease phe¬
notype was restricted to major mental illness (schizo¬
phrenia, schizoaffective disorder and recurrent major
depression) and severe adolescent conduct and emo¬
tional disorder, but did not include minor psychiatric
diagnoses. On the other hand if disease phenotype
was restricted to schizophrenia, schizoaffective disor¬
ders and recurrent major depression the maximum
lod score of 3.3 was observed. We concluded that the
association with mental illness had not arisen by
chance, and have postulated that functional distur¬
bance of a gene at or near a breakpoint site is respon¬
sible for the mental illness in this family (St Clair ct
ul.. I WO).

On the other hand, a susceptibility allele for men¬
tal illness, acting independently of the translocation

and perhaps some distance away, nitty be present in
the family. Two other smaller pedigrees with bal¬
anced translocations involving different sites on chro¬
mosome llq but also associated with mental illness
have been described (Smith ct til.. 1484; Holland and
Gosden. 1400). It is possible therefore that intrachro-
mosomal recombination suppression may be respon¬
sible for lack of crossovers and hence the close asso¬

ciation between the psychiatric phenotypes and
translocation carrier status.

Circumstances were favourable for examining the
patterns of recombination in the vicinity of the break¬
points in the I;11 pedigree. The family was large with
multiple informative meioses; indeed, since the origi¬
nal description, several branches have been extended
and additional members karyotyped. DNA markers
flanking the breakpoints were already independently
defined by a combination of in situ hydbridization
and analysis of somatic cell hybrids which contained
its their sole human chromosome, either the deriva¬
tive 1 or derivative 11 chromosome. These latter
resources also allowed us to obtain phase information
on the probes used in the present study. Recently
available second generation microsatellite based link¬
age maps (Gyapay ct til., 1W4) provided a density of
genetic markers sufficiently informative to observe in
detail the patterns of recombination. The physical dis¬
tances between some of the probes spanning the
breakpoint regions on chromosome 11 are also now
known (Evans ct til.. IW5).

MATERIALS AND METHODS

DNA was available from 17 translocation carriers and
10 non-translocation carriers of the 1(1:11 )(q43;q21)
pedigree as displayed in Fig. la and b. Also available
were somatic cell hybrids constructed from individual
111-11 which contained tier 1 or tier 11 chromosome
as their sole human chromosomes (Fletcher ct til..
1443). Genotyping was performed using the markers
listed in litble II. These were selected as a represen¬
tative sample of polymorphic DNA probes mapping
to the breakpoint regions on chromosomes I and 11
(Fig. 2).

Oligonucleotide sequences were abstracted from
the Genelhon Data Bank (Gyapay ct «/., 1444).
Primers were synthesized on an AB1 PGR MateTM
with a 5'FITC label on one of each pair. Alter
deprolection. the primers in ammonium hydroxide
solution were passed through a NAP-10TM column
(Pharmacia-LKB) and clutctl in 10 mM sodium
phosphate buffer pll 6.S. Polymerase chain reaction
(PC'R) was performed in 200 mM tlNTPs, 10 mM Tris
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HCI pH 9, 1.0 mM MgCL, 50 mM KC1,0.1% Triton X-
100, 1.0 juM primers. 1U Taq polymerase (Promega)
and 20 ng DNA in 25 /0. PCR was carried out using a
Hyhaid or Techne thermal cycler as follows:

Cycle 1: 2 min 94"C

Cycles 2-27: 1 min 94"C. 2 min 55"C, 2.5 min 72"C

Cycle 28: I min 94"C, 2 min 55"C, 10 min 72"C.
After the PCR. stop mix (95% formamide, Dextran
blue and 25 mM EDTA pH 9) was added prior to
heat denaturation at 94"C for 2 min, followed by rapid
cooling on ice prior to loading onto the gels.

Electrophoresis was carried out using an auto¬
mated laser fluorescence (ALF) sequencer
(Pharmacia). Gels were made up with 6% Hydrolink
(Long RangerTM) in 1 xTBE (0.1M Tris, 0.083 M
borate, 1 mM EDTA) containing 7 M urea and run at
50 W constant power, ca. 1200 V at 50"C.

DATA MANAGEMENT AND LINKAGE
ANALYSIS

All loci were typed on the pedigrees at least twice.
Alleles were read and sized automatically and also
checked manually by two independent readers.
Where there was no consensus, the locus was retyped
in the whole pedigree and the allele sizing procedure
repeated. After this error detection process was com¬
plete, two point linkage was performed using MLINK
of the LINKAGE package (Lathrop et «/., 1984).
Average male/female recombination distances were
used for analysis.

ALLELE TYPING OF SOMATIC ALL HYBRIDS

Somatic cell hybrids, MIS 7.4 and MAR 12 which
carry the der 11 chromosomes from patient III-11.
and MIS 39.8 and MAR 1 which carry the der I chro¬
mosomes. have been described previously (Fletcher
el al„ 1993) and were used for allele typing of mark¬
ers. RAG is a hybrid recipient control which contains
only mouse DNA.

RESULTS

The translocation haplotypes for markers on chromo¬
somes I and 11 are shown in Fig. la and lb respective¬
ly. Haplotypes in translocation carriers were assumed
to be those which minimized the number of crossovers

in the pedigree as a whole. A sole exception was case
III-l 1. where haplotypes were independently obtained
from genotyping the somatic cell hybrids - see

Discussion.

Figure 2 shows the chromosomal location of the
markers used relative to the translocation break¬

points and the sex-averaged genetic distances in
centiMorgans from each other, as reported in the
1994 Genethon human genetic linkage map (Gyapay
el ul., 1994). The breakpoint on chromosome I is
located just distal to D1SI03 and D1S225. Both
of these probes map on the CEPH pedigrees 2 cM
distal to D1S2I3, but their relative order cannot be
resolved. The CEPH pedigrees showed no recombi-
TABLE I. Genotypes on DNA of somatic cell hybrids con¬
structed from the individual 111-11 which contain as their
sole human chromosome either the derivative one or

derivative eleven compared with result on genomic DNA
from the same individual

RAG 111-11 MIS 7.4 MAR 12 MIS 39.8 MAR 1

D1S202 - 80
86

80 80 -

86
D1S306 - 257

263
257 257 -

263
D1S205 - 97

103
97 97 -

103
D1S237 - 174

174
174 174 -

174
D1S227 - 119

121
119 119 -

121
D1S213 - 108

120 120 120

- 108

D1S225 - 110
126 126 126

- 110

D1S103 - 92
98

92 92 -

98
D1S446 - 114

114

- - 114 114

D1S235 - 189
189

- - 189 189

D1S304 - 166
166

- - 166 166

D11S916 - 140
142

- - 140 140

D11S527 - 148
150

- - 148 148

D11S901 - 164
172

- - 164 164

D11S931 - 261
265

- -

265 265
D11S873 - 177

179
177 177 - -

D11S900 - 93
103 103 103

- -

D11S940 161
181

161 161 - -

D11S939 - 243
249 249 249

- -

D11S912 101
107

101 101

MIS7.4 and MAR12 contain derivative one; MIS39.8 con¬
tains derivative eleven; MARI contains derivative eleven
plus some fragments of normal chromosome one. RAG is
a control which contains only mouse DNA. Genotypes are
displayed as PCR product sizes for each of the chromo¬
some one and eleven microsatellites examined.
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FIG. 1a and b. Translocation haplotypes for markers near the breakpoints on chromosomes 1 and 11. Haplotypes in translo¬
cation carriers were assumed to be those which minimized crossovers in pedigree as a whole. A sole exception is III-11 and
where haplotypes were independently derived from genotyping somatic cell hybrids.
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mints between DIS225 (165 meioses, 109 phase
known) and DIS103 (470 meioses, 288 phase known,
lod = 37.9). On chromosome 11 the breakpoint is
located between Dl IS93I and Dl IS873 - see Table i
for hybrid mapping evidence. A YAC contig spanning
the breakpoint and positive for both markers also
supports these assigned locations (Evans et cd„ 1995).

Table I displays the genotypes on genomic DNA
from individual 111-11 and compares the results with
DNA of somatic cell hybrids constructed from the
same individual which contain as their sole human

chromosome either the der I (MIS7.4. MAR 12) or
der 11 (MIS39.8) chromosomes. MAR I contains der
11 plus some fragments of the normal chromosome I.

Table II gives two-point lod scores for each of the
markers versus the translocation phenotype. They are
displayed as ordered on chromosomes 1 and 11.

Tables III and IV give the maximum lod scores
versus the breakpoints for each of the markers on
chromosomes I and 11 respectively. The 95% confi¬
dence intervals in cMs for the maximum likelihood
distances from the breakpoint are then compared
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FIG. 2. Chromosome location of markers used relative to the translocation breakpoints with genetic distances from each other
in centiMorgans given as male/female average as reported in 1994 Genethon human genetic linkage map.
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TABLE II. Two point lod score for each of the chromosome one and eleven markers versus the
translocation phenotype

Lod Score at 9

Probe Location 0.00 0.01 0.05 0.10 0.20 0.30 0.40

Chromosome 1:
D1S202 iq -K -5.19 -2.51 -1.48 -0.63 -0.26 0.07
D1S306 iq -oc -4.54 -2.40 -1.38 -0.48 -0.14 -0.02
D1S205 1q 1.90 1.88 1.77 1.60 1.19 0.74 0.31
D1S237 Iq -ot 1.53 2.58 2.73 2.38 1.69 0.82
D1S227 1q 2.32 2.31 2.23 2.04 1.50 0.89 0.33
D1S213 1q 6.89 6.77 6.29 5.66 4.31 2.85 1.33
D1S225 iq 5.42 5.42 5.26 4.88 3.87 2.66 1.34
D1S103 1q32-44 4.22 4.16 3.88 3.51 2.71 1.85 0.91
D1S446 iq 2.32 4.10 4.38 4.14 3.28 2.17 0.97
D1S235 iq -0.45 0.78 1.14 1.19 0.90 0.46
D1S304 iq -2.99 -1.06 -0.42 -0.19 -0.01 0.05 0.05
hromosome 11:
D11S916 11q13—23 -OC -2.00 -0.17 0.54 0.96 0.86 0.49
D11S527 11q13.5-0.62 -OC 3.14 3.44 3.22 2.36 1.30 0.32
D11S901 11q13-22 5.26 5.17 4.79 4.29 3.23 2.09 0.92
D11S931 11q13—23 5.91 5.80 5.33 4.72 3.43 2.07 0.76
D11S873 11q13-21 3.81 3.73 3.44 3.06 2.27 1.45 0.67
D11S900 11q22-23 -0.40 0.03 0.43 0.50 0.40 0.25 0.13
D11S940 11q22 0.49 1.03 1.71 1.87 1.65 1.14 0.50
D11S939 11q23—24 -ot -2.37 -0.73 0.02 0.49 0.47 0.24
D11S912 11Q24-qter -ot -5.64 -3.29 -2.36 -1.47 -0.79 -0.29

Lod scores are displayed as probes are ordered on chromosome arms (Fig. 2).

TABLE III. Chromosome 1: locating markers with reference
to a pre determined breakpoint by maximum likelihood

TABLE IV. Chromosome 11: locating markers with reference
to a pre-determined breakpoint by maximum likelihood

Maximum Genethon Maximum Genethon
likelihood marker likelihood marker

Genethon distance distance Genethon distance distance
marker from 95% (in cM) Maxi¬ marker from 95% (in cM) Maxi¬
position break¬ Confid- from mum position break¬ Confid- from mum

on chromo- point interval breakpoint lod on chromo- point interval 1breakpoint lod
Marker some (cM) (cM) at 272.5 cM score Marker some (cM) (cM) at 272.5 cM score

D1S202 228 NL NA 44.5 0.003 D11S916 80.0 23.9 8.8 64.0 20.3 0.97
D1S306 242 NL NA 30.5 0.004 D11S527 85.0 4.2 0.8 15.0 15.3* 3.45
D1S205 256 0.1 0 12.3 16.5* 1.904 D11S901 92.0 0.1 0 6.1 8.3** 5.26
D1S237 260 9.6 2.1 20.7 12.5 2.735 D11S931 100.0 0.1 0 5.3 0.3 5.91
D1S227 265 0.1 0 16.7 7.5 2.324 D11S873 100.5 0.1 0 4.8 0.2 3.81
D1S213 269 0.1 0 4.9 3.5 6.890 D11S900 107.0 10.0 2.2 100 6.7 0.50
D1S225 272 0.6 0 8.4 0.5 5.427 D11S940 109.0 10.5 2.2 30.0 8.7 1.88
D1S103 272 0.1 0 13.3 0.5 4.223 D11S939 123.0 26.0 8.5 100 22.7 0.52
D1S446 278 4.2 1.8 15.0 5.5 4.390 D11S912 143.0 NL NA 42.7 0.09
D1S235 282 15.8 4.3 44.5 9.5 1.227

*p = 0.042; **p = 0.013.D1S304 296 NL NA 23.5 0.000

*p= 0.015

with the Genethon marker distances in cMs from the Chromosome 1 1: no recombinants were observed

breakpoint. Statistically significant differences with markers Dl 1S90I; Dl 1SV31 and Dl I:S873. The
between the observed and the expected distances are
indicated with an asterisk.

Observed versus expected recombinants
Chromosome 1: no recombinants were seen with
markers DIS227, DIS2I3, D1S225 and D1S103.
Recombinants were observed with all other markers,
the closest to the breakpoint being DIS446, b cM distal.

closest recombinant was with Dl lSVOO, 6-7 cMs dis¬
tal to the breakpoint. When the markers within 10 cM
ot the breakpoint were examined, a single crossover
was observed between DIIS90I and Dl ISV40, and
four crossovers between DIS227 and DIS235, a total
distance of 34 cM. Although the total number
observed (/; = 5) was close to half that expected
(/t = V.2), the difference was not significant (Poisson
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probability = 0.1). The number observed is in any case
a lower limit, since some recombinants would be unde¬
tectable.

Observed versus expected genetic distances
For two probes on chromosome II (DM S527 and
DI1S901) and one on chromosome I (DIS205) the
upper 95%- confidence limits of their estimated dis¬
tances from the breakpoint were lower than their
Genethon-predicted distances. However, the estima¬
ted distances of the former two probes were not inde¬
pendent, being based mainly on the same set of
recombinants. The result for D1S205 may be mis¬
leading since the hybrid genotype indicates at least
one further definite crossover which would have the
effect of increasing the estimated distance if it were
taken into account. Also, several other probes had
estimated distances greater than their Genethon-
predicted ones. Taken as a whole, therefore, the data
do not suggest any overall reduction in recombination
in the translocation chromosomes.

DISCUSSION

Haplotypes
The translocation haplotypes displayed on Fig. la and
b are those which minimize crossovers in the pedigree
as a whole. The exception is patient III-! I whose
phase is derived from typing the somatic cell hybrids.
In general they agree with each other; where they
vary, it is assumed that crossovers have occurred in
patient 111-11 as indicated in Fig. la and b. This seems
the most likely explanation. Genotyping on the
hybrids was internally consistent and was repro¬
ducible on several trials and therefore unlikely to be
erroneous. There was no disagreement on phase on
all the markers close to the breakpoints where it
would be more difficult to account for isolated
crossovers. Interestingly, the three proximal cross¬
overs on chromosome 1 in patient 111-11 cannot be
identified except by hybrid typing since the non
translocations haplotype for the three markers is
identical to the translocation haplotype in the other
pedigree members.

Lod scores

Table II provides a summary of the two-point lod
scores between each of the 20 markers used and the
translocation phenotypes. Markers mapping nearest
the translocation breakpoints have the highest lod
scores overall i.e. on chromosome I: D1S213, DIS225
and D1S103, and on chromosome 11: D11S901,

D11S93I and D11S873. All have a maximum lod
score at zero recombination. DIS205 also has a maxi¬
mum lod score at zero recombination. This lod score

is misleading since IJNKMAP fails to notice two
crossovers; a) the crossover in III-11 is only demon¬
strated when phase is derived from genotyping the
hybrids as discussed; b) a probable crossover in V6,
but the parent is homozygous for DIS205.

No evidence of recombination suppression
We conclude that these data fail to demonstrate an

overall trend towards reduced recombination within
the immediate vicinity of the 1 and 11 translocation
breakpoints, by comparing either observed versus
expected crossover numbers or genetic distances of
polymorphic markers. However, standard statistical
theory suggests that the number of meioses needed to
establish the existence of reduced recombination
close to the breakpoint is at least an order of magni¬
tude greater than the number available in the present
study (see e.g. Snedeeor and Cochran (1967) Chapter
4). For example, suppose we wished to distinguish
between the null hypothesis (//,,) that recombination
was not reduced in the translocation chromosomes

compared with that in normal chromosomes, and the
alternative (A/,) that it was reduced by 50% within
25 cM of the breakpoint. If we set at 0.1 the probabil¬
ity of accepting either hypothesis when the other was
actually true, then the theory indicates that we would
require to analyse at least 150 chromosomes of each
type. At smaller distances, with smaller reductions or
with lower probabilities, this number would of course
be increased even further. We conclude that only
sperm typing from a translocation carrier can gener¬
ate sufficient meioses to answer these questions.

Psychiatric implications
We have postulated that the psychiatric disorders in
the members of the pedigree earrying the translo¬
cation are the result of functional disturbance of a

gene of psychiatric importance, either by physical dis¬
ruption of the gene itself or a position effect. This
study does not refute this hypothesis. It highlights
however that if alternatively a susceptibility locus act¬
ing independently of the translocation, but eosegrc-
gating with the translocation, is present in the pedi¬
gree. its fine localization may prove an onerous
undertaking.
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Linkage or bipolar disease to several markers mapping to chromosome 4p has been reported in an extended family
multiply affected with bipolar affective disorder and no linkage was found at other locations with 106 microsatellite
markers, of which 58 were dinucleotide and 48 tetranucleotide repeats |Blackwood et at. (1996), Nature Genetics, 12,
427-430|. Collecting these data provided the opportunity to assess the usefulness and accuracy of the automated linkage
preprocessor (ALP) programme in a linkage study and to make a detailed comparison of di- and tetranucleotides with
this semi-automated system. Genotypes were acquired using the automated linkage preprocessor (ALP) without any
manual intervention at any stage of the procedure and results of analyses of these data were compared with results based
on genotypes checked by visual inspection of the data. The ALP program was found to be timesaving and reliable and
yielded similar results to non-automated reading using both di- and tetranucleotide repeat microsatallite markers.
Tetranucleotides had fewer errors due to multiple genotypes and a lower incidence of stutter peaks making them more
informative than dinucleotidcs in this linkage study.

Keywords: Automation - Bipolar disorder - Linkage - Microsatellite markers

INTRODUCTION

Due to their informativeness, ease of analysis and
abundance throughout the genome, di-, tri- and tetra¬
nucleotide repeat microsatellitc markers, are widely
used in linkage studies (Miesfield el ui. 1981;
Hamadae/o/., 1982; Smeets el til., !989;Tautz, 1989;
Economou el al., 1990). Several thousand micro-
satellite markers are currently listed in the Genome
Data base (GDB) and are the basis of sets of markers
developed to facilitate genome screening. (NIH/CEPH
Collaborative Mapping Group, 1992; Gyapay el al.,
1994; Matise el al., 1994; Murray el al., 1994;
Dubovsky el al., 1995; The Utah Marker Develop¬
ment Group, 1995). Genotyping data are sometimes
difficult to interpret because of factors inherent in
polymerase chain reaction (PCR). This study was
designed to examine some of the causes of geno¬
typing errors and to compare the reliability of di- and

tetranucleotides in manual and automated linkage
studies.

A genome-wide search for linkage of microsatel¬
lite markers to chromosomal loci containing genes
responsible for the major psychoses is a laborious task
which could be done with greater economy by the
introduction of automation at several steps of the
procedure. The automated linkage preprocessor (ALP)
program, designed for use with the automated laser
fluorescence (ALF) sequencer (Pharmacia), has been
developed in this laboratory (Mansfield et al., 1994;
He el at., 1995) for the detection and sizing of frag¬
ments and the generation of genotypes in a format
suitable for input to linkage analysis programs. Two
major PCR artefacts affecting the scoring accuracy of
microsatellite markers' genotypes. One is the addi¬
tion of an extra nucleotide onto the 3' ends of a frac¬
tion of the amplified molecules, the other is strand
slippage which is also called stuttering. The latter is
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Biopolar I and II
^ Recurrent Major Depressive Disorder

FIG. 1. A five generation family of whom nine have bipolar disorder and nine have recurrent major depressive disorder
used in this linkage study. This is a sub-group of a larger family of 130 related individuals of whom 11 have bipolar disorder
and 16 recurrent unipolar illness.

a much greater problem for genotyping. Stuttering is
caused by skipping of a single repeat in the template
and results in an amplified fragment one repeat
smaller than the predominant product. After many
cycles of PCR, a relatively strong peak with a ladder
of smaller peaks of diminishing intensity can be seen
on the ALF printout. However, the closest stuttering
peak to the predominant one can sometimes have
similar or even stronger intensity which makes geno¬
typing extremely difficult and causes more errors. In
particular, homozygotes can be wrongly typed as
heterozygotes. As with the addition of the extra
nucleotide, the degree of slippage is quite variable
from one marker to the next. There are currently no
good explanations for the variability, except for the
tendency of markers with very long repeat sequences
to exhibit a greater degree of slippage.

Gene mapping in a single large pedigree overcomes
some of the difficulties inherent in linkage studies of
complex disorders such as bipolar disorder where
locus heterogeneity is probable, the mode of inheri¬
tance is unknown and considerable uncertainty
surrounds the correct definition of the phenotype.
Within a single large multiply affected pedigree
illness can be assumed to have the same genetic basis
and genetic parameters such as age-dependent pene¬
trances and mode of inheritance can be defined speci¬
fically for that pedigree. This study was designed to
determine whether a fully automated procedure for
genotyping based on the ALP programme was not

124 Psychiatric Genetics . Vol 6 . 1VV6

only quicker but also as accurate as manual checking
of the data arising from the analysis of 58 di- and 48
tetra-nucleotide markers used as part of a genome-
wide search for linkage.

MATERIALS AND METHODS

The microsatellite markers used were 58 di- and 48
tetranucleotide repeats with an average heterogeneity
of 79%. They were part of a fluorescein labelled
screening set (version 3A) supplied by PHAR-
MACIA-LKB and were selected to give an average
spacing of 40 cM. PCR mixtures consisted of 20 ng
DNA, 200 mM dNTPs, 10 mM Tris HC1 pH9 (at
25°C), 1.0 mM MgCly 50 mM KC1, 0.1% Triton
X-100, 400 nM primers (one of which was FITC
labelled), 1.5 U Taq polymerase (Promega) in a 25
ml volume, overlaid with 25 ml mineral oil.

The methods used in this study are described in
detail elsewhere (Mansfield el at, 1994; He el ul.,
1995). In summary a Tecan RSP5052 robotic sampler
was used for setting up microsatellite amplifications in
96-well plates placed on thermal cyclers (Hybaid or
Techne). The PCR conditions were as follows:
2 min at 94°C (first cycle); 1 min at 94"C, 2 min at
55"C, 2.5 min at 72"C (24 cycles); 1 min at 94°C,
2 min at 55"C, 10 min at 72"C (last cycle). After com¬
pletion of the PCR reactions, 75 ml of 'stop' solution
(95% formamide, 0.8% Dextran blue, 25 mM EDTA
pH9) was added to each 25 ml sample. Samples were



GENOME-WIDF. SEARCH FOR LINKAGE IN A LARGE BIPOLAR FAMILY

TABLE I. Simulated average maximum lod scores at zero recombination assuming linkage under Model
1 and Model 2 (in parentheses)

Alleles Heterozygosity Mean lod score S.D. Max. lod score

3 0.67 1.36 (0.93) 0.89 (0.78) 3.35 (3.50)
4 0.75 1.72 (1.31) 0.99(1.00) 3.76(3.90)
6 0.84 2.04(1.56) 1.01 (1.05) 3.70 (4.06)
10 0.90 2.37(1.81) 1.14 (1.16) 4.05(4.39)

TABLE II. Percentage of maximum lod scores in excess
of lod scores of 1, 2 and 3

Lod score

Alleles Heterozygosity 1 2 3

3 0.67 58 (39) 26 (10) 4 (2)
4 0.75 72 (54) 41 (24) 12 (6)
6 0.84 81 (62) 56 (31) 20 (12)
10 0.90 84 (67) 60 (39) 44 (18)

TABLE III. Simulated lod scores with markers of varying
heterozygosity assuming no linkage

Alleles Mean S.D. Mean

Min. Max. 2SD

3 -1.40 1.16 -4.8 2.1 0.92
4 -1.83 1.31 -6.1 2.51 0.97
5 -2.10 1.38 -6.25 2.97 0.66
6 -2.38 1.52 -6.2 2.0 0.66
7 -2.54 1.49 -6.2 1.9 0.44
8 -2.63 1.55 -6.27 1.8 0.31
9 -2.79 1.55 -7.4 1.9 0.31
10 -2.88 1.57 -7.5 2.1 0.26

stored at 4°C until ready for analysis at which time,
internal size standards were added and the samples
heat denatured at 95°C for 2 min then rapidly cooled
in ice water prior to loading onto the gels.

Internal standards were prepared by amplification
from single stranded (+) DNA of the M13mpl8 vector
using a variety of primer pairs and the above reac¬
tion conditions. External standard (gold standard) was
from member 02 of CEPH family 1347 for universal
comparison of the results.

Electrophoresis was carried out using a 40-lane
automated laser fluorescence (ALF) sequencer
(Pharmacia). The middle lane (lane 21) was used for
the gold standard. Gels were made up with 6%
Hydrolink (Long Ranger™, AT Biochem Ltd) or
acrylamide/bis-acrylamide (29:1, BDH) in 0.6 x TBE
(0.06 M Tris base, 0.05 M boric acid, 0.6 mM EDTA)
containing 7 M urea and run in the same buffer at

constant power (55 W) and constant temperature
(50°C). Normally 2-4 multiplex PCR products are run
in each lane at the same time and gels can be routinely
used twice.

Automated genotyping was carried out using the
'ALF Manager' and 'ALP' software. As a first step,
the program generates several files as follows. (1)
Fluorogram file, which is the auto radiograph simu¬
lation including data or putative alleles as well as
stutter peaks and low amplitude peaks considered as
'noise'; (2) Putative Alleles file, which is the allele
size data from individual lanes; (3) Putative Allele
Size and Intensity file, which displays all the peak
intensities above the cut off for defining stutter.
Stutters were calculated in terms of the formula:

Intensity of the stutter/Intensity of the peak 2= 70%;
(4) Pre-Linkage file, which gives the allele sizes esti¬
mated as integers, based on the relative amplitudes
of peaks and compatibility with Mendelian inheri¬
tance. The allele data is combined with pedigree
information to generate this file in which multiple
genotypes, non-Mendelian segregation among sib¬
lings should be marked with specific tags that we used
as the basis for assessing errors (note 1 of Table 7).
The number of non-Mendelian results and incompat¬
ibilities between siblings were counted taking each
branch of the family as one unit.

In the large bipolar family 130 individuals, in¬
cluding 22 married-in spouses, have been interviewed
by a trained psychiatrist using the Schedule for
Affective Disorders and Schizophrenia (Endicott
and Spitzer, 1978) to generate RDC diagnoses
(Blackwood el aI., 1996).

Linkage was tested in a sub-sample of the large
pedigree that included nine subjects with bipolar
disorder and nine with recurrent major depressive
disorder (Fig. 1). This smaller family sample was
restricted to less than 40 individuals to accommodate
all samples on a single gel of the ALF sequencer.
The strategy was to screen a large number of markers
using the small set of individuals and to examine the
entire pedigree (requiring three gels) using markers
showing some evidence for linkage first time
round.
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TABLE IV. Two point lod score table for a genome-wide search in the bipolar family by Model 1

Recombination fraction Recombination factor

0.00 0.05 0.10 0.20 0.30 0.00 0.05 0.10 0.20 0.30

Dinucleotide repeat markers D20S119 -3.09 -1.68 -1.17 -0.58 -0.23
D1S318 -1.40 -0.80 -0.60 -0.33 -0.16 D20S98 -1.08 -0.42 -0.15 0.07 0.12
D1S180 0.41 0.59 0.61 0.48 0.28 D22S270 0.45 0.96 0.99 0.79 0.50
D1S228 0.86 1.10 1.07 0.80 0.46 D22S345 -0.10 -0.08 -0.03 0.01 -0.01
D2S114 -3.35 -1.70 -1.16 -0 60 -0.28
D2S177 -1.51 -0.31 -0.02 0.15 0.14 Tetranucleotide repeat markers
D3S1307 -1.31 -0.47 -0.17 0.09 0.12 MVCL1 (1) -1.94 -1.07 -0.67 -0.28 -0.12
D4S402 -0.89 -0.37 -0.14 0.05 0.09 D1S518 0.28 0.26 0.33 0.38 0.27
D4S428 -1.42 -0.59 -0.20 0.17 0.24 D1S549 -2.99 -1.69 -1.25 -0.69 -0.31
D5S208 -2.66 -1.74 -1.25 -0.63 -0.28 D1S550 -1.23 -0.84 -0.65 -0.36 -0.15
D5S392 -0.68 -0.47 -0.35 -0.15 -0.02 D1S534 -2.21 -1.35 -0.95 -0.46 -0.19
D5S427 -2.51 -1.41 -0.94 -0.48 -0.27 D2S427 -0.01 0.80 0.86 0.71 0.43
D5S428 -1.34 -0.51 -0.21 0.01 0.05 D2S423 -1.94 -1.01 -0.68 -0.29 -0.09
D5S408 -1.02 -0.11 0.16 0.32 0.28 D2S441 -1.73 -1.13 -0.80 -0.40 -0.18
D6S105 -0.01 0.01 0.10 0.20 0.19 D2S436 0.39 0.40 0.37 0.26 0.14
D6S271 1.27 1.01 0.77 0.45 0.28 D3S1754 -0.99 -0.69 -0.43 -0.15 -0.03
D6S251 -1.11 -0.42 -0.11 0.12 0.16 D3S1764 -1.66 -0.75 -0.46 -0.20 -0.09
D7S493 0.35 0.65 0.67 0.54 0.33 D3S1766 -1.31 -0.99 -0.84 -0.51 -0.23
D7S803 -2.17 -1.38 -1.02 -0.59 -0.32 D3S1763 0.14 0.62 0.69 0.60 0.40
D7S531 -2.76 -1.44 -0.92 -0.41 -0.19 D3S1752(Tri) -0.87 -0.46 -0.29 -0.12 -0.03
D7S559 -1.27 -0.86 -0.63 -0.33 -0.18 D3S1769 -0.78 -0.77 -0.64 -0.33 -0.13
D7S799 -1.38 -0.87 -0.56 -0.23 -0.11 GATA2G12(4) -1.95 -0.99 -0.76 -0.42 -0.17
D7S495 -2.77 -1.83 -1.38 -0.78 -0.38 D4S1627 -1.94 -1.07 -0.67 -0.28 -0.12
LPL(8) -1.57 -0.94 -0.64 -0.33 -0.16 D4S1647 -2.09 -1.16 -0.81 -0.38 -0.14
D8S264 -0.29 -0.21 -0.13 -0.02 0.01 D4S1652 -1.75 -0.93 -0.62 -0.28 -0.12
D9S158 -3.00 -1.23 -0.65 -0.17 -0.01 D4S1625 -1.06 -0.56 -0.25 0.03 0.07
MFD361(9) -4.41 -3.08 -2.32 -1.29 -0.66 D5S818 -0.07 0.46 0.53 0.42 0.24
D10S466 -1.16 -0.38 -0.10 0.10 0.12 D5S819 -2.08 -1.12 -0.65 -0.19 -0.02
D10S169 -2.97 -1.71 -1.20 -0.62 -0.30 D5S641 -0.34 -0.30 -0.20 -0.03 0.03
D10S183 0.00 0.01 0.04 0.07 0.07 D5S820 -1.53 -0.92 -0.60 -0.22 -0.05
D10S249 -2.17 -1.47 -1.02 -0.47 -0.18 D5S815 1.74 1.55 1.35 0.97 0.59
D10S209 -2.57 -1.02 -0.48 -0.07 0.03 D6S477 -1.60 -0.60 -0.29 -0.07 -0.02
D11S968 -2.15 -0.88 -0.51 -0.17 -0.05 D6S503 -0.79 -0.34 -0.17 -0.02 0.02
D11S976 -0.57 -0.30 -0.19 -0.01 0.09 GATA30(6) -0.40 -0.40 -0.32 -0.17 -0.07
D11S988 0.78 1.21 1.20 0.93 0.56 D6S474 -0.43 0.04 0.17 0.21 0.15
D12S79 -0.31 -0.15 -0.03 0.08 0.09 D7S820 -0.69 -0.55 -0.39 -0.19 -0.08
D12S81 -1.77 -0.92 -0.59 -0.28 -0.12 D8S373 -0.56 0.18 0.28 0.23 0.13
D12S97 -0.47 -0.21 0.02 0.21 0.20 D9S301 1.18 1.04 0.90 0.63 0.37
D13S232 -2.30 -1.59 -1.13 -0.56 -0.24 D9S302 -1.66 -0.80 -0.49 -0.20 -0.08
D14S48 -1.30 -0.50 -0.15 0.12 0.14 D10S677 0.28 0.26 0.33 0.38 0.27
D14S50 -0.63 -0.56 -0.44 -0.26 -0.14 D11S1394 -2.99 -1.69 -1.25 -0.69 -0.31
D15S131 0.55 041 0.33 0.27 0.23 D11S1392 -1.23 -0.84 -0.65 -0.36 -0.15
D15S128 -2.64 -1.46 -1.01 -0.51 -0.24 D12S379 -2.21 -1.35 -0.95 -0.46 -0.19
D16S398 0.33 0.75 0.77 0.58 0.31 D13S317 -0.01 0.80 0.86 0.71 0.43
D16S423 -0.98 -0.31 -0.11 0.04 0.06 D14S306 -1.94 -1.01 -0.68 -0.29 -0.09
D17S579 -2.63 -1.25 -0.73 -0.25 -0.09 CYP19(15) -1.73 -1.13 -0.80 -0.40 -0.18
D17S795 -1.07 -0.12 0.19 0.40 0.37 D16S539 0.39 0.40 0.37 0.26 0.14
D17S578 -1.49 -0.79 -0.50 -0.27 -0.18 D18S542 -0.99 -0.69 -0.43 -0.15 -0.03
D17S796 -1.70 -0.52 -0.18 0.05 0.09 D18S535 -1.66 -0.75 -0.46 -0.20 -0.09
D18S70 -0.34 -0.18 -0.07 0.04 0.07 D18S543 -1.31 -0.99 -0.84 -0.51 -0.23
D18S59 -3.15 -1.92 -1.42 -0.78 -0.39 D19S246 0.14 0.62 0.69 0.60 0.40
D20S95 -3.59 -1.69 -1.02 -0.38 -0.10 D19S433 -0.87 -0.46 -0.29 -0.12 -0.03
D20S112 -2.86 -1.43 -0.89 -0.33 -0.08 D21S1270 -0.78 -0.77 -0.64 -0.33 -0.13
D20S103 -0.04 0.46 0.57 0.54 0.38 GATA6F05(22) -1.95 -0.99 -0.76 -0.42 -0.17
D20S102 -0.87 -0.19 0.04 0.20 0.20
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TABLE V. Markers yielding lod scores more than 2 S.D.
from the mean derived from simulation under no linkage
(Table 3)

Marker Chr. Location Alleles Two point lod
score on model 1

at f)= 0

D1S180 1 10 0.41
D1S228 1 7 0.86
D6S271 6p21.2-p21.1 9 1.27
D7S493 7p21-p15 9 0.35
D11S988 11 9 0.78
D15S131 15 9 0.55
D22S270 22 9 0.45
D2S436 2 3 0.39
D5S815 5 7 1.74
D9S301 9p21-q21 6 1.18
D16S539 16 5 0.39

In this family, bipolar 1 disorder is diagnosed in
individuals belonging to three generations in several
branches and autosomal dominant transmission was

assumed. The phenotype was defined in two ways.
In model 1 cases included Bipolar 1 and Bipolar 2
(all cases of Bipolar 2 fulfilled criteria for recurrent
major depressive disorder). Model 2 included Bipolar
1 and 2 and recurrent major depressive disorder.
Individuals with other psychiatric diagnoses including
single episode major depression, minor depression,
intermittent depression, generalized anxiety and alco¬
holism are recorded as 'unknown' phenotype in the
analysis. A disease gene frequency of 0.007 is
assumed for model 1 and 0.03 for model 2. The

age-dependent penetrances were derived from the
family data as follows: Model 1 (age < 20 years)
0.46; (20-30 years) 0.195; (31-40 years) 0.23; (> 40
years) 0.29. Model 2: (age < 20 years) 0.25; (20-30
years) 0.39; (31-40 years) 0.61; (>40 years) 0.75).
A phenocopy rate of 10% for model 1 and 50% for
model 2 was assumed.

TABLE VI. Two point lod scores with four markers on chromosome 5 in the extended family

Recombination Fraction

0.0 0.5 0.1 0.2 0.3

Model 1
D5S424 -1.70 -1.06 -0.65 -0.15 0.03
D5S815 -1.44 -0.64 -0.36 -0.15 0.00
D5S819 -5.18 -2.98 -1.95 -0.88 -0.36
D5S820 -0.75 -0.16 0.12 0.35 0.33

lodel 2
D5S424 -1.54 0.99 0.71 -0.45 0.23
D5S815 -1.99 -1.18 -0.77 -0.31 -0.09
D5S819 -6.30 -3.51 -2.34 -1.01 -0.37
D5S820 -1.90 -0.76 -0.19 0.35 0.42

TABLE VII. Comparison analysis of the genotyping accuracy between di- and tetranucleotide repeat markers which
was carried out by the automation approach and then checked manually
Marker Total no. of No. of multiple No. of errors2 Unalerted No. of non- No. of stutters

genotypes genotypes errors3 Mendelian above 70%
examined detected by errors' of allele

automated intensity4
analysis'

Dinucleotide 424 32 (7.5%) 31 (7.3%) 1 76 (17.9%) 84 (20.0%)
Tetranucleotide 1261 88 (7.0%) 26 (2.1%) 1 126 (10%) 23 (1.8%)
' Data from the ALP pre-linkage file. Numbers of non-Mendelian errors were counted with each branch of the family considered

as one unit.
2 Errors from the multiple genotype were compared with manual scoring.
3 Errors in genotyping that were not alerted by the ALP.
4 Data was from the ALP Putative Allele Size and Intensity file in which stutters were defined in by the formula: Intensity of the

stutter/Intensity of the peak s 70%.
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SIMULATION STUDIES

Using the programs SLINK (Ott, 1989. 1991; Weeks
el al., 1993) simulated lod scores, under the assump¬
tion that linkage was present, were calculated on this
small family set for markers with various hetero¬
zygosity. A marker with three alleles all with the same
frequency has heterozygosity of approximately 0.67.
Four alleles of equal frequency give a heterozygosity
of 0.75; six alleles give 0.84 and ten alleles give 0.9.
Table I gives the resulting mean and maximum lod
scores after 100 simulations using markers with
heterozygosity from 0.67 to 0.90. Table II shows that
under model I there is a 58% change of obtaining
lod > 1 with a marker of heterozygosity 0.67 and 84%
chance using a more informative marker with
heterozygosity 0.9.

To determine at what level a lod score from the
initial screening on the small family set was worth
following up in the larger family sample, lod scores
were simulated using the small family under the
assumption of no linkage with markers of varying
informativeness. Table III shows that under model 1
at zero recombination a marker with heterozygosity
0.67 would generate a mean (S.D.) lod score of
-1.41(1.16). Lod scores derived from the initial
screening of this family using the set of 106
microsatellite markers were re-examined in the large
pedigree if they generated an initial lod score in
excess of mean ± 2 S.D. of the expected score shown
in Table III. Thus for a three allele marker (hetero¬
zygosity 0.67) a lod score of 3= 0.92 under Model 1
was further re-examined.

RESULTS OF LINKAGE ANALYSIS

Two point lod scores were calculated using ML1NK
and the Linkage series of programmes (Lathrop
el al., 1984). Table IV gives two point lod scores
obtained under Model I and Model 2 for these
108 markers in the small data set. Eleven of these
markers (Table V) yielded lod scores in excess of 2
S.D.s from the mean expected for a marker of that
informativeness. Of these markers only D5S8I5 had
an increased lod score in both Model 1 and 2. This
marker and a further three (D5S424, D5S819 and
D5S820) were examined in the large family and the
results in Table VI exclude linkage in this region
under both models.

COMPARISON OF Dl- AND
TETRANUCLEOTIDES

The results in Table VII shows that stutters above
70% of allele intensity were found in 20% of the total
genotypes of dinucleotides and only 1.8% of the
total genotypes of tetranucleotides. Stutters may be
one of the factors leading to the generation of three
or more equal size peaks and although the percent¬
ages of these so called multiple genotypes with
dinucleotides (7.5% of the total genotypes) and
tetranucleotides (7.0% of the total genotypes) were
similar, errors in dinucleotides were 3.5 higher than
those in tetranucleotides. Genotyping errors leading
to non-Mendelian segregation among siblings were
more common with di- than tetranucleotides. One

possibility is that the PC'R product quality from dinu¬
cleotides is not as good as tetranucleotides although
differences in mutation rates could also contribute.
There was no significant correlation between the sizes
of PCR product from either di- or tetranueleotides
and the stutter length.

In conclusion, this study provides clear evidence
for improved accuracy in genotyping using tetranu¬
cleotides than using dinucleotides. There are more
than two thousand tetranucleotides available in the
database offering the potential to undertake genome
wide analysis with 1 2 cM resolution. The ALP soft¬
ware program offers substantial time savings over
manual inspection of the data and can cope with data
analysis in more than three generations.
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Additional Support for Schizophrenia Linkage on
Chromosomes 6 and 8: A Multicenter Study

Schizophrenia Linkage Collaborative Group for Chromosomes 3, 6 and 8*

In response to reported schizophrenia
linkage findings on chromosomes 3, 6 and 8,
fourteen research groups genotyped 14
microsatellite markers in an unbiased,
collaborative (New) sample of 403-567
informative pedigrees per marker, and in
the Original sample which produced each
finding (the Johns Hopkins University
sample of 46-52 informative pedigrees for
chromosomes 3 and 8, and the Medical
College of Virginia sample of 156-191
informative pedigrees for chromosome 6).
Primary planned analyses (New sample)
were two-point heterogeneity lod score
(lod2) tests (dominant and recessive
affected-only models), and multipoint
affected sibling pair (ASP) analysis, with a
narrow diagnostic model (DSM-IIIR
schizophrenia and schizoaffective
disorders). Regions with positive results
were also analyzed in the Original and
Combined samples. There was no evidence
for linkage on chromosome 3. For

chromosome 6, ASP maximum lod scores

(MLS) were 2.19 (New sample, nominal p =
.001) and 2.68 (Combined sample, p=.0004).
For chromosome 8, maximum lod2 scores

(tests of linkage with heterogeneity) were
2.22 (New sample, p=.0014) and 3.06
(Combined sample, p = .00018). Results are

interpreted as inconclusive but suggestive
of linkage in the latter two regions. We
discuss possible reasons for failing to
achieve a conclusive result in this large
sample. Design issues and limitations of
this type of collaborative study are
discussed, and it is concluded that
multicenter follow-up linkage studies of
complex disorders can help to direct
research efforts toward promising regions.
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INTRODUCTION

Genetic factors contribute 65-85% of the
liability to schizophrenia, probably through
polygenic or oligogenic multifactorial inheritance
(Gottesman and Shields, 1967; reviewed in Tsuang
et al, 1991). Schizophrenia is a relatively common
disorder which has a lifetime prevalence of 0.6-
1.0% and shows familial co-aggregation with
schizo-affective disorder (concurrent psychotic and
mood syndromes with persistence of the former),
other non-affective psychoses, and schizotypal and
paranoid personality disorders (Kendler et al,
1993; Maier et al, 1993; Webb et al, 1993). An
intensive worldwide effort has been underway to
map schizophrenia-related genetic loci through
linkage studies of samples of multiplex pedigrees.
While few genome scan projects have been
completed to date (Coon et al, 1994; Moises et al,
1995), reports of suggestive evidence for linkage
have begun to emerge from the many studies in
progress. As simulation studies have shown that
very large sample sizes may be required to map
genetically complex disorders (Hauser et al, 1996),
it has become increasingly clear to workers in this
field that single studies are unlikely to provide
definitive evidence for linkage, and that
collaborative studies may be useful to assess
reports of suggestive linkage findings.

In late 1994, two schizophrenia research
groups reported to other investigators in the field
their suggestive evidence for linkage in three
chromosomal regions. Straub et al (1995)
subsequently published analyses of sixteen 6p24-
22 markers in 265 Irish pedigrees, showing a
broad region of positive results by several of their
sixteen models with a maximum lod2 of 3.51 at
D6S296 (codominant genetic model, broad
diagnostic model). Pulver et al (1995) reported
results from twelve 3p26-24 markers analyzed in
57 pedigrees by three models with a maximum
lod2 score of 2.35 at D3S1283 (dominant affected-
only model, narrow diagnostic model) and 58.4% of
alleles shared by affected siblings; and sixteen
8p22-21 markers with maximum affected-only
lod2 scores of 2.35 (dominant) and 2.20 (recessive)
at DS8136 and a peak of 66.7% shared alleles.

The present effort was organized to follow up
these suggestive findings. To our knowledge this is
the largest multicenter follow-up investigation of
linkage findings for a complex disorder yet
attempted. Previous multicenter collaborations in
Huntington's disease (Huntington's Disease
Collaborative Research Group, 1993) and breast
cancer (Easton et al, 1993) served as models
demonstrating the feasibility and utility of such
efforts. There were two previous follow-up studies

of a schizophrenia finding on chromosome 22
(Pulver et al, 1994; Gill et al, 1996); and four of
the present groups also participated in a two-stage
genome scan (Moises et al, 1995). It is expected
that other regions of interest will emerge from
genome scans being conducted by some of the
collaborating groups and others in the field, but
the three regions under study have been among
the first (in addition to chromosome 22) to show
sufficiently positive results to warrant
collaborative study.

The present collaboration was formed by
initially enlisting all of the groups that
participated in the larger of the follow-up studies
of chromosome 22 markers (Gill et al, 1996). This
ensured that the study would be unbiased with
respect to any previous work on chromosomes 3, 6
and 8 (i.e., all groups agreed to participate
regardless of whether they had positive, negative
or no data for markers in these regions). Two
additional groups (St. Mary's and Vienna) joined
the collaboration in response to fax and email
announcements; neither group had previous
results in these regions. Note that several
participating groups have published their
chromosome 6 data (Moises et al, 1995;
Antonarakis et al, 1995; Gurling et al, 1995;
Mowry et al, 1995; Schwab et al, 1995; Riley et al,
in press; Garner et al, in press) using their own
analytic methods, which was permitted by our
collaboration agreement, but the analyses
reported here have not been published previously.

Key design decisions, reached by consensus,
included: (1) Multiple markers were studied in
each region, selected from those in the original
reports. (2) Primary analyses were limited to a
narrow diagnostic model. (3) The New sample (all
pedigrees not included in the original positive
report for the region) was initially analyzed
separately to determine whether there was

independent evidence for linkage. (4) It was

agreed to conduct a limited number of planned,
primary analyses for this initial report to simplify
statistical interpretation of the results. These
included affected-only single-marker
heterogeneity lod score (lod2) analyses under
dominant and recessive models (Ott, 1991;
Lander, 1988), and a non-parametric multipoint
affected sibling pair (ASP) analysis (Kruglyak and
Lander, 1995). The MCV group also requested an
additional analysis for chromosome 6 using the co-
dominant genetic model parameters and broad
disease definition that yielded the most positive
lod score in their sample (Straub et al, 1995); in
addition to MCV, eight groups had made broad
(schizophrenia spectrum) diagnoses and agreed to
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participate in this analysis, which was expicitly
considered secondary. No other analyses of the
collaborative dataset have been permitted prior to
this initial publication, but the investigators have
agreed to permit further subsequent analyses.

MATERIALS AND METHODS

Clinical and molecular methods used by each
group have been previously described for each
group as follows: Bonn (Schwab et al, 1995),
Edinburgh (St. Clair et al, 1989; Blackwood et al,
1996), IOP/Cardiff (Gill et al, 1993), JHU (Pulver
et al, 1994), LGN-CNRS (Campion et al, 1994),
Iceland/Germany (Moises et al, 1995), MCV
(Straub et al, 1995; Kendler et al, 1996), NIMH
(Gejman et al, 1993; DeLisi et al, 1987),
SB/Oxford/Sequana (DeLisi et al, 1995), St. Mary's
(Riley et al, in press), UCL (Kalsii et al, 1995),
US/Australia (Mowry et al, 1995), Utah (Coon et
al, 1994), Vienna/Kiel (Aschauer et al, 1993).
Methods relevant to the collaborative analysis are
summarized here.

Subjects

All subjects gave informed consent following
regulations for each country and institution.
Pedigrees were ascertained by each participating
group on the basis of a schizophrenia proband and
a constellation of ill relatives (by various
diagnostic models) informative for linkage studies,
typically 2-5 affecteds in 1-3 generations.
Ascertainment schemes were variously designed
to identify affected sibships, nuclear families or
moderate-sized pedigrees (4-5 affecteds). DNA
was obtained from available affected and variable
numbers of unaffected relatives, usually including
available parents of affecteds and some or all
siblings.

Clinical Diagnosis
DSM-IIIR Diagnoses were made by each group

using semi-structured research diagnostic
interviews and reviews of medical records, except
that one group (Riley et al, in press) used
consensus DSM-IIIR diagnoses made by clinicians
who had demonstrated good diagnostic reliability
with a research team. Subjects with DSM-IIIR
(American Psychiatric Association, 1987)
schizophrenia or schizoaffective disorder (Narrow
model) were considered affected for the primary
analyses. Five groups limited their diagnostic
assessments to Narrow diagnoses. Nine of the
groups (those marked by asterisks in Table 1, plus
MCV) had also assessed subjects for additional
putative schizophrenia spectrum diagnoses, and

each of these groups submitted a separate Broad
diagnosis file designating subjects as affected if
they had DSM-IIIR schizophrenia, schizoaffective
or schizophreniform disorder, delusional disorder,
psychosis not otherwise specified, or schizotypal or
paranoid personality disorder. Narrow diagnoses
were used in primary analyses because they were
included in all of the studies, demonstrate a

higher relative risk ratio and are considered more
reliably diagnosed (particularly across groups)
than Broad diagnoses. Table 1 describes the
clinical sample.

Markers and Distances

The markers used in this study, and the inter-
marker distances (shown in centiMorgans in
brackets) assumed here, were:

Chromosome 3:
D3S1293 [10] 1283 [0] 1266 [11] 1298.

Chromosome 6:
D6S296 [0.01] 277 [3.99] 470 [9] 259 [7] 285.

Chromosome 8:
D8S261 [4] 258 [4] 133 [6] 136 [15] 283.

All markers were dinucleotide repeat
microsatellite markers. They were chosen from
the markers studied in the original reports for
these regions (Straub et al, 1995; Pulver et al,
1995) to span the most positive linkage results in
each region. Distances for chromosome 3 and 6
were taken from the CEPH map (31). For
chromosome 6, CEPH data only weakly resolved
the order of the first two markers, and the MCV
group later reversed the order shown here based
on new physical mapping evidence. In the new

sample, analysis with GENEHUNTER/NPL
(Kruglyak et al, 1996) showed that the most likely
number of recombinants between the first-second
and second-third markers was similar with either
order, so the CEPH order and distances were used
(with a small distance assumed between the first
two markers because obligate recombinants were

observed). (Multipoint ASP results were similar
with the two orders.) For chromosome 8, CEPH
data did not resolve the order in this region.
LINKMAP from the LINKAGE package (Lathrop
et al, 1984) was therefore used to define the best
order on available CEPH pedigree data, and
distances for multipoint analysis were determined
by GENEHUNTER/NPL in new sample pedigrees
with two typed parents.
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Table I: Characteristics of the Collaborative Sample*

Site # Aff # Afft # Inf #Pairs Chromosome 3 -Chromosome6- -Chromosome 8-
Ped Ped A B C D E F G H I J K L M N

Bonn 172 65 2.65 48-53 68-69 + + + + + + + 0 + + + + 0 +

Edinburgh* 50 14 3.57 3-11 12 + + + + + 0 + + + + + + + +

Iceland/Germany 22 5 4.40 3-5 7-9 + 0 + + + + + + + + + + + +

IOP/Cardiff* 48 13 3.69 10-13 17 0 + + + + 0 + + + + + 0 + +

JHU Collab 154 57 2.70 46-52 44 0 0 0 0 + + 0 + + 0 o 0 0 0

LGN-CNRS* 123 37 3.32 24-40 50-53 + + + + + + + + + + + + + +

MCV* 618 265 2.33 156-191 214-224 + + + + 0 0 0 0 0 + + + + +

NIMH 121 44 2.75 29-41 50-51 + + + + + 0 + + + + + + 0 +

SB/Ox/Sq* 267 100 2.67 51-85 102-103 + + + + + + + 0 + 0 + + + +

St Mary's 63 21 3.00 14-19 13 + + + + + + + + + + + + + +

UCL* 80 23 3.48 17-21 30-32 + + + + + + + •f + + 0 •f + +

US/Australia* 111 45 2.47 36-39 38-39 + + + + + 0 + + + + + + + +

Utah* 40 9 4.44 6-9 14-15 + + + + + + + + + + + + + +

Vienna/Kiel* 30 15 2.00 9-11 12 + 0 + + + + + + 4- + + + + +

TOT 1899 713 2.66 403-567 677-687

Mean heterozygosities: .82 ,75 .74 .87 ,85 .79 .80 .79 ,70 .77 .71 .79 .81 .81

'*# Aff = # of individuals with DSM-IIIR schizophrenia and schizoaffective disorder.
# Ped = # of pedigrees submitted for the collaborative study (includes original and new samples).
Af&Ped = average number of affecteds per pedigree.
# Inf = number of informative pedigrees, defined as lod score <> 0.0000 at theta = 0 -- the range indicates the smallest and

largest number of informative pedigrees across chromosome 3, 6 and 8 markers.
# Pairs = number of affected sibling pairs (calculated as [n of affected sibs]-l.
Under each chromosome, the letter codes refer to markers: A=D3S1293, B=D3S1283, C=D3S1266, D=D3S1298; E=D6S296,

F=D6S277, G=D6S470, H=D6S259, I=D6S285; J=D8S261, K=D8S258, L=D8S133, M=D8S136, N=D8S283. For each marker, "+"
indicates that the group submitted genotypes for the marker for the primary extension sample analyses, "o" indicates it did not.
Mean marker heterozyosities are shown (average of separate estimates from each group excluding JHU).

Note that the originating groups (JHU and MCV) were excluded from the primary analyses of the chromosome 3+8 and 6
regions respectively, but submitted data for all markers in those regions for the analyses of their own data and of the combined
data as shown in Table 2. An asterisk indicates the group contributed data for the schizophrenia spectrum analysis shown in
Table 4. References for clinical and laboratory methods for each group are given in the text.

Genotyping
Each group genotyped its available DNA

specimens. In some cases a group did not submit
genotypes for a particular marker, either because of
technical difficulties in analyzing the marker or
because of resource limitations. Each lab
determined PCR product sizes and made allele
designations. Note that all analyses used separate
estimations of allele frequencies for each sample, as
described below. Thus it was not necessary to
determine whether allele designations were
consistent across labs. Each group determined
allele sizes across all families in their sample
(except for JHU, see Linkage Analysis below).

Genetic models for lod score analysis
Two models were selected (q = disease

allele frequency; fl, f2, f3 = penetrances for normal
genotype, disease heterozygote, and disease
homozygote respectively):

Dominant (DOM)
q=0.01, fl=0.000005, f2=0.0005, f3=f2.

Recessive (REC)
q=0.14, fl=0.000005, £2=fl, £3=0.0005

These models were selected by assuming a high
penetrance ratio (disease:normal genotype) for
affected cases of 0.50:0.005 (100:1), and then
dividing penetrances by 1000 to reduce the
penetrance ratio for unaffected cases to =1.0 (Ott,
1991), so that only affected cases contribute
significantly to the lod score ("affected-only"
analysis). This was preferred for a complex disease
because penetrance for a given locus may be too low
for an "unaffected" diagnosis to be reliable.
Linkage analysts for MCV and JHU considered
these models acceptable tests of their findings
under a Narrow diagnostic model.
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The secondary Broad model analysis
(chromosome 6) used a modification of the PEN
model which yielded the highest lod score in the
original MCV analysis (Straub et al, 1995): q =
0.032, fl = 0.0064, f2 = 0.375 and f3 = 0.75 (with
female penetranes set at 50% of these values),
modified here by dividing all penetrances by 1000 to
create an affected-only model.

Linkage analysis
LINKAGE-format files of pedigree, diagnostic

and genotyping data for each dataset (by
chromosome) were analyzed with PEDMANAGER
(M.P. Reeve, unpublished) for mendelization errors
and also for estimation of allele frequencies
separately for each sample (the program counts
alleles among pedigree founders, after
reconstructing missing genotypes for founders when
this can be done with certainty). Two-point lod
scores (disease vs. marker) were computed with the
FASTLINK (Cottingham et al, 1993) version of
MLINK (Lathrop et al, 1984), for DOM and REC
models for each sample separately (using the allele
frequencies calculated for that sample), at
recombination frequencies (0) between 0 and 0.48
at intervals of 0.02. Lod scores for each pedigree
were then assembled into files (by marker) for the
New, Original and Combined samples for
computation of heterogeneity lod scores (lod2;
admixture test) by HOMOG (Ott, 1991) (Table 2).
Thus, while the overall lod2 score was computed
from lod scores for pedigrees from all samples,
those pedigree lod scores were calculated using the
allele frequencies calculated separately for the
sample from which the pedigree was drawn.

Single-marker ASP analyses (Table 3) were
carried out with SPLINK (Holmans and Clayton,
1995) which calculates a maximum lod score (MLS)
from an estimate of the most likely proportions of
sibling pairs with 0, 1 or 2 alleles shared identical-
by-descent, using the "possible triangle" method
which increases the power of ASP analysis
(Holmans, 1995). The SPLINK analyses utilized
the separate allele frequency estimates for each
sample in calculating sharing proportions for each
sample, and then estimated maximum sharing for
the entire New and Combined samples. The
SPLINK analysis was planned as a check on the
consistency of multipoint results, with the latter
considered the primary analyses. However, it was
decided not to perform multipoint analyses on
chromosome 3 data after observing lod2 scores of <
0.10 and single-marker MLS results of 0-0.54 at all
markers in the New sample (lod2 and MLS scores
cannot be < 0), such that a substantially higher
multipoint result would not be expected.

Multipoint ASP analysis was carried out for
chromosomes 6 and 8 with MAPMAKER/SIBS
(Kruglyak and Lander, 1995). Like SPLINK, SIBS
estimates the maximum likelihood proportions of 0,
1 and 2 alleles shared by pairs of sibs across the
dataset, making no assumption about dominance
variance, and with no genetic model, using the
"possible triangle" method, but incorporates rapid
estimation of the multipoint distribution to permit
calculation of the MLS at every point across a

specified map of markers. The SIBS analyses (like
SPLINK) weighted the contribution of sibships by a
factor of 2/N (Suarez and Hodge, 1979), so that each
sibship contributed the equivalent of s-1 pairs
(s=number of affected sibs) as an approximate
correction for non-independent pairs.

SIBS analyses utilized the separate allele
frequency estimations for each sample as follows:
datafiles were created for each chromosome
containing the entire New or Combined sample,
with allele designations for each sample recoded
into non-overlapping bins (e.g., alleles 1-20 for
Edinburgh, 21-40 for CNRS, etc.) in the pedigree
and locus parameter files (totalling 280-302 alleles
per marker). The locus parameter file listed the
allele frequencies calculated separately for each
sample for the appropriate allele designations for
that sample, with allele frequencies summing to the
number of groups included the analysis.

For chromosome 6 analyses using a Broad
diagnostic model, nine groups (MCV plus the other
eight groups marked by asterisks in Table 1)
submitted files with these diagnoses designated as
affected. The MCV group computed lod2 scores
(using MENDEL [Lange et al, 1988]) and C-test
(single point) and D-test (multipoint) tests for
linkage with heterogeneity (MacLean et al, 1992),
under the DOM and REC models (Table 4) and the
affected-only version of the PEN model. Lod2
scores were also computed under DOM and REC for
Narrow diagnoses for these groups separately (with
MLINK and HOMOG) for comparison (Table 4).

Results are reported as lod2 and SIBS or
SPLINK maximum lod scores (MLS), with nominal
(asymptotic, point-wise) p values. The reader
should note that lod2 (heterogeneity lod scores) are
two-parameter tests (recombination fraction and
proportion of linked families) which are
approximately equivalent to homogeneity lod scores
after deducting a correction of about 0.3 (Ott, 1991),
but which actually follow an unusual distribution
described by Faraway (1993) who also provided the
appropriate method for calculating nominal p
values (Faraway, personal communication): the
lod2 score is converted to a chi-square value with 1
df by multiplying by 4.6 (2 x logn[10]); the area to
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Table II: Lod2 and SIBS Maximum Lod Scores: Chromosomes 6 and 8*

■DOM REC SIBS

Peds lod2 P « 9 lod2 P a 0 Pairs MLS/

(shared)
Chromosome 6

New 463 2.19

D6S296 354 0.00 1.00 >0.5 0.47 0.08 0.00 (.559)
D6S277 261 0.51 0.11 0.00 1.22 .018 0.15 0.00 p=. 001
D6S470 331 0.58 0.18 0.12 1.20 0.12 0.00

D6S259 241 0.05 0.04 0.00 0.58 0.12 0.00

D6S285 357 0.31 0.09 0.02 1.19 0.59 0.24

MCV 224 1.03

D6S296 197 1.31 1.0 0.26 1.31 0.25 0.04 (.547)
D6S277 181 1.14 1.0 0.24 1.20 0.22 0.00 p=.02
D6S470 212 1.38 .012 0.93 0.24 0.61 1.00 0.32

D6S259 220 0.48 0.37 0.18 0.11 1.00 0.38

D6S285 210 0.39 1.0 0.32 0.30 0.31 0.20

Combined 687 2.68

D6S296 551 0.06 0.03 0.02 1.47 0.12 0.00 (.547)
D6S277 442 1.20 0.15 0.00 2.35 .001 0.18 0.00 p=. 0004
D6S470 543 1.66 0.26 0.12 1.66 0.20 0.10

D6S259 461 0.34 0.08 0.02 0.61 0.09 0.00

D6S285 567 0.56 0.11 0.04 1.45 0.53 0.24

Chromosome 8

New 633 1.58

D8S261 384 0.73 0.96 0.34 2.22 .0014 0.17 0.00 (.541)
D8S258 418 0.34 0.08 0.00 0.78 0.23 0.14 p=.005
D8S133 381 0.97 1.00 0.32 1.63 0.20 0.06

D8S136 359 0.99 0.74 0.30 1.23 1.00 0.32

D8S283 463 0.50 1.00 0.40 0.60 1.00 0.36

JHU 44 2.90

D8S261 45 0.61 0.31 0.00 1.28 0.91 0.16 (.704)
D8S258 38 1.10 0.79 0.16 1.62 0.70 0.08 p=.0002
D8S133 42 1.35 0.44 0.00 1.84 0.85 0.10

D8S136 44 2.24 .0013 1.0 0.14 2.11 1.0 0.12

D8S283 41 0.30 1.0 0.30 0.91 0.27 0.00

Combined 677 2.73

D8S261 429 0.98 0.38 0.22 3.06 .00018 0.19 0.00 (.553)
D8S258 456 0.85 0.23 0.14 1.62 0.27 0.12 p=.0003
D8S133 423 1.60 0.81 0.28 2.73 0.25 0.06

D8S136 403 2.08 1.0 0.30 2.19 0.90 0.28

D8S283 504 0.67 1.0 0.38 1.03 0.13 0.06

* Shown for dominant and recessive models are lod2 scores for each marker and corresponding values of a and 0.
Peds=the number of informative pedigrees (lod<>0.0000) for each marker. Shown for MAPMAKER/SIBS analyses are
the number of typed pairs (where sibships are weighted to contribute s-1 pairs), and the maximum lod score (MLS)
and maximum estimate of proportion of shared alleles (see Figure 1). The maximum lod2 and MLS result for each
dataset is bolded, and the nominal p-value shown.

the left of this value is then squared and subtracted
from 1; and this number is divided by 2 to obtain

the nominal p value. For MLS scores,
approximately equivalent asymptotic p values were
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SIBS MLS Results: Chromosome 6 SIBS MLS Results: Chromosome 8

centiMorgans centiMorgans

Fig. 1: SIBS MLS results for chromosomes 6 and 8. Shown are multipoint MLS values (MAPMAKER/SIBS) at intervals of 1 cM
across the map of markers for each chromosome. Results for the New (collaborative) sample are shown in circles, the Original
sample (JHU or MCV) in squares, and for Combined (New+ Original) sample in triangles. See Table II for N and peak values.

Table III: Results of SPLINK Single-Marker ASP Analyses for the New Sample*

A B A B A B A B A B

Chromosome 3 - New Sample
Marker D3S1293 D3S1283 D3S1266 D3S1298

N 388.9 171.4 354.5 163.0 366.0 162.7 409.0 178.6

MLS 0.07 0.23 0.02 0.00 0.00 0.00 0.54 0.24

p(0,1,2) .25,.49,.26 .24,.48,.28 .25,.50„25 .25..50..25 .25,-50,.25 .25,.50,.25 .24,.48,.28 .24,.48„25
Chromosome 6 - New Sample

Marker D6S296 D6S277 D6S470 D6S259 D6S285

N 331.9 202.4 224.2 135.0 286.2 173.7 202.7 104.5 278.7 170.1

MLS 0.79* 1.54** 1.28** 1.31** 1.42** 1.60** 0.34 0.58 0.96* 1.20*

p(0,1,2) .23,.47,.30 .22,.44,.33 .20,.48,.32 .22,.44,.34 .20,.49,.31 .22,.44,.34 .24,.47,.29 .20,.48,.32 .22,.48,.30 .19,.49,.32
Combined Sample

N 438.0 217.8 356.1 163.3 416.6 194.4 337.5 128.4 401.4 192.0

MLS 1.19* 1.58** 2.15** 1.17* 1.55* 1.24* 0.23 1.00* 1.08* 1.54*

p(0,l,2) .23,.47,.30 .22,.44,.33 .22,,45,.32 ,22,.44„33 .22,.47,.31 .22„45,.33 .24,.48,.28 ,19,.49,.32 .22,.48,,30 .20..47..33

Chromosome 8 - New Sample
Marker D8S261 D8S258 D8S133 D8S136 D8S283

N 352.7 154.8 313.4 141.4 348.4 155.4 322.6 111.5 424.0 196.9

MLS 0.97* 0.44 0.73 0.17 1.74*** 0.88* 0.99* 0.67 0.36 0.07

p(0,1,2) .23,.47,.30 .22,.49,.29 .23,.47,.30 .24,.48,.28 .23,.45,.32 .22,.46,.32 .21,.50,.29 .23,.45,.32 .24,.48,.28 .24,.49,.27
Combined Sample

N 384.3 342.8 376.6 354.0 460.0

MLS 1.69*** 1.29* 1.46** 0.84* 2.71*** 2.32*** 1.63** 1.41** 0.66 0.32

p(0,1,2) .22,.46,.32 .20,.47,.33 .21,,48,.31 .22,,46,.32 ,22,,44,.33 .19,.45,.36 .21,.48,.31 .21,.43,.35 .24,.48,.29 .24,.48,.29
*For each marker, column A gives results for all pairs, and column B for pairs with both parents typed. The latter is a check on
the dependency of the MLS on estimates of allele frequencies, which would be suggested if sharing proportions were lower when
parents were typed; here, proportions are generally similar. N = Number of fully-informative sib pairs that would yield the
amount of linkage information observed. MLS = maximum lod score, computed with SPLINK separately for each marker, based
on maximum likelihood sharing proportions, using the possible triangle method. p(0,1,2) = the maximum likelihood proportions
of pairs with 0, 1 or 2 alleles shared IBD. * p < .05, **p<.01, *** p < .005
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Table IV: Maximum Two-point Lod Scores (Recessive) by Group (New Sample)

Marker: 296

Chi

277

romosom

470

ie 6

259 285 261

Chromosome 8

258 133 136 283

Bonn 0.15 -0.01 0.79 1.48 0.08 0.33 0.00 0.03

Edinburgh 0.01 0.01 0.42 0.00 0.42 0.65 0.03 1.10 0.01

Iceland/Germany 0.14 -0.01 -0.01 -0.01 -0.01 0.57 0.12 -0.01 -0.01 0.43

IOP/Cardiff -0.01 0.57 0.22 0.00 0.11 0.00 0.00 0.00

JHU Collab 0.07 0.86 0.12 0.07

LGN-CNRS 0.19 0.60 0.00 0.92 0.03 0.31 0.07 0.15 0.09 0.40

MCV 0.23 0.43 1.04 1.32 0.06

NIMH -0.01 0.04 0.00 0.13 0.00 0.94 0.12 0.00

SB/Ox/Sq 0.19 0.30 0.16 0.64 -0.01 0.04 0.00 0.00

St Mary's 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.11

UCL 0.00 0.05 0.31 -0.01 0.10 0.21 1.04 0.49 0.73

US/Australia 0.14 0.19 0.50 0.26 0.54 0.00 0.04 0.00 0.00

Utah 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.01 0.18 0.00

Vienna/Kiel 1.13 0.13 0.14 0.09 0.01 0.12 0.00 0.10 0.00 0.63

Lod2(max) 0.47 1.22 1.20 0.58 1.19 2.22 0.78 1.63 1.23 0.60

Shown are the maximum two-point Iod scores (recessive model, narrow diagnoses, assuming homogeneity) for each New sample
group separately, by marker, to illustrate the relative contribution of each sample to positive scores. Maximum lods occur at
different values of theta (not shown) in the different groups. The highest lod(max) for each group (from Table 2) on each
chromosome is bolded, if it was > 0.3. Also shown are the maximum lod2 scores for each marker across all pedigrees (New
sample) -- note that the lod2 is not a sum of the lod(max) values, but is shown to indicate the total evidence for linkage at each
marker.

calculated as described by Holmans (1993). We
considered carrying out formal power analyses
through simulation studies, but concluded that it
would be prohibitive to carry out appropriate
simulations such a large sample of various pedigree
structures, with highly polymorphic markers, for
the primary methods ofanalysis (lod2 and
multipoint SIBS). Nominal thresholds of
significance should be reasonably accurate due to
the large sample sizes.

Note that the JHU group had taken a different
approach to allele frequencies, as follows: alleles
had been sized within families only. If x alleles
were observed within a single family, they had
been designated with integers from 1-x. If the
largest number of alleles observed in any one family
was y, then all alleles for that marker were
assumed to have a frequency of 1/y (equal
frequencies). To accomodate this approach, these
frequencies were also used for the primary analyses
(SIBS and lod2 analyses by the narrow diagnostic
model; JHU did not submit Broad diagnoses). For
SPLINK, the program used for the multi-group
analysis calculated allele frequencies automatically
for each subsample, such that the proportion of "1"
alleles would have been computed regardless of the
fact that "1" referred to different alleles in different
families. As a check on this, the MLS for the JHU

group was calculated separately with these
calculated frequencies and with equal frequencies,
and differences between the two analyses were
small. Thus the MLS results reported here reflect
the (incorrectly) computed allele frequencies for the
JHU sample. Again, for all other samples, allele
frequencies were computed from founders (as
described above) on the basis of cross-family allele
designations, and the separate allele frequencies for
each sample were used in all linkage tests.

RESULTS

Primary Analyses: Additional Support for
Linkage on Chromosomes 6 and 8

The characteristics of the sample are shown in
Table I. Lod2 and SIBS MLS results are shown in
Table II, and SIBS results for chromosome 6 and 8
are shown graphically in Figure 1. Single-marker
SPLINK results are shown in Table III for
comparison with the multipoint results, but it
should be appreciated that the multipoint analysis
provides more information and was planned as the
primary non-parametric analysis of these data.
Because all chromosome 3 markers produced lod2
scores £ 0.08 and single-marker SPLINK MLS
results between 0 and 0.54, SIBS multipoint
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Table V: Lod2 and C-test Analyses using Broad Diagnostic Model (Chromosome 6)*

Narrow-lod2 Broad-DOM Broad-REC Broad-PEN

DOM REC lod2 C-dev lod2 C-dev lod2 C-dev

New8
D6S296 0.01 0.66 0.09 0.11 0.98 1.83 0.38 0.52

D6S277 0.94 1.17 0.64 1.43 0.41 0.91 0.38 0.94

D6S470 0.17 0.74 0.02 -.38 0.01 -.06 0.01 -0.60

D6S259 0.15 1.47 0.15 0.94 1.36 2.22 0.34 0.96

D6S285 0.11 0.54 0.11 0.53 0.60 1.68 0.17 0.78

MCV

D6S296 1.31 1.31 2.83 3.10 2.51 3.70 2.70 3.40

D6S277 1.14 1.20 1.55 2.10 0.64 1.90 1.39 1.70

D6S470 1.38 0.61 2.26 3.10 1.03 1.50 1.72 2.20

D6S259 0.48 0.11 1.01 1.70 0.61 0.60 0.78 0.60

D6S285 0.39 0.30 1.25 1.70 1.77 2.70 1.45 1.80

New8+MCV

D6S296 1.78 3.27 1.79 2.20 2.89 3.90 2.90 2.80

D6S277 2.16 2.45 1.38 2.40 .97 1.90 1.48 2.00

D6S470 1.92 2.57 1.15 1.60 .55 0.97 1.14 1.30

D6S259 0.91 1.24 .94 1.90 1.76 1.70 1.02 1.50

D6S285 0.72 1.27 .78 1.60 2.18 3.10 1.26 1.90

*Shown are results of secondary analyses of chromosome 6 data under a Broad diagnostic model, and
DOM, REC and PEN transmission models, for New8 (8 groups, marked by asterisks in Table 1, which
submitted Broad diagnoses), MCV alone, and New8+MCV combined. The Narrow lod2 results are shown
for comparison purposes only, to permit the reader to examine the effect of adding Broad model cases to
the analysis of the New8 subsample -- Table 2 shows the Narrow model results for the entire sample
(planned primary analyses). The New8 subsample included 129-219 informative pedigrees by Narrow and
160-260 by Broad diagnoses, with markers D6S277 and D6S259 having reduced numbers as shown in
Table 1.

For each marker, lod2 (a likelihood test) and C-test deviate (a simulation-based test of linkage with
heterogeneity) have been computed. Nominal p-values (calculated as described in Methods for lod2 scores,
and computed by simulation for C-deviates) for the maximum result for each sample are:

New8 - lod2 (REC) = 1.36 (p=.012), C-dev (REC) = 2.22 (p=.013);
MCV - lod2 (DOM) = 2.83 (p=.00031), C-dev (REC) = 3.70 (p=.0001);
New8+MCV - lod2 (PEN) = 2.90 (p=,0026), C-dev (REC) = 3.90 (p=.0001).

analysis was not carried out for this chromosomal
region.

For chromosome 6, the most positive results
were a SIBS MLS of 2.19 (nominal p = .001) in the
New sample and 2.68 (nominal p = .0004) in the
Combined sample. (For comparison, the standard
homogeneity lod scores with equivalent p-values
would be 2.00 and 2.40). Note that the MCV
sample's lod2(max) of 1.38 is consistent with their
published results using a narrow diagnostic model,
and much lower than their maximum scores using a
Broad model (Straub et al, 1995) as discussed
below.

For chromosome 8, the most positive results
were lod2 of 2.22 by a recessive model at D8S261 (p
= .0014) in the New sample and 3.06 by a recessive
model at D8S261 (p = .00018) in the Combined
sample. (Similar p-values would be associated with
homogeneity lod scores of 1.94 and 2.78) . The JHIJ
dataset produced a lod2 score of 2.24 by a dominant

model at D8S136 (p = .0013, similar to that of a
homogeneity lod score of 1.96).

How consistent were the findings across groups?
The contribution of each group's sample to the
maximum lod scores cannot be determined exactly
because the relevant statistics are maximized over

the entire dataset. As an illustration of the
variation among samples, Table IV shows the
maximum two-point homogeneity lod score for each
sample at each marker (by the recessive model,
which yielded the highest lod scores in the new
sample for both chromosomes). For reference, the
maximum lod2 result for each marker is also
shown. Slightly positive lods were observed in most
of the subsamples (> 0.3 in 10 of 13 samples for
chromosome 8 and 9 of 13 samples for chromosome
6), but there was little consistency in the location of
the maximum lod score.
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A broad diagnostic model did not
increase evidence for linkage

Table V shows the results of the planned
secondary analysis of chromosome 6 data using a
Broad diagnostic model (with data under the
Narrow model shown for comparison) with three
genetic models (DOM, REC, PEN) and two different
test statistics, lod2 and the C-test deviate
(MacLean et al, 1992). Evidence for linkage for the
MCV sample is lower here than in their published
report (Straub et al, 1995), with the difference
attributable to the present study's use of affected-
only models. The MCV group's hypotheses (based
on their data) were that higher lod2 scores would be
observed under the Broad (vs. the Narrow)
diagnostic model, the PEN (vs. DOM or REC)
transmission model, and with the simulation-based
C-test (vs. the likelihood-based lod2 test). The
pedigrees from the 8 groups contributing to this
analysis, other than MCV, are here designated as
New8 sample. In the New8 sample, lod2 scores for
dominant and recessive models and a Broad
diagnostic model were always lower than lod2
scores for the same genetic model and a Narrow
diagnostic model. As expected from published
results, the highest lod2 and C-deviate scores for
the MCV sample were observed with the PEN
model and a Broad diagnostic model. The highest
lod2 and C-deviate scores in the combined (New8 +
MCV) sample were for the PEN and REC models
respectively under a Broad diagnostic model. For
the PEN model, this was almost entirely due to the
MCV sample's contribution. For REC, the
combined lod2 score of 2.89 at D6S296 is lower than
the lod2 score of 3.27 observed in these 9 samples
for REC under a Narrow diagnostic model (but note
that only primary analysis results for the entire
sample shown in Table II should be considered in
interpreting the significance of the findings for the
Narrow diagnostic model).

DISCUSSION

The result of the primary analyses for
chromosomes 6 and 8 can be interpreted in many
ways. It is expected that some of the collaborators
will carry out additional analyses and publish their
own results and interpretations. Discussions among
the present collaborators have demonstrated a

consensus on the following two points:
1. The results support the need for additional

efforts to identify or exclude schizophrenia
susceptiblity genes on chromosomes 6 and 8, where
linkage analyses using conservative assumptions
(affected-only analyses of narrowly-diagnosed cases)
in a large, new, unbiased sample yielded positive

evidence of a similar order of magnitude as the
original samples. This result stands in sharp
contrast to the negative results observed in most
previous attempts to replicate schizophrenia
linkage findings (Baron, 1995), and in our own
chromosome 3 data.

2. Although there is no consensus about the
statistical interpretation of linkage results for
complex disorders, it is clear that the present
results fall short of any standard of "significant
linkage." For example, the traditional threshold of
significance for mendelian disorders has been a
homogeneity lod score of 3.0 (nominal p = .0001),
based on a set of assumptions about prior and
posterior probabilities in linkage tests for
mendelian disorders (Ott, 1991). None of the test
statistics for the planned, primary analyses in the
present study reached this level of significance.
There is no consensus about defining thresholds of
statistical significance for likelihood ratio tests in
the many situations in which they are currently
applied.

Discussion of these results among the present
collaborators has not produced agreement on a
more precise statistical interpretation. One
approach would be to follow the proposal of Lander
and Kruglyak (1995) that all linkage tests for
complex disorders be interpreted in relation to the
likelihood of observing a result by chance in a

genome-wide search. They presented calculations
showing that nominal point-wise p values of
.000049 (for lod score analysis) or .000022 (for sib-
pair analysis) would be observed by chance in 5% of
complete genome scans using multipoint analyses,
and they suggest adopting these values as

approximate thresholds for "significant" linkage.
Similarly, p values of .0017 and .00074 would be
expected by chance approximately once per genome
scan, which they suggest as a threshold for
"suggestive" linkage. By this model, p values of .01
would be considered confirmation of previous
significant (but not suggestive) linkage results.
These criteria for suggestive linkage are exceeded
by the maximum results for chromosome 6
(Combined sample) and chromosome 8 (New and
Combined samples). However, the initial JHU
result for chromosome 8 was at the level of
suggestive linkage; and the initial MCV result for
chromosome 6, while very close to the proposed
threshold for significant linkage (lod2 = 3.51,
nominal p=.000059), would require some degree of
adjustment because multiple analytic models were
tested in that study. Thus by the proposed
guidelines, our finding of "suggestive" linkage in
both the New and Combined samples, in the
absence of a clearly "significant" prior result,
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cannot be considered confirmation or replication of
linkage. Furthermore, a number of issues
concerning the applicability of this model are still
under discussion (Witte et al, 1996; Curtis, 1996;
Lander and Kruglyak, 1996) including whether
such discrete thresholds are most useful, how to
correct for the use of several partially-correlated
tests, how to apply the criteria in following up

previous findings of varying magnitudes, and
whether they should be applied to two-point
analyses (such as our lod2 tests) as opposed to
multipoint analyses. (It should be noted that the
DOM and REC lod2 and SIBS analyses of the the
New sample under the Narrow diagnostic model
were planned as primary analyses, and that these
three tests are clearly non-independent in these
data.)

The absence of definitive proof or
disconfirmation of linkage should not be surprising,
despite the large sample size. Simulation studies
(Suarez et al, 1995) suggest that in a polygenic
disease, the initial detection of linkage may occur
because one of the susceptibility loci happens (for
stochastic reasons) to appear more strongly linked
with disease in one sample than in the general
population. Replication is then difficult because
(again due to stochastic variation, and not because
of any difference in genetic effect) linkage results
are likely to be weaker in other samples. Thus the
present results could represent chance findings, or
they could reflect the kind of weak linkage one
might expect in a replication study of a complex
disorder. Several other methodological problems
could also be reducing the observed strength of
linkage. Clinical diagnosis (even with stringent
research methods) probably remains an

approximation of the actual phenotype, given the
reliance on psychotic subjects' self-report and on
partial information from clinical records, the lack of
a gold standard to validate clinical diagnoses (and
the virtual impossibility of achieving diagnostic
uniformity across a large number of studies,
countries and languages, given the labor-intensive
nature of procedures for making and reviewing
diagnoses), the absence of known familial subtypes
to subdivide cases for analysis, and the dearth of
knowledge about the features and prevalence of
non-genetic cases. The most tightly-linked markers
might not have been studied, given the limited
number of markers to which each group could
commit to completing and the decision to select
markers from the original reports. Undetected
genotyping errors are more likely in the small (and
often incomplete) pedigrees seen in studies of
complex disorders, and in analysis of dinucleotide
repeat markers. Finally, the small number of quite

conservative analyses might have underestimated
the degree of linkage -- although, given the
marginal magnitude of the findings, use of multiple
tests would have raised additional questions about
the significance of the results.

Sample-by-sample variation in evidence for
linkage can be observed with weak linkage or false
positive results, as well in the face of true genetic
heterogeneity among samples (although there was
no statistical evidence for this here) or because of
technical problems as discussed above. With regard
to possible gene location, both chromosomes
demonstrated considerable variation by sample in
the location of maximum positive scores (the reason
for which is not known). For chromosome 8 the
location of the peak multipoint SIBS results was
similar for the entire new sample and the JHU
sample.

The present data fail to provide independent
confirmation of the MCV group's finding of stronger
evidence for linkage using a Broad diagnostic
model, or using a codominant (PEN) model. There
are a number of possible explanations for this: the
MCV group may be more accurately diagnosing
genetically-related spectrum disorders; the Irish
sample could differ from the others in the spectrum
of phenotypes; the difference between the Narrow
and Broad models in the MCV sample could have
been due to chance; or the chromosome 6p finding
itself could be a false positive.

A more general issue is whether multicenter
follow-up studies of positive findings can play an

important role in the identification of susceptibility
genes for complex disorders. Collaborative analyses
played a substantial role in the cloning of genes for
major locus disorders including Huntington's
disease (Huntington's Disease Collaborative
Research Group, 1993) and familial breast cancer
(Easton et al, 1993). In complex disorders,
relatively large collaborations have been organized
for two-stage genome searches, using a low
threshold of significance in the first stage to select
regions for a second (collaborative) stage, but
typically a minority of samples in the world were
included; examples are Davies et al (1994) in
insulin-dependent diabetes mellitus (IDDM) (282
sib pairs), and Moises et al (1995) in schizophrenia
(65 pedigrees, including some large pedigrees). Two
collaborations were organized to follow up the JHU
group's finding (Pulver et al, 1994a) of a lod2 of 1.54
on chromosome 22 in a genome screen: JHU and
three other groups (256 families) typed three
markers around IL2RB, with negative results
(Pulver et al, 1994b); and in a collaboration
organized by the Institute of Psychiatry group, JHU
and ten other groups typed a single additional
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marker (D22S278, chosen because several groups
had positive findings nearby) in 436 sibships, with
positive but equivocal results (MLS = 1.79) (Gill et
al, 1996). The JHU group recently reported several
schizophrenia patients with microdeletions within
the nearby velo-cardio-facial syndrome (VCFS)
locus (Karayiorgou et al, 1995), and schizophrenia¬
like syndromes in 4 of 14 adult VCFS patients
examined (Pulver et al, 1994c), suggesting a
possible etiological role for this locus in a small
proportion of schizophrenia cases. For bipolar
disorder, five groups have contributed data to the
1996 Genetic Analysis Workshop meeting for study
of a chromosome 18 bipolar disorder finding
(Berrettini et al, 1994).

Well-designed and timely multicenter follow-up
studies can help to direct research efforts toward
promising findings (like chromosomes 6 and 8 in
schizophrenia) and away from those (like
chromosome 3) which disappear in a larger sample.
They can also lend credibility to findings and to the
field itself, by focussing attention on the difficult
and slow task of gradually honing in on

susceptibility genes, a task that has been hampered
by repeated waves of excessive publicity for
suggestive findings in individual samples followed
by disillusionment (even among fellow scientists)
when rapid replication fails to materialize.
Whether multicenter studies will in fact play a
critical role remains to be seen. For example,
several groups have begun efforts to localize and
clone schizophrenia susceptibility genes on
chromosomes 6, 8 and 22, on the basis of available
suggestive evidence for linkage. Thus for complex
disorders like schizophrenia, linkage studies will
sometimes be used only to obtain initial clues about
gene location, and investigators may turn to other
methods (linkage disequilibrium, screening for
candidate genes, mutational analysis) before
obtaining the kind of definitive evidence for gene
location that would be expected from linkage
studies alone in mendelian disorders. Multicenter
analyses can still play a role in this process: if
initial cloning efforts are successful, then
multicenter analyses can assist in detection of
additional loci and clarification of genetic
mechanisms and clinical correlations; if they are
not, then multicenter analyses can help to identify
the subsequent findings most worthy of further
study. We would also note that, given the
limitations of multicenter studies such as

differences in diagnostic and laboratory methods,
the collection of large single samples should
continue to be a priority for diseases such as
schizophrenia.

We suggest that timely multicenter follow-up
studies of linkage findings can be useful to the field
if adequate attention is paid to aspects of study
design such as formation of a large and unbiased
sample; balance between central coordination and
collaborative decision-making to maintain trust in
the process; study of an adequate number of the
best available markers spanning a region of
interest; and thoughtful selection of a genetic
analysis strategy. Continued improvements in
diagnostic methods, epidemiological knowledge and
genotyping accuracy may be needed to strengthen
findings in the face of complex, poorly understood
genetic mechanisms.

In conclusion, the consensus of the present
investigators is that the present results provide
additional suggestive evidence, but not statistically
significant evidence, to support the hypotheses of
the presence of schizophrenia susceptibility genes
in these regions of chromosomes 6 and 8 (but not 3).
Several of the present investigators have viewed
the results with more skepticism because study of a
considerably enlarged sample provided no greater
support than the original reports, suggesting either
false positive results or weak gene effects. We
currently have limited methods to distinguish
between these possibilities, given the data cited
above from simulation studies that stochastic
variation in linkage results for polygenic disorders
may lead to inconclusive results even in samples
larger than the present one, and the many
methodological factors that could weaken linkage
results in this type of study. One point favoring a
more positive interpretation is that two of three
regions studied on the basis of prior hypotheses
yielded suggestively positive results, which would
be much less likely to occur by chance than zero or
one such result. Thus we conclude that our evidence
for linkage on chromosomes 6 and/or 8 is too strong
to ignore, but too modest to resolve the status of
these regions. Perhaps the most revealing result of
the present study is that most of the investigators
report it has increased rather than decreased their
interest in efforts to identify susceptibility genes in
these regions by linkage and other methods.
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Several groups have reported weak evi¬
dence for linkage between schizophrenia
and genetic markers located on chromo¬
some 22q using the lod score method of
analysis. However these findings involved
different genetic markers and methods of
analysis, and so were not directly compara¬
ble. To resolve this issue we have performed
a combined analysis of genotypic data from
the marker D22S278 in multiply affected
schizophrenic families derived from 11 inde¬
pendent research groups worldwide. This
marker was chosen because it showed max¬

imum evidence for linkage in three inde¬
pendent datasets (Vallada et al., Am J Med
Genet 60:139-146, 1995; Polymeropoulos
et al., Neuropsychiatr Genet 54:93-99, 1994;
Lasseter et al., Am J Med Genet, 60:172-173,
1995. Using the affected sib-pair method as
implemented by the program ESPA, the
combined dataset showed 252 alleles shared
compared with 188 alleles not shared (chi-
square 9.31, ldf, P = 0.001) where parental
genotype data was completely known. When
sib-pairs for whom parental data was as¬
signed according to probability were in¬
cluded the number of alleles shared was

514.1 compared with 437.8 not shared (chi-
square 6.12, ldf, P = 0.006). Similar results
were obtained when a likelihood ratio
method for sib-pair analysis was used.
These results indicate that may be a suscep¬
tibility locus for schizophrenia at 22ql2.
© 1996 Wiley-Liss, Inc.

KEY WORDS: linkage analysis, sib pair
analysis, functional psycho¬
sis, candidate locus

INTRODUCTION

Recently Pulver et al. [1994a], as part of a genome
wide search, identified a region on the long arm of chro¬
mosome 22 that shows some evidence for linkage to

schizophrenia. However the maximum lod score was
not high (Zmax = 1.54) and heterogeneity tests were in¬
conclusive. To investigate this finding a multicenter
study was performed using 217 families from three sep¬
arate groups using the markers D22S268, IL2RB, and
D22S307 [Pulver et al., 1994b]. The overall lod scores
from this replication study were substantially negative
and did not support the original findings.

However, during a systematic linkage study of
chromosome 22, Vallada et al. [1995] found the best
evidence for linkage (Z max = 1.51 at 0 = 0.1) with
the marker D22S278, located between D22S268 and
IL2RB. More recently a sib-pair analysis of the Pulver
et al. [1994a] data was reported [Lasseter et al., 1995].
This demonstrated excess sharing for a range of 22q
markers including D22S278, which showed the
strongest evidence for linkage.

In addition to the findings of Pulver et al. [1994a] and
Vallada et al.[1995], Coon et al. [1994b] reported a lod
score of 2.09 at 9 = 0.1 for a recessive genetic model
with the marker D22S276, which is located 15 cM
telomeric to D22S278. In their data, D22S278 produced
a lod score of 0.69 at 0 = 0.2. A fourth independent
study, by Polymeropolous et al. [1994], reported a max¬
imum lod score of 0.37 at 0 = 0.2 for marker D22S278,
using data from affected pedigree members only. In ad¬
dition, using an affected sib-pair method, they found
greater than expected allele sharing for markers
D22S278, D22S281 (located 4 cM centromeric of
D22S278), D22S283 (3 cM telomeric), and D22S279
(13 cM telomeric). Finally, Schwab et al. [1995] reported
excess sharing of alleles (P = 0.07) for marker
D22S304 which is 3.5 cM centromeric to D22S278.

In summary, a number of groups have recently re¬
ported positive linkage findings on chromosome 22
but these are neither confined to a single locus nor to
a specific method of analysis. Although the different
genetic parameters used by each group for a lod score
analysis may be resolved for the purposes of a combined
analysis, there may be real differences in the modes of
transmission between geographically disparate pedi¬
gree samples, making the comparison of lod score data
problematic.
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The detection of a gene causing disease in a small
proportion of families, or contributing in a minor way to
susceptibility in all families, may not be possible in a
single dataset. However, in attempting to combine data
from a number of centres, bias may occur through the
preferential selection of groups with positive findings.
In order to avoid this it is imperative to analyse data
from as many groups working in the field as possible.
To facilitate this, it is necessary that the diagnostic,
laboratory, and statistical procedures be as simple and
robust as possible.

A suitable method of statistical analysis is the af¬
fected sib-pair method, a non-parametric alternative to
the lod score method. It does not require specification of
the genetic model and is capable of detecting genes of
minor effect. It has been employed with success in
complex genetic diseases including diabetes [Spielman
et al., 1989], atopic eczema [Moffat et al., 1992], and
Alzheimer's disease [Bailey-Wilson and Bamba, 1993].
In the present study, we have conducted a combined
analysis ofdata from 11 centres for the marker D22S278
using the affected sib-pair method. This marker was
chosen because it showed maximum evidence for link¬
age in three independent datasets [Vallada et al., 1994;
Polymeropolous et al., 1994; Lasseter et al., 1994] and it
maps between D22S268 and IL2R(3, two of the three
markers used in the Pulver et al. study [1994b].

METHODS

All centres known to us to be involved in linkage
analysis of schizophrenia using DNA markers were
contacted and invited to participate in the study. It was
decided in advance to use a narrow definition of the dis¬
ease phenotype, i.e., schizophrenia and schizoaffective
disorder as defined by DSMIIIR [American Psychiatric
Association, 1987] or RDC [Spitzer et al., 1978], All di¬
agnostic information was obtained using well known
and robust diagnostic instruments. Data were trans¬
ferred to the Institute of Psychiatry and Cardiff, usu¬
ally by email, in the "linkage file" format. A summary of
the pedigrees and diagnostic procedures of each partic¬
ipating group is presented in Table I. Further details
are available in the references to previous work by the
individual groups.

ESPA Analysis
Affected sib-pair analysis was conducted using two

methods: the Extended Sib-Pair Analysis (ESPA)
program [Sandkuijl, 1989] and a likelihood method
[Holmans, 1993]. The ESPA program makes two cal¬

culations. The first scores the proportion of alleles iden¬
tical by descent (IBD) in affected sib-pairs where
parental genotypes are known. The second estimates
the proportion IBD for sib-pairs whose parental or sib¬
ling genotype is unknown, by considering all possible
parental or sibling genotypes and their relative like¬
lihoods as determined by the specified allele frequen¬
cies using the MLINK routine [Lathrop et al., 1984]. In
this study allele frequencies were calculated from un¬
related individuals in the pedigree sets and each set
analysed separately. In both cases a test for linkage is
based on a one-tailed chi-squared test of whether the
proportion of alleles IBD is greater than 50%, the ex¬
pected value under no linkage. In ESPA, affected sib-
pairs in sibships with three or more affected members
are treated independently.

Likelihood Ratio Method
for Sib-Pair Linkage Analysis

This method, introduced by Risch [1990], gives a
powerful test of linkage for incompletely polymorphic
markers and/or missing parental data. The idea is to
express the likelihood of the observed marker data in
each sibship as a linear combination of the (unknown)
IBD sharing probabilities Z (Z0, Zl, and Z2) of the af¬
fected pair, where the coefficients are functions of the
marker allele frequencies. The likelihood of the whole
sample can be maximised with respect to Z via the EM
algorithm, and a likelihood ratio test performed by
dividing this maximised likelihood by its value under
the hypothesis of no linkage Z = (1/4, 1/2, and 1/4), the
results being presented as lod scores.

Holmans (1993) showed that the power of the method
could be increased further by restricting maximisation
to the set ofZ corresponding to possible genetic models,
that is, Zl £ 0.5 and 2Z0 Zl. Test criteria under this
restricted maximisation may be found in Holmans
[1993]. The method deals with sibships containing

TABLE 1. Summary of the Pedigrees From Each Centre and References for Further Information
Number of Average number Diagnostic Reference for

Group pedigrees of affected/family criteria used further details

Institute of Psychiatry Cardiff 23 3.3 RDC Gill et al. [1993]
Johns Hopkins University (JHU)/MIT 58 2.2 DSMIII-R Pulver et al. [1994a]
Medical College of Virginia (MCV) 258 2.4 DSMIII-R Su et al. [1993]
National U.S.A/Clinical Research

Centre, Harrow 71 2.3 DSMIII-R Polymeropolous et al. [1994]
University of Utah/University of

Colorado 9 4.0 RDC Coon et al. [1994a]
C.N.R.S., Paris 46 2.8 DSMIII Campion et al. [1994]
Jerusalem/Mainz/Munich/Haar 30 2.7 RDC Schwab et al. [1994]
University College HospitaKUCH) 23 3.4 RDC Kalsi et al. [1994]
Edinburgh 10 3.7 RDC St. Clair et al. [1989]
Kiel University Hospital 18 2.4 DSMIII-R Hwu et al. [1988]
USA/Australia 28 2.1 DSMIII-R Levinson and Mowry [1991]
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more than two affected siblings by considering each
possible affected pair and weighting the contribution of
such pairs by 2/n, where n is the number of affected sib¬
lings. This is the correction advocated by Suarez and
Hodge [1979],

Heterogeneity
Heterogeneity between datasets was assessed by a

chi-square test of homogeneity and by an "admixture"
model likelihood method. Both methods are based on

the proportions of alleles IBD in the individual data-
sets, in fully known pairs from the ESPA output. The
chi-squared test examines whether the proportion of
alleles IBD is the same for all datasets, irrespective
of whether this proportion is 50%. The "admixture"
model, generally used to measure heterogeneity across
families is used here to assess heterogeneity of results
between centres. The model assumes that a proportion
(alpha) of the datasets show increased IBD, while the
others (1 - alpha) do not. The likelihood is evaluated at
different values ofalpha and proportion IBD; and a test
for "admixture" is obtained by comparing the maximum
likelihood to the likelihood at alpha = 1, i.e., that all
datasets show increased IBD.

RESULTS

Table II shows the number of alleles at D22S278
shared and not shared for each group separately and
for the combined dataset. For fully genotyped sets of
affected sib-pairs and their parents (n = 296), the
combined dataset shows 252 alleles shared compared
with 188 alleles not shared (chi-square = 9.31, ldf,
P = 0.001). For the sib-pairs where parental data is as¬
signed according to probability (n = 324) the data
shows 262.1 alleles shared compared with 249.8 not
shared (chi-square = 0.30 df = 1, P = 0.3). For the to¬
tal sib-pairs (n = 620) the number of alleles shared is
514.1 compared with 437.8 not shared (chi-square =
6.12, ldf, P = 0.006).

Using the likelihood method, the 191 sibships (con¬
taining 296 sib-pairs) with both parents typed gave
IBD sharing probability estimates of Pr(0) = 0.18, Pr(l)
= 0.5, and Pr(2) = 0.32, yielding a log likelihood ratio
of 1.55 (P = 0.007). When the whole sample was
analysed (436 sibships) the sharing probability esti¬
mates were Pr(0) = 0.19, Pr(l) = 0.5, and Pr(2) = 0.31.
The log likelihood ratio was then 1.79 (P = 0.004). The
sharing probability estimates are very similar for both
samples, suggesting that the results are not being bi-

TABLE II. Sib-Pair Analyses for the Marker D22S278*
ESPA method LIKELIHOOD method

Number of alleles I.B.D.** sharing probability estimates
Total number —

Group of sib-pairs Shared Not shared Pr(0) Pr(l) Pr(2)

Institute of Psychiatry a. 14 c. 17 c. 6 c. 0.08 c. 0.50 c. 0.43
(IOP) / Cardiff b. 45 d. 37.95 d. 27 d. 0.15 d. 0.50 d. 0.35

John Hopkins 34 32 17 0.20 0.39 0.41
University / MIT 51 47.96 23 0.16 0.37 0.47

Medical College 31 22 21 0.23 0.50 0.27

Virginia (MCV) 177 147.86 147.14 0.246 0.50 0.254

National U.S.A./ 82 69 60 0.22 0.50 0.28
CRC Harrow 100 83.85 66 0.19 0.48 0.32

University of Utah/ 15 11 5 0.16 0.50 0.34
University of Colorado 20 15.37 9 0.11 0.50 0.39

CNRS, Paris 24 21 14 0.25 0.49 0.26
66 53.35 48.67 0.23 0.46 0.30

Jerusalem/Mainz/ 39 28 23 0.16 0.50 0.34
Munich/Haar 43 33.00 26 0.16 0.50 0.34

University College 10 6 8 0.25 0.50 0.25
Hospital (UCH) 48 33.33 39 0.25 0.50 0.25

Edinburgh 22 17 15 0.23 0.46 0.32
23 17.67 15 0.22 0.43 0.35

Kiel University 10 11 8 0.10 0.50 0.40
Hospital 17 15.54 13 0.13 0.50 0.37

U.S.A./Australia 20 18 11 0.16 0.50 0.34
36 28.21 24 0.16 0.50 0.34

Total a. 296 c. 252 1881 c. 0.18 0.50 0.323
b. 620 d. 514.1 437.82 d. 0.19 0.50 0.314

*For details of each group, refer to Table I. "Total number of sib-pairs" in column two indicates the number of complete (a) or partial (b) sib-
pairs based on the number of DNA samples available for genotyping. In columns 3-7 under "ESPA Method" and "LIKELIHOOD method" the
data is classified according to whether it is derived from fully known only (c) or fully known and partially known (d) sib-pairs (see text).1

Chi-square (shared/not shared) = 9.31 (df = 1),P ~ 0.001.
2

Chi-square (shared/not shared) = 6.12 (df = 1), P = 0.006.
3 Lodscore = 1.55 (P = 0.007).
4 Lodscore = 1.79 (P = 0.004).
** I.B.D., Identical by Descent.
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TABLE III. Division of ESPA Results According to Number
of Affected Individuals in Each Sibship

ESPA (completely known parents only)

Shared Not shared Chi-Square
Pairs 118 88 4.37 (P = 0.018)
Trios 51 34 3.40 (P = 0.033)
Quadruplets 63 46 2.65 (P = 0.052)
Quintuplets 6 4 (n.s.)
Sextuplets 14 16 (n.s.)

ased by incorrect assignment of missing parental data.
Table III shows the proportions of alleles shared and
not shared for the sample by the number of affected in
the sibship, showing that the excess of sharing is not
confined to large sibships.

The chi-squared test for homogeneity gave no evi¬
dence that the proportion IBD differed significantly be¬
tween datasets (chi-squared = 8.04, df = 10, P = 0.62).
Similarly, the maximum of the likelihood surface oc¬
curred at alpha = 1 and proportion IBD = 0.58, again
suggesting that the observed differences in proportion
IBD between datasets are random sampling fluctuation
rather than real.

DISCUSSION

The aim of this study was to clarify the significance
of findings, derived from independent studies, sugges¬
tive of linkage between polymorphic markers on chro¬
mosome 22 and schizophrenia. These studies were nei¬
ther restricted to a single marker nor obtained by easily
comparable methods ofanalysis. Therefore we judged it
necessary to apply a robust, non-parametric method of
analysis of data from a single marker, to all datasets,
using compatible diagnostic procedures. The non-
parametric affected sib-pair method was chosen, and
the affected phenotype was defined as schizophrenia or
schizoaffective disorder.

The most robust result of the ESPA analysis using
fully known sibships shows a significant excess of
alleles shared by affected individuals (chi-square = 9.31,
df = 1, P = 0.001). The strength of this finding was
deflated when partially known sibships were included
in the analysis (chi-square = 6.12, df = 1, P = 0.006).
However, since reconstruction of the unknown parental
genotypes is uncertain and dependent on the correct
specification of gene frequencies, more emphasis
should be given to the results from the "fully known"
affected pairs.

Of the two methods of analysis used, ESPA gave
more significant results than the likelihood method
when both parents were typed. This difference may be
because the likelihood method applies the Suarez cor¬
rection [Suarez and Hodge, 1979] to pairs taken from
multiply affected sibships, whereas ESPA does not.
This makes ESPA more powerful when the data con¬
tains multiply-affected sibships (as was the case here)
provided genotyping information is available for both
parents. However, when siblings with missing parental
data were included, there was little difference in the

significance levels and, ifanything, the results of likeli¬
hood method were slightly more significant.

We are not able to exclude homogeneity in these fam¬
ilies for this set of marker data by either chi-square or
admixture model tests. This lack of evidence for het¬
erogeneity between datasets from different centres
may indicate that there is a small increase in the pro¬
portion IBD in affected pairs in all populations from
which samples were drawn. However, we cannot ex¬
clude the possibility that this locus has a major effect in
some families. In either case, although it is reasonable
to consider possible heterogeneity between centres,
such a division of data may not fully reflect the ethnic
origin of the families. Some groups have obtained their
families from more than one geographic location, and
even within a single geographic location families may
not share the same ethnic background, making such an
analysis problematic.

A possible source of bias in this combined analysis is
the preferential inclusion of datasets with positive find¬
ings, either because we are more likely to be aware of
them, or because groups with promising preliminary
findings are more enthusiastic about participation. We
have attempted to avoid this bias by including what we
believe to be all of the larger datasets available world¬
wide. We decided to perform this combined analysis on
the basis of suggestive sib-pair and lod score analyses
for the marker D22S278 [Vallada et al., 1994; Coon
et al., 1994b; Polymeropolous et al., 1994] and an aware¬
ness of linkage results for other markers near D22S278
from JHU/MIT [Pulver et al., 1994a; Lasseter et al.,
1994], UCH [Kalsi et al., 1994], and MCV [Pulver et al.,
1994b]. At the onset of this analysis, D22S278 had not
been typed in the datasets from Jerusalem/Mainz/
Munich/Haar, Kiel, CNRS, Edinburgh, and U.S.A./
Australia. These datasets can therefore be considered
an independent replication sample. Analysis of fully
known sib-pairs in this sample shows 95 alleles shared
compared with 71 alleles not shared (chi-square 3.47,
df = 1, P =0.03).

Overall, our results are suggestive of a susceptibility
locus for schizophrenia near to the D22S278 locus on
chromosome 22. The majority of datasets show a small
excess of alleles IBD among affected siblings, and the
effect is not different between small and large sibships
(Table III) suggesting that the locus may exert an effect
throughout the sample rather than being major disease
causing locus in a few large high density families. The
susceptibility locus may be neither necessary nor suffi¬
cient [Greenberg, 1993] for the development of schizo¬
phrenia, but instead act to increase risk in an additive
or multiplicative fashion when combined with other
genetic loci and environmental effects.

What is the likely magnitude of the contribution of
this locus to the overall liability to develop schizophre¬
nia? Suarez et al. [1978] have derived the relationship
between the excess in proportion IBD and the parame¬
ters of a single locus model: Kp (prevalence), Va (addi¬
tive genetic variance), Vd (dominance genetic vari¬
ance), and 0 (recombination fraction). Assuming that
Kp = 0.01, 0 = 0.01, and the absence of dominance (Vd
= 0), it can be shown that for this locus, Va constitutes
about 1% of the total variance in liability to develop
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schizophrenia (which is Kp (1 - Kp)). If 9 is assumed to
be 0.1, then the estimate of Va rises to 2%. Clearly,
these estimates are approximate and dependent on a
number of uncertain and simplistic assumptions, but
they do indicate that a susceptibility gene for schizo¬
phrenia at or near D22S278 is likely to account for only
a small proportion of the total genetic component of the
disease.
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Abstract
To investigate whether mitochondrial mutations underly susceptibility to
schizophrenia, we sequenced the mtDNAs of two unrelated Swedish patients
with schizophrenia and low cytochrome oxidase activity and two maternally
related Scottish patients from a family with suspected maternal inheritance of
the disease, We found five substitutions in coding regions that have not pre¬

viously been described as polymorphisms. These new substitutions were stud¬
ied in 81 schizophrenic patients and five control groups from Sweden and
Scotland and found to differ in frequency between populations, emphasizing
the importance ofusing large and well-defined control materials for evaluating
the association of mtDNA mutations with disease. The results do not lend
strong support to the association of a particular mtDNA substitution wilh
increased risk for schizophrenia. However, the trend towards a higher fre¬
quency of substitutions in the patients deserves further attention.

Introduction

Schizophrenia is a disorder marked by hallucinations
and abnormalities of thinking, mood and behaviour often
accompanied by marked social withdrawal, that affects
about 1% of the population [1], A genetic predisposition
to the disease is evident from the high concordance
among monozygotic as compared to dizygotic twins and
the familial clustering of the disease [2], Schizophrenia
has been reported to be linked to chromosomes 6 [3-5], 3
and 8 [6], 15 [7] and 22 [8, 9], Evidence for linkage is not
conclusive at any of these loci and has not been detected
in some studies [10,11], emphasizing the probable genetic
heterogeneity of the disease [12],

In recent years, a large number of human diseases have
been attributed to defects in the mtDNA. Most of these
diseases belong to the group of neurological diseases
called mitochondrial myopathies and cncephalomyopa-
thies [13]. However, there is increasing evidence that oth¬
er more common disorders might involve mtDNA muta¬
tions, such as certain types of diabetes [14, 15], deafness
[16-18] and late-onset Alzheimer's disease [19,20]. Mito¬
chondrial mutations have also been proposed in the aeti¬
ology of maternally transmitted bipolar affective disorder
[21] and Parkinson's disease [22],

Several lines of evidence indicate that defects in mito¬
chondrial energy production could be involved in the
pathogenesis of schizophrenia. Metabolic changes, such

KARGER
Fax+ 41 61 306 1234
E-Mail kitrger@kargcr.cli
www.kargcr.com

© 1997 S. Kargcr AG, Basel
1018-4813/97/0056-0406$ 15.00/0

This article is also accessible online at:

http://UioMcdNeL.cotn/knrgcr

Dr. Elena Jazin
Department or Medical Genetics, Biomedical Center, Box 589
S—751 23 Uppsala (Sweden)
Tel. +46 18 174487, Fax+46 18 526849 or + 46 18 510792
E-Mail clcna.jazin@medgen.uu.se



as a decrease in creatine kinase levels, have been found in
the brains of schizophrenic patients, suggesting that local
concentrations of ATP might be altered [23], Schizophre¬
nia has also been associated with neuromuscular abnor¬
malities that cannot be attributed to medication or drug
abuse [24] and retinitis pigmentosa and sensorineural
deafness, both possible symptoms of mitochondrial dis¬
ease [25], We have previously reported a 50% reduction
in mitochondrial COX activity in the nucleus caudatus
and cortex gyrus frontalis of schizophrenia patients as
compared to controls [26], A decrease in COX activity
might reflect a delect in any of the COX subunits. On the
other hand, any gene that affects mitochondrial target-
ting, transport or metabolism might affect COX activity.
Therefore, a decreased COX activity might be coupled
with malfunction of any other mitochondrial or nuclear
genes involved in mitochondrial function.

In this report, we have searched for mtDNA substitu¬
tions that might have a deleterious effect on oxidative
phosphorylation in schizophrenic patients. To this end,
the entire mtDNA genome was sequenced from (1) two
unrelated Swedish schizophrenic patients with extremely
low COX activities [26], and (2) two Scottish patients
belonging to a family that shows a possible maternal
inheritance and multiple affected offspring, a pattern that
might be consistent with mtDNA mutations.

Experimental Procedures

Paiiem Materials
Brain samples were obtained at autopsy from a total of 12 schizo¬

phrenic individuals with a significant reduction in COX activity
compared to healthy controls. These patients have been described
previously [26]. Brain tissue specimens of the nucleus caudatus were
dissected, frccze-dried, crushed into a coarse powder and stored at
-70°C.

Diagnoses were according to DSM-III-R (American Psychiatric
Association, 1987). All schizophrenic patients had suffered front a
chronic form of the disease and had been treated to varying degrees
with neuroleptic drugs. The mean post-mortem delay before autopsy
was 42.1 ± 18.5 h for schizophrenic patients and 90.4 ± 36.3 h for
the controls.

Blood samples were obtained from individuals 1:2 and II: 1 in the
pedigree in figure 1. These patients were diagnosed according to the
criteria above. There was no history of schizophrenia in previous
generations in this family. The onset of the disease was at age 35 for
the mother and during their teens for generation 2. The two patients
1:2 and 11:3 are considered as one patient in table 3 due to the close
relationship. An additional set of 68 blood samples from Swedish
patients were extracted to be used lor the screening of variants.

1:2

11:1

Fig. 1. Pedigree from a family with sus¬
pected maternal inheritance of schizophre¬
nia. The mtDNA of individuals 1:2 and 11:1
were sequenced.

DNA isolation
Genomic DNA was prepared from brain tissue and blood by pro¬

teinase fC digestion followed by phenol extraction and ethanol pre¬
cipitation. DNA amounts were estimated by DNA fluorescence
(Hoechst 33258).

rntDNA Sequencing Strategy
Thecomplcte mitochondrial genome was amplified by PCR in 13

overlapping fragments (tabic 1) as shown in figure 2. Amplified
mtDNA fragments were purified using a QIAEX Gel extraction Kit
(QIAGEN) and directly sequenced using the Taq Dye Deoxy Termi¬
nator Cycle Sequencing Kit (Perkin-Elmcr) employing fluorescent
nucleotide terminators. A total of 120 sequence reactions was per¬
formed for each patient to determine the complete mtDNA sequence
from both strands. The sequence of botli strands was necessary for
unambiguous sequence determination. The sequences were assem¬
bled in a contig using the program STADEN and the resulting contig
was aligned to the Cambridge sequence [27],

Screeningfor Substitutions by Restriction Analysis and
Oligo-IIybridlzmion
The substitution at nucleotide position 2780 (C-T) was detected

by digestion of PCR products witli /twill and the substitution at posi¬
tion 15758 (A-G) by digestion of PCR products with Ddel. The T-C
change nt position 3197, the A-G at position 14793, and the A-G at
position 15218 were detected by hybridization with specific oligonu¬
cleotides as described [28], The biotinylated oligonucleotides used
for hybridization were:

(t) Position 3197 T-C: wild type 5'-GGTATAAT(A)CTAAGTT-
G-3' and mutant 5'-CAACTTAG(C)ATTATACC-3'. (2) Position
14793 A-G: wild-type 5'-TAACC(A)CTCATTCATCG-3' and mu¬
tant 5'-CGATGAATGAG(C)GGTTA-3'. (3) Position 15218 A-G:
wild-type 5'-ACATTGGG(A)CAGACC.TA-3' and mutant 5'-TAG-
GTCTG(C)CCCAATGT-3'. Hybridization was performed with 10
praol probe in 25 ml 2 x SSPE (0.34 M NaCl, 20 mM Nal-hPO,;,
2 mM EDTA pH 7.7) at 42 °C for 20 min. Washes were performed
with 0.1 X SSPE/0.1% SDS at 44-52 °C, according to theTm of the
oligonucleotides, Hybridizing probe was detected using chemilumi-
nescence (ECL, Amersham).
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Results

The mtDNA sequence was determined from brain
samples of two unrelated Swedish schizophrenic patients
(A and B in table 2) and blood samples of two maternally
related Scottish patients (C and D in table 2,1:2 and 11:1
in fig. 1). The mtDNA sequences of the patients differed
from the Cambridge sequence [27] by a number of substi¬
tutions, all homoplasmic (table 2). Most of these have pre¬

viously been reported as polymorphisms or errors in the
Cambridge sequence [29], Among the changes not pre¬

viously reported, three of the substitutions do not alter the
amino acid sequence and four are located in the displace¬
ment loop (D-loop), a region known to show the highest
variability between individuals [30, 31]. For example, a
six-base insertion was found at nucleotide position 524 in
one of the patients, representing the largest insertion
reported in the D-loop in humans. In the Swedish pa¬
tients, four substitutions were found in coding regions
that have not been previously described as polymor¬
phisms; two substitutions in the 16S RNA gene (C-T at
position 2780 and T-C at position 3197) and two mis-
sense mutations in the cytochrome b gene (A-G at posi¬
tion 14793, and A-G at position 15218). One of the two
Swedish patients carried all four substitutions, while the
other patient had the changes at positions 3197 and
14793, In the Scottish patients, we found a missense
mutation in the cytochrome b gene (A-G at nucleotide
position 15758). In addition, the Scottish individuals also

Table 1. Primers used for PCR
^ ,, , , „ „ r-

amptification of mtDNA Fragment Heavy strand Length Light strand Length Fragment
primer lit primer nt size, at
(5' position) (5' position)

1 315 20 1905 22 1590
2 1586 22 3370 22 1784
3 2897 24 4642 22 1745
4 4220 25 6156 20 1936
5 5542 30 7230 29 1688
6 6903 29 8661 20 1758
7 7743 20 9569 20 1826
8 9270 20 10748 20 1478
9 10544 23 12194 20 1650

10 11605 20 13326 20 1721
11 13002 20 14993 20 1991
12 13904 20 15777 20 1873
13 15502 20 580 20 1647

The position of the thirteen fragments relative to the mitochondrial genome is shown in
figure 1. Numbering of the primer positions is according to Andcrsson el al. [27],
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Fig. 2. Linear map of the mtDNA indi¬
cating the thirteen fragments amplified for
sequencing. The sizes of the fragments and
the oligonucleotides used for amplification
are indicated in table 1.
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Table 2. mtDNA mutations in four schizophrenia patients

Gene Site
ntp

Base

change
Change Patient Previously

reported
polymorphism

D-loop 73 A-G _ B.C.D yes
199 T-C - C,D yes
207 G-A - C, D yes
263 A-G - A, B yes
316 C Ins A, B yes
460 T-C - C, D no

500 C-G C, D no

524 ACACAC Ins A no

16S11NA 1719 G-A - C,D yes
2780 C-T - A no

3106 C Del A, B,C, D yes
3197 T-C - A, B no

ND 2 4529 A-T Thr-Met C, D yes
5054 G-A Silent B no

con 8251 G-A Silent C, D yes
corn 9477 G-A Val-Ile A, B yes

9559 G-C Gly-Pro A, B yes
9788 C-G Silent B no

ND 3 10238 T-C Silent C,D yes
ND4 11467 A-G Silent A, B yes
tRNA<u'"> 12308 A-G - A, B yes
ND 5 12372 G-A Silent A, B yes

13617 T-C Silent A, B no

Cytb 14793 A-G His-Arg A, B no

15218 A-G Thr-Ala A yes1
15758 A-G Ile-Val C, D no

RNA<rl"l 15924 A-G - C, D yes

D-loop 16114 C-A - B yes
16192 C-T - A, B yes
16256 C-T - A, B yes
16270 C-T - A, B yes
16286 C-T - A yes
16290 C-T - B yes
16294 C-T - B yes
16320 C-T - A, B yes
16391 G-A - C, D yes
16399 A-G - A, B yes
16519 T-C - C, D yes
16526 G-A - B no

Previously reported polymorphisms were derived from the Mitochondrial Human Genome Database at Emory
University in Atlanta (http://www.gen.eiuory.edu/mitomap.litml) on March 19th, 1996 [Kogelnik et ah, 1996]. We
also identified in all lour patients mutations at the following sites: 750 (A-G), 1438 (A-G), 2706 (A-G), 4769 (A-G),
4985 (G-A), 7028 (C-T), 8860 (A-G), 11335 (T-C), 11719 (G-A), 137()2(G-C), 14199 (G-T), 14272 (G-C), 14365
(G-C), 14368 (G-C) and 15326 (A-G). These are very frequently observed mtDNA polymorphisms and a subset of
these might represent either sequencing errors or very rare mutations in the Cambridge sequence [Kogelnik ct ah,
1996],

ntp = Nucleotide positions as previously described [27]; A = brain sample from a woman who suffered from severe
schizophrenia and died at age of 99; B = brain sample from a female patient who had severe schizophrenia and died
64 years old; C, D = blood samples from individuals 1:2, and II: 1 of the family shown in figure 2. About 85 % of the
mtDNA sequence was determined in each of these two patients. Reported sequences are L-strand base changes.
1 Described in patients with idiopathic cardiomyopathy [35] and Leber hereditary optic neuropathy [36],
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Table 3. Evolutionary conservation and frequencies of novel mtDNA changes found in the schizophrenia patients

Gene Site Base Amino Patients Patients Patients Controls Controls Controls Controls Controls Nucleotide or amino acid
ntp change acid southern northern combined northern middle southern combined Edinburgh conservation

change Sweden Sweden Sweden Sweden Sweden Sweden ~ ~ ' ~
n = 131'* n = 68° n = 81* n = 74 n = 93 ,n = 92 n = 259 n = 91 1

I6S 2780 C-T - 0.077
RNA 3197 T-C - 0.308
Cylb 14793 A-G His-Arg 0.231

15218 A-G Thr-Ala 0.154
15758 A-G llc-Val 0.077

0 0.013 0 0 0.022 0.008 0 c A C T
0.147 0.175 0.135 0.097 0.109 0.112 0.066* T G T A
0.132 0.150 0.095 o.o32:;-° 0.054* 0.058; 0.012 ' His Asn His Asa
0.088 0.100 0.081 0.022* o.oi i;-° 0.035* o;r Tlir Thr Thr Asn
0.015 0.025 0.014 0.043 0.022 0.027 0.045 lie lie lie He

n = Numberorindividuals studied; H = human (Homosapiens)', B = bovine (Boslatirta)', M = mouse (Muxmusailus)\
X = xenopus (Xenopus laevis); S = sea urchin (Slronylocenlroliispurpuratiis)\ # = no corresponding position;
ntp = nucleotide positions as previously described [27],
• □ * _ Fjsi,er's exact test, p < 0.05 (one symbol), p < 0.01 (two symbols), p < O.OO 1 (three symbols) for the comparisons between
each of the five control groups and the patients from southern Sweden ("). northern Sweden (°) and patients combined (*).
The Scottish patient was included in this column. In tile Edinburgh controls, sites 2780 and 15758 were studied in 88 individuals
and sites 14793 and 15218 were studied in 85 individuals.

had one substitution in the last base of the anticodon loop
of tRNAlllr (A-G substitution at position 15924) (ta¬
ble 2).

In total, among the four patients, we found five
changes in coding regions that have not previously been
described as polymorphisms. These substitutions oc¬
curred at positions showing varying degrees ofevolutiona¬
ry conservation (table 3). The frequencies of these substi¬
tutions were estimated in a set of schizophrenic patients
from southern Sweden, northern Sweden and Edinburgh,
UK, as well as in five groups of controls, derived from
three parts of Sweden and Edinburgh, UK, in order to
evaluate their association with schizophrenia (table 3),
The Fisher's exact test was calculated for all possible com¬
parisons between frequencies in the patients and the con¬
trol groups. Among the five substitutions, the variants at
positions 14793 and 15218 showed a significantly higher
frequency in the combined patients as compared with the
combined controls from Sweden (n = 259) (Fisher's exact
test p = 0.016 and p = 0.035, respectively). However, the
patients from northern Sweden did not show any signifi¬
cant difference in frequency as compared to the controls
from the same area (not shown). Thus, the differences
between the combined patients and controls might reflect
population stratification, rather than disease association.
On the other hand, the substitutions at positions 3197,
14793and 15218 showed significantly higher frequencies
in the patients as compared to the controls from southern
Sweden. These results emphasize the need to exert great
care in choosing an appropriate control population when
evaluating mtDNA mutations. For example, the substitu¬

tion at 2780 was only found in southern Sweden, while
15218 was more prevalent in northern Sweden.

Discussion

We have examined the mtDNA sequences from two
unrelated patients and a pair of maternally related pa¬
tients with schizophrenia. This study followed earlier
findings that defects in mitochondrial energy production
could be associated with schizophrenia [23-26], Our hy¬
pothesis was that mtDNA sequence variants might under¬
lie the disease susceptibility in these patients.

Our results revealed the presence in the schizophrenic
patients of five mtDNA sequence variants not previously
reported as polymorphisms. Three of these are located in
the cytochrome b gene. Many polymorphic positions were
found in the cytochrome b gene [29] but they usually do
not involve missense mutations in conserved amino acid
residues [16, 22, 32], On the other hand, three inissensc
mutations in the cytochrome b gene have been associated
with different diseases: substitution 15257 (G-A), 15812
(G-A) [29] and 15615 (G-A) [33], In our study, the three
cytochrome b substitutions were found to affect moder¬
ately conserved positions (at nucleotides 14793 and
15218) and a very conserved position (at nucleotide
15758) [34], The 14793 change alters an amino acid in the
N-terminal domain of cytochrome b, the 15218 change
modifies a residue in the second intracellular loop and the
15758 change is located in the seventh transmembrane
domain. The 15218 substitution has previously been de-
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scribed in patients with idiopathic cardiomyopathy [35]
and Leber hereditary optic neuropathy [36], A mutation
was also found in the last base of the anticodon loop of
tRNA thr (position 15924). The 15924 mutation was first
described in patients with fatal infantile respiratory en¬

zyme deficiency [37], but has recently been detected in
about 11 of control subjects, suggesting that it is a poly¬
morphism [9]. The 3197 substitution, in the 16S RNA,
has previously been described in a patient with ischaemic
colitis. It has been suggested that this substitution may

modify the expression of another mitochondrial mutation
[38], The frequencies of the five substitutions found were
determined in 81 patients and five control groups. The
combined patients and controls showed significant differ¬
ences at two positions. However, when the groups of
patients and controls front the same area were compared,
significant differences were only found between patients
and controls from southern Sweden. The frequency differ¬
ences observed among regions within the same country
stress the importance of using a large and well defined
control material when assessing the association of mito¬
chondrial sequence variants with disease. Our results
indicate that a sample of 100-200 controls, a frequently
used sample size in many other studies [22, 39, 40], might
not be enough to evaluate the importance of mitochon¬
drial substitutions.

When compared to the distribution of continent-spe¬
cific mtDNA variants [41], the mtDNAs of the schizo¬

phrenia patients were found to resemble lineages of Euro¬
pean origin most closely, in agreement with the Swedish
and Scottish origin of the patients (data not shown). On
the other hand, the Swedish and Scottish mtDNAs are not
found on any of the major branches of the European
mtDNA clade. Therefore, the possibility remains that the
mtDNA of patients with schizophrenia might belong to
the same ancestral lineage, as recently suggested for some
late onset Alzheimer patients [19].

In summary, our analysis of 81 schizophrenic patients
and 400 controls does not lend strong support for the asso¬
ciation of a particular mtDNA variant with increased risk
for schizophrenia. However, the trend towards a higher
frequency of substitutions in the patients, as well as the
presence of certain substitutions in higher frequency in
the group ofpatients from southern Sweden, deserves fur¬
ther attention.
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Cytogenetic abnormalities on chromosome 18
associated with bipolar affective disorder or

schizophrenia
OLE MORS, HENRIK EWALD, DOUGLAS BLACKWOOD and WALTER MUIR

Background A few recent linkage
studies have shown a possible locus for
bipolar disorder on chromosome 18. Cyto¬
genetic studies may assist in the further
localisation of susceptibility loci on this
chromosome.

Method A search was made for

abnormalities ofchromosome 18 in two

separate large cytogenetic databases. In
Denmark detection of mental illness in

subjects with chromosome abnormalities
was done by cross-linking the two separate
registers ofpsychiatric and chromosome
disorders. In Scotland the Cytogenetic
Registry ofthe MRC Human Genetics Unit
undertakes long-term clinical follow-up of
all cases with chromosome abnormalities.

Results Cross-linking the two Danish
registers revealed a family with the rare

karyotype abnormality inv(l8) (pi I.3;q2l.l)
with one inversion carrier who also

suffered from bipolar disorder. In this family
there were two other cases of bipolar
disorder, but the karyotype ofthese cases
could not be established. One family in
Scotland showed a case ofschizophrenia in
a carrier of inv(l 8) with the same break¬
points as the Danish family.

Conclusions We suggest further
studies ofthe I8pl 1.3 and I8q2l.l regions in
order to identify genes involved in bipolar
affective disorder and schizophrenia.

Recent linkage studies have provided
possible evidence for a susceptibility gene
for bipolar affective disorder on chromo¬
some 18. However, the exact localisation
and identity of the gene(s) is unknown. Both
the pericentromeric region (Berrettini el al,
1994, 1997, in press; Stine el al, 1995; Pauls
et al, 1995; Maier et al, 1995; Ewald et al,
1997, in press) and 18q21-23 (Stine et al,
1995; De Bruyn et al, 1996; Coon et al,
1996; Freimer et al, 1996) have been
suggested, and it is presently unclear
whether or not more than one locus on

chromosome 18 exists.

Cytogenetic abnormalities that co-segre¬
gate or co-associate with psychiatric illness
may lead to a more accurate localisation
of disease genes. Several cases of abnorm¬
alities of chromosome 18 co-occurring
with mental illness have been reported.

Krag-Olsen et al (1981) described 10
subjects with deletions of parts of chromo¬
some 18q (q21-22) or ring 18. In three cases
the carriers also had psychosis which, in a
mother and daughter pair with ring 18,
seemed to be bipolar disorder. Diagnoses
were made according to ICD-8 but in all were

complicated by the presence of learning
disability of varying degrees. However,
Mahr et al (1996) were not able to confirm
the presence of psychiatric illness in a sample
of 27 patients with 18q-syndrome.

A balanced t(2:18) (pi 1.2, pi 1.2) trans¬
location has been reported in a family with
schizophrenia (Maziade et al, 1993). The
translocation was not present in one of the
children with schizophrenia but was present
in a sibling with normal psychiatric status,
and may thus be a chance finding.

More intriguing is the finding of Calzo-
lari et al (1996), who reported an un¬
balanced translocation involving 18q22.3
in two related individuals with schizoaffec¬
tive disorder and a negative family history of
mental illness.

In order to seek similar or other

rearrangements of chromosome 18 that
might be associated with bipolar disorder

or schizophrenia, and point to a more
accurate localisation of possible suscept¬
ibility genes, a search was made of two
large cytogenetic databases, in Denmark and
Scotland, which permit the ascertainment of
the psychiatric status of the carriers of
karyotype abnormalities.

METHODS

Scotland

The human genetic registry of the MRC
Human Genetics Unit was begun in 1959
and has identified and studied a total set of
1738 non-familial and 1844 familial
chromosomal abnormalities. The carriers
are followed-up on a yearly basis through
general and hospital practitioners reporting
data on medical and psychiatric illnesses.
In the familial cases, 1093 non-carriers
from the families are similarly followed-up
for control purposes.

Denmark

All chromosome 18 abnormalities from the
total set of 7315 individuals in the Danish

Cytogenetic Register (Nielsen, 1980) with
abnormal karyotype detected over the
period 1968-1992 were entered as probands
in a screen of the Danish Psychiatric Central
Register (Munk-Jorgensen et al, 1993),
which contains psychiatric information of
all individuals admitted for psychiatric care

during the period 1970-1992. Both registers
are population-based and cover the entire
Danish population of around five million.
The Danish Cytogenetic Central Register
contains all the persons with known
chromosomal abnormalities in Denmark,
as well as the karyotypes of all their tested
relatives. When an individual was found to

be represented in both registers case records
were retrieved and scored according to
OPCRIT criteria (McGuffin et al, 1991) by
two clinicians (O. M. and H. E.). Individuals
reported by Krag-Olsen et al (1981) were
not represented since they were under the
care of the specialist services for learning
disability and had not been admitted to

psychiatric hospital.

RESULTS

Scotland

When trisomy 18 is excluded, there were 34
abnormalities of karyotype involving
chromosome 18 in the registry. Twenty-
two individuals came from six separate
families and the others were individual
cases for which the familiality of the
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abnormality could not be ascertained. There
was only one family with an inherited
inv(18) (pll.3; q21.1) in three siblings.
One male had been an in-patient in a
psychiatric hospital continuously for over
20 years. He is now dead but his case notes
were obtained and reviewed independently
by two psychiatrists (W. M. and D. B.) using
the Schedule for Affective Disorders and

Schizophrenia, Lifetime Version (SADS-LA;
Manuzzaef al, 1986). A diagnosis of chronic
schizophrenia that met DSM-IV criteria
(American Psychiatric Association, 1996)
was reached. He had no learning disability.
Another sibling suffered from severe mental
disability. A third sibling is also a carrier,
has now passed the age of maximum risk for
schizophrenia and has no evidence of
psychiatric illness. The parents of the
carriers died before karyotype could be
established.

A series of familial balanced reciprocal
translocations involving chromosome 18 are

represented in the registry. One showed a
break-point in the region of the deletions
reported by Krag-OIsen (1981), (t(l;18)
(q32: q21) but had no history of psychiatric
illness in the family. Another two cases,

t(8;18) (p23;pll) and a dicentric transloca¬
tion, t(13;18) (pl2;pll), had a break-point
in the region of the inv(18). Both suffered
from learning disability but there was no
evidence for psychiatric illness, although the
degree of learning disability makes such a

diagnosis problematic. There are no cases of
ring 18 in the registry.

Denmark

An inv(18) (pll.3;q21.1) was found to be
inherited within a pedigree in which a

parent, probably without major psychiatric
disorders, and two of his four children were

carriers. One of the children, the proband,
was a carrier and suffered from severe

bipolar affective disorder from the age of
24, with over 50 admissions to psychiatric
hospital. This patient's IQ is in the normal
range. Two of this patient's siblings also had
bipolar affective disorder; however, their
karyotype status is unknown. A fourth
sibling who is a carrier is currently well,
but at 44 years old is past the age of
maximum risk for bipolar disorder. It is also
known from case records that a sibling of
the inversion carrier in the first generation
died from suicide during an episode of
psychotic depression with persecutory delu¬
sions. His karyotype status is also unknown.
None of the family members has learning

disability. Two other families had inherited
inv(18). In neither was any case of bipolar
disorder reported. The possibility that all
three families may be related cannot be
ruled out.

One individual who had a translocation

involving 18pl 1.2 had been admitted with a
neurosis, and another individual who had
been admitted for adjustment disorder had a
translocation involving 18q21.

Thirteen individuals without psychiatric
admissions had deletions involving chromo¬
some 18:18pll.3 (two individuals), 18pll.2
(one), 18pll.l (four), 18q21.1 (one),
18q21.3 (one), 18q22 (three, one involving
18q22.2) and 18q23 (one individual).

DISCUSSION

Pericentric inversion of chromosome 18 is a

relatively rare abnormality of karyotype
occurring in only 15 individuals known to
the Danish registry and three in the Scottish
one (despite both of these registries having
some selection bias towards carriers of
chromosome abnormalities). The presence
of psychotic illness in two separate pedigrees
carrying the same, rare inversion is, there¬
fore, intriguing. The finding may be a
chance association, and further clinical
studies are needed to clarify any relation¬
ship within the families between the
chromosomal anomalies and psychiatric
illness. It is also interesting that the
psychosis in Scotland is schizophrenia,
and in Denmark it is bipolar disorder.
The relationship between these two condi¬
tions has engendered much controversy
(Gershon 8c Cloninger, 1994). On clinical
grounds, Kendell (1987) could not find a
clear separation between the phenotypes.
Studies of large multiplex pedigrees have
also revealed cases of both bipolar
disorder and schizophrenia within the
same family, and it has been assumed
that both represent expressed variants of
the same underlying genotype (St Clair et
al, 1989; DeLisi, 1995).

The present study suggests that 18pl 1.3
and 18q21.1 might be considered as candi¬
date regions for loci conferring susceptibility
to bipolar disorder or schizophrenia. One
hypothesis would be that the chromosome
18 abnormalities produce a susceptibility to
psychosis, the clinical type depending on
secondary genes and/or environmental
factors. A second hypothesis is that the
karyotypically identical inversions produced
different genetic rearrangements at their
break-points.

Future studies

The second hypothesis mentioned above is
testable using newer methods of molecular
cytogenetics including very-high resolution
banding and fluorescence in situ hybridisa¬
tion techniques, and the study of poly¬
morphisms mapping to the appropriate
regions of chromosome 18. Such studies
are at present underway. A finer mapping of
the regions involved in the rearrangement is
essential to determine their relationship to
the broad regions of chromosome 18 that
have been tentatively linked to psychosis. If
the regions coincide, then they would
become the immediate focus of study in
the search for candidate genes. Further
linkage studies are underway to examine
the break-point regions of the inversions in
families with inherited schizophrenia and
bipolar disorder who do not show cytogen-
etically visible rearrangements of karyotype.

Comparisons with other studies
Evidence from the reported cases of chro¬
mosome 18 rearrangements is conflicting
concerning possible loci on 18q. Only one
other study showed involvement of 18p.

Until now, the distal part of chromo¬
some 18q has been investigated in a few
linkage studies of bipolar affective disorder.
Stine et al (1995), De Bruyn et al (1996) and
Coon et al (1996) have found some evidence
in favour of a locus on 18q21-23, and
Freimer et al (1996) on 18q23. Berrettini et
al (1994) found more evidence on chromo¬
some 18p and at the pericentromeric region,
which also received some support in the
study by Stine et al, 1995, and the large
number of affected sib-pairs included in
those studies presently makes this region one
of the most promising in the search for
susceptibility genes for bipolar affective
disorder.

To our knowledge the few reported
linkage studies between schizophrenia and
markers from chromosome 18 have not

found evidence of linkage (Coon et al,
1994; Moises et al, 1995; DeLisi, 1995).
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We report a case control association study using polymorphic markers D1S1621 and D11S931 in unrelated individuals with
schizophrenia, unipolar depression and a matched control group. The two polymorphic markers were identified during the
positional cloning of the translocation breakpoint t(l:ll)(q43:ql4.3) that cosegregates with schizophrenia and affective dis¬
orders. These markers provided an opportunity to investigate linkage disequilibrium with a postulated schizophrenia sus¬
ceptibility gene close to the translocation breakpoint in random populations of schizophrenia and unipolar depression
individuals compared with a normal control population. No significant differences between allele frequencies for either of
the markers in the affected populations were observed in comparison with the control group, which provides evidence
against a nearby gene of major effect in the populations studied.

Keywords: Association - Schizophrenia - Unipolar depression

INTRODUCTION

Schizophrenia is a serious and debilitating mental ill¬
ness with a life time risk of approximately 1% in the
human population. Family, twin and adoption studies
have provided strong evidence for a genetic compo¬
nent being involved in schizophrenia but the nature of
this component remains unclear. Genetic linkage stud¬
ies failed to provided clarification of the gene(s)
involved in schizophrenia, most likely because of the
complex nature of the disorder, namely the polygenic
non-Mendelian inheritance, probable aetiologic het¬
erogeneity and difficulties with precise phenotype def¬
inition. However, recent world-wide collaborations
and methodological refinements have enabled large
numbers of families to be studied, thus improving the
power of the technique, and enabled the detection of
several candidate regions for involvement with schizo¬
phrenia, most notably chromosome 6p (Straub el al.,
1995; Wang et al., 1995) and 22q (Coon et al., 1994;
Pulver et al., 1994). Further replication and refinement

0955-8829 © 1997 Rapid Science Publishers

of these regions is required. Population based associa¬
tion studies, in which the frequency of an allele at the
marker locus in disease population is compared with
that of an ethnically matched control population,
provide an alternative approach to family based
linkage analysis and have been successfully performed
in a number of complex disorders, including late
onset Alzheimer's disease with apolipoprotein E
allele (Corder et al., 1994) and myocardial infarction
with angiotensin converting enzyme (Cambien et al.,
1992).

The identification of cytogenetic abnormalities asso¬
ciated with disease has played an important part in
localizing genes that cause several human diseases. We
have identified a balanced translocation t( 1:11)
(q43,ql4.3) that co-segregates with schizophrenia and
affective disorders in a large Scottish pedigree (St Clair
et al., 1990). A positional cloning strategy has been
employed to elucidate the relationship between the
translocation and the psychiatric diagnosis in this fam¬
ily, based on the hypothesis that a gene or genes

Psychiatric Genetics . Vol 7 . 1997 1 71
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involved in mental illness in this family reside at or near
the translocation breakpoint on chromosome 1 and/or
11 (Fletcher et al., 1993; Evans el al., 1995; Muir el al.,
1995).

A polymorphic triplet repeat, D1S1621, has been
identified that lies in close proximity to the transloca¬
tion breakpoint on chromosome I. A dinucleotide
repeat polymorphic marker, D11S931, was also avail¬
able on chromosome 11 in close proximity to the
breakpoint.

These two markers provided an opportunity to inves¬
tigate an association between the translocation break¬
point region and a possible schizophrenia susceptibility
gene in a random population of affected individuals
versus control individuals.

Therefore, we studied the frequencies of the alleles
of D11S931 and D1S1621 in random populations of
patients with schizophrenia and unipolar depression
(a diagnosis also prominent in the t(l;l 1) family) com¬
pared with ethnically matched control individuals in
order to determine whether there was a difference in
allele frequencies between the affected populations and
the control population.

METHODS

Patients
Individuals with schizophrenia (n = 105) and unipolar
depression (n - 84) were either all inpatients or out¬
patients at the Royal Edinburgh Hospital, Edinburgh,
UK. All patients were interviewed by psychiatrists
using the Schedule for Affective Disorder and schizo¬
phrenia-lifetime version (SADS-L) (Endicott and
Spitzer, 1978). Diagnoses were based on research diag¬
nostic criteria and DSM-IV criteria (Spitzer et al.,
1978; American Psychiatric Association, 1994).
Control individuals were obtained from the general
population and were excluded from the study if they
had a personal or family history of psychiatric illness.
All individuals originated from the south east of
Scotland and gave informed consent to participate in
this study.

Standard procedures were used to extract DNA from
peripheral blood samples. Subjects were genotyped for
markers D11S931 and D1S1621 by polymerase chain

reaction (PCR) using a fluorescent primer and elec¬
trophoresis was carried out using a 40-lane automated
laser fluorescence (ALF) sequencer.

Polymerase chain reaction
Amplification of D1 SI621 marker was achieved using
primers 5'-TTTCTCACCTTTAAATGTCATCA-3' and
5'-CCAGTACGCAGATGGTCCTA-3'. D11S931 was

amplified with oligonucleotide primers 5'- ATGTTG-
GTAGGTATTCT-3' and 5'-GAGAAATAGTATGT-
GTTTGCC-3'. PCR for both markers was performed in
a final volume of 25 pi containing 200 |1m of each
dNTP, 150 ng primer, 1.5 mM MgCI2, 10 mm
Tris/HCL, pH 8.3, 50 mm KC1, 0.01% (w/v) gelatin,
0.1% Triton X-100, 1 U Taq DNA polymerase (Perkin
Elmer, Norwalk, CT, USA).

PCR conditions were as follows for D1S1621: 30 s

at 94°C, 1 min 15 s at 55°C, 15 s at 72°C (27 cycles),
30 s at 94°C, 1 min 15 s at 55°C, 6 min at 72°C (last
cycle). For D11S931 PCR conditions were 5 min at
94°C, 30 s at 47°C, 1 min at 72°C (1 cycle), 1 min at
94°C, 30 s at 47°C, 1 min at 72°C (30 cycles), 1 min at
94°C, 30 s at 47°C, 2 min at 72°C (last cycle).

Electrophoresis was carried out on a 40-lane ALF
sequencer (Pharmacia). Gels were made up with 6%
Hydrolink (Long Ranger™, AT Biochemicals Ltd) in
0.6 x TBE (0.06 m Tris base, 0.05 m boric acid, 0.6 mm
EDTA) containing 7 m urea and run in the same buffer
at constant power (55 W) and temperature (50°C).

After the PCR reaction, the products from both reac¬
tions (D11S931 and D1S1621), for the same patient,
were run in the same lane on the ALF sequencer
(because the products are of different size) with appro¬
priate size markers and gold standards. Automated
genotyping was carried out using 'ALF' manager and
'ALP' software. (Mansfield et al., 1994; He et al.,
1995). All gel results were checked manually.

The presence of an allelic association was sought
using CLUMP (Sham el al., 1995).

RESULTS

Genotypes were obtained for 143 control individuals,
100 schizophrenia patients and 84 random unipolar
depressed patients with markers DIS 1621 and

TABLE I. Percentage allele frequency at marker D11S931 (Numbers in parentheses represent actual allele frequency)

Allele sizes (bp)

149 159 163 165

Control individuals (n = 143)
Schizophrenics (n = 100)
Unipolar depression (n = 84)

30 (86)
28.5 (57)
30 (50)

10 (29)
13.5 (27)
12.5(21)

22 (64)
23.5 (47)
25.5 (43)

38 (107)
34.5 (69)
32 (54)
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TABLE II. Percentage allele frequency at marker D1S1621 (Numbers in parentheses represent actual allele frequency)

Allele size (bp)

252 255 258 261 264 267

Control individuals (n = 143) 13 (36) 25 (73) 33(94) 16 (45) 11 (31) 2 (7)
Schizophrenia (n = 105) 10 (21) 27(57) 31 (66) 18 (37) 9(19) 5 (10)
Unipolar depression (n = 84) 12 (20) 31.5(53) 31.5 (53) 11 (18) 9 (16) 5 (8)

D11S931. Allele frequencies in affected and control
individuals for both markers tested are shown in Tables
I and II.

No significant statistical difference in allele fre¬
quency or genotype was found for marker D1S1621 in
either the schizophrenia patients ()f = 3.4, p = 0.65) or
the unipolar depressed patients = 5.0 P = 0.39) as
compared with the control population. Similarly,
marker Dl 1S931 did not show any statistically signifi¬
cant differences between the control population and
either schizophrenia patients = 1.6, p = 0.66) or
unipolar depressed subjects (^2 = 1.8, p - 0.63).

The Dl 1S931 sample had 76% power for detecting a
20% difference in allele frequency and 23% power for
detecting a 10% difference. The D1S1621 sample had
68% power for detecting a 20% difference in allele fre¬
quency and 19% power for detecting a 10% difference
(Cohen, 1988).

DISCUSSION

We observed no significant differences in the allele
frequencies of markers D1S1621 or D11S931 in our
population of schizophrenic patients and unipolar
depressed patients in comparison with a control popu¬
lation.

This lack of association may indicate that the two
markers investigated are not in linkage disequilibrium
with a major gene of high prevalence in the population
tested. Alternatively, it may be that the postulated gene
in close proximity to the translocation breakpoint is of
major effect in the translocation family, but is promi¬
nent in only a minority of the affected population stud¬
ied and is, therefore, without a strong enough effect for
detection in the association study.

It is unlikely that we have failed to demonstrate an
association caused by population stratification because
the control and affected populations were selected from
the same geographical region as far as possible. Family
based control individuals should, however, be consid¬
ered wherever possible to lessen this problem
(Rubinstein et al., 1981; Falk and Rubinstein, 1987).

In conclusion, the present study does not reveal an
association between the markers D1S1621 and

Dl 1S931 with either schizophrenia or unipolar depres¬
sion in this Scottish population, which is evidence
against a nearby gene of major effect.
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A study of chromosome 4p markers and dopamine D5
receptor gene in schizophrenia and bipolar disorder
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There are several lines of evidence which suggest that chromosome 4p may contain a major
susceptibility locus for the functional psychoses. We previously reported a family (family 50)
with cases of schizophrenia and schizoaffective disorder which gave maximum iod scores of
1.96 and 1.84 respectively with the markers D4S403 and a microsatellite near to DRD5 (DRD5-
M). More recently Blackwood and co-workers described a family segregating bipolar and uni¬
polar affective disorders which gives a maximum lod score of 4.1 with the marker D4S394,
which lies 10 cM from D4S403. They obtained a combined maximum lod of 3.3 in their total
sample of 12 bipolar families and found significant evidence of heterogeneity (x* = 18.8, df = 2,
P= 0.00008). Here we report the results of a linkage study of chromosome 4p markers in a
sample of 24 multiply affected families with schizophrenia and related disorders. We obtained
an overall maximum lod of 1.12 with D4S403 under both dominant and recessive modes of
transmission, with no statistical support for heterogeneity within our sample. Examination of
family by family data shows that only family 50 appears to show linkage at this locus. How¬
ever, a discrepancy exists since our study examined families fulfilling criteria for a linkage
study of schizophrenia while Blackwood ef at examined families included in a genetic linkage
study of bipolar disorder. This may be explained by the clinical features displayed by members
of family 50, which show that all the affected members have some affective symptoms. It is
therefore possible that a broad phenotype including unipolar depression, bipolar disorder,
schizoaffective disorder and schizophrenia when accompanied by significant affective symp¬
toms can result from mutations within a gene in this region. The dopamine D5 receptor gene
lies within the region identified by the linkage studies and is therefore a major candidate for
the putative disease gene. In family 50 we have looked for mutations of DRD5 by sequence
analysis of the coding region and single stranded conformational polymorphism (SSCP)
analysis of the promoter. SSCP analysis of the coding and promoter regions have also been
carried out in unrelated cases of DSM-IIIR schizophrenia. Finally association studies of the
(TC)n repeat in the promoter and schizophrenia, and DRD5-M and bipolar disorder were perfor¬
med. These studies provided no further evidence supporting the possibility that mutations in
DRD5 give rise to the linkage findings or are acting as susceptibility loci in schizophrenia or
bipolar disorder.

Keywords: schizophrenia; bipolar disorder; linkage study; association study; chromosome 4p; dopa¬
mine D5 receptor gene (DRD5); mutational analysis

Introduction

Several lines of evidence suggest that the short arm of
chromosome 4 contains a major susceptibility locus for
the functional psychoses. We have reported a family
with cases of schizophrenia and schizoaffective dis-

Correspondence: Dr P Asherson, Social, Genetic and Develop¬
mental Research Centre, Institute of Psychiatry, De Crespigny
Park, London SE5 8AF, UK
Received 8 September 1997; revised 30 January 1998; accepted
28 February 1998

order (family 50) which gave maximum lod scores of
1.96 and 1.84 with the markers D4S403 and a microsat¬
ellite near to DRD5 (DRD5-M).' In a recent report,
Blackwood et aP describe a single family with multiple
members affected with bipolar and unipolar affective
disorders which gives a maximum lod score of 4.1 with
the marker D4S394, which lies 10 cM from D4S403.
Furthermore they obtained a combined maximum lod
of 3.3 in their total sample of 12 bipolar families and
found significant evidence of heterogeneity (x2= 18.8,
df= 2, P= 0.00008).

Earlier studies of markers from the same region
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examined samples of families segregating schizo¬
phrenia and related disorders. Coon et aP examined
three markers from this region in a sample of nine such
families and found no evidence for linkage in the com¬
bined sample. In a further study from the same group4
another 23 families were typed for DRD5-M. Again
combined lod scores were negative, although one fam¬
ily gave a lod score of 1.05 on its own under a recessive
mode of transmission. More recently Kalsi et al5 stud¬
ied the DRD5-M in 11 Icelandic and 12 English pedi¬
grees but found no evidence of linkage.

Further evidence for the existence of a susceptibility
locus within this region comes from an association
study of DRD5-M and schizophrenia which suggests
there may be linkage disequilibrium between the
marker and disease gene (P = 0.01).6 DRD5 was cloned
and mapped to 4pl5.1—16.17-8 and more recently the
promoter region was characterised.9 The precise
location of DRD5 was first assigned by Sherrington et
ali0 who isolated a microsatellite (DRD5-M) from a
cosmld clone containing DRD5 and demonstrated tight
linkage to the chromosome 4p reference marker
RAF1P1. The published CEPH-Average map shows
DRD5 lying between D4S394 and D4S403 (Genome
DataBase) and this position agrees with its location on
a physical YAC map of the region (Research Genetics,
Huntsville, AL, USA). The linkage results to date sug¬
gest that if the positive results are coming from a true
susceptibility locus, then this locus lies proximal to the
marker D4S394. DRD5 lies within this region and is
therefore a major contender as the causative gene and
the presence of a susceptibility locus within this gene
may explain the results of the association study with
DRD5-M.

DRD5 has a similar genomic structure to the dopam¬
ine D1 receptor gene (DRD1), having a single small
exon within the 5' untranslated region.11 The receptors
share many functional properties since they both
stimulate adenylate cyclase activity, although DRD5
binds dopamine with a 10-fold greater affinity than
DRD1.8 A role for either of these receptors in the aeti¬
ology of bipolar disorder and schizophrenia has not
received nearly as much attention as the dopamine D2,
D3 and D4 receptors since pharmacological studies
have suggested that it is the D2-like receptors which
mediate the effects of anti-psychotic drugs.12 Further¬
more the detailed mutational analysis of the DRD5
coding region by Sobell et al11 appeared to rule out any
significant role for the gene in the majority of cases of
schizophrenia. They screened the coding region for
mutations in 78 unrelated schizophrenic individuals
by dideoxy-fingerprinting, a method that detects essen¬
tially 100% of mutations. Five sequence changes were
found which altered amino acids but no relationship
was found between these and schizophrenia. The pro¬
moter for human DRD5 has also been characterised and
a polymorphic (TC)n repeat isolated from this region.13
However, no association between alleles of the (TC)n
repeat schizophrenia was observed in a small sample
of schizophrenia cases and controls. Despite these
observations, because of the role of the D5 receptor in

dopamine neurotransmission and its presence within
the prefrontal cortex and limbic structures such as the
hippocampus, the gene remains a candidate for
involvement in schizophrenia and bipolar disorder.

Here we report linkage findings of chromosome 4p
markers in a sample of 24 families multiply affected
with schizophrenia and related disorders. In family 50
we have looked for mutations of DRD5 by sequence
analysis of the coding region and single stranded con¬
formational polymorphism (SSCP) analysis of the pro¬
moter. SSCP analysis of the coding and promoter
regions has also been carried out in unrelated cases of
DSM-IIIR schizophrenia. Finally association studies of
the (TC)n repeat in the promoter and schizophrenia,
and DRD5-M and bipolar disorder were performed.

Materials and methods

Linkage study of multiply affected pedigrees
One hundred and ninety-one individuals in 24 families
with multiple cases of schizophrenia and related dis¬
orders were examined and had blood taken. A full

description of these families and selection criteria has
been reported elsewhere.14 Pedigrees were selected for
their Mendelian appearance and may therefore form a
sub-group of families segregating a gene or genes of
major effect. Eight families came from Wales and these
were interviewed using a lifetime version of the
Present State Examination (PSE).15 This information
plus additional questions and the use of case notes
enabled the operational criteria checklist (OPCRIT)16 to
be completed, and diagnoses to be made according to
various diagnostic criteria including Research Diagnos¬
tic Criteria (RDC) and DSM-IIIR.17 Of the remaining
families, 13 came from south-east England, one from
Eire and two from Japan. These were interviewed using
the lifetime version of the Schedule for Affective Dis¬
order and Schizophrenia (SADS-L)17 enabling RDC
diagnoses to be made.

As in previous studies, we used general and restric¬
ted diagnostic categories and eight sets of genetic para¬
meters representing a range of plausible single-gene
models from near dominant to fully recessive (Table 1).
The restricted diagnostic criteria include all individ-

Table 1 The eight parameter models used in the linkage
study of multiply affected families

Model fl /2 f3 <7

1 0.001 0.950 0.999 0.020
2 0.001 0.850 0.999 0.020
3 0.001 0.600 0.999 0.020
4 0.001 0.300 0.999 0.100
5 0.001 0.100 1.000 0.100
6 0.002 0.087 1.000 0.064
7 0.000 0.061 0.656 0.040
8 0.000 0.000 1.000 0.010

fl, f2 and f3 refer to the penetrances of AtA,, A,A2, and A2A2
for the disease allele A2. q is the disease gene frequency.
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uals with an RDC diagnosis of schizophrenia and schi¬
zoaffective disorder. The general diagnostic criteria
include the restricted definition plus those individuals
diagnosed as having psychosis not otherwise specified
(psychosis NOS), schizotypal disorder and major
affective disorder if accompanied by psychotic symp¬
toms. Unaffected individuals were placed into age-
related penetrance classes and individuals with a psy¬
chiatric diagnosis but not classified as affected and
those who were not interviewed were designated
phenotype unknown. We have justified the use of fam¬
ilies from different ethnic origins, the use of OPCRIT
for deriving reliable diagnoses using different inter¬
view schedules and an exploratory approach which
minimises the risk of missing true linkages in previous
studies.1418-21

Microsatellite markers and linkage analysis
Highly polymorphic microsatellite markers (Figure 1)
were chosen from the Genethon catalogue22 and from
published reports of markers close to the alpha2C adre¬
nergic receptor gene (A2C)23 and the gene for the beta!
subunit to the GABAa receptor (GABAB1).24 Primers
for these are listed in Table 2. Lod scores and map dis¬
tances were calculated using the LINKAGE program25
and heterogeneity tested using the A test (HOMOG).26

Study of family 50
In family 50 (Figure 2) clinical and genotype data have
been collected on five affected and nine unaffected
individuals. Phenotypic data from this family, which
is part of our linkage study of schizophrenia, is inter¬
esting since all affected individuals have a striking
affective component to their illness. Individual 01 has
an RDC diagnosis of psychosis NOS due to a paucity of
detailed clinical information, and has a clinical picture
which is compatible with either an affective or schizo¬
phrenic disorder. Individual 03 has an RDC diagnosis
of schizophrenia despite the presence of clinical fea¬
tures more typical of manic states. Finally, individuals
10, 11 and 12 all have an RDC diagnosis of schizoaffec¬
tive disorder with clinical features of both schizo¬

phrenia and bipolar disorder.

Association studies

Schizophrenia
The (TC)n microsatellite within the DRD5 promoter
region13 was studied in a sample of 107 DSM-IIIR
schizophrenic cases and 101 controls. This sample

consists of one affected member of each of a sample of
affected sibling pairs collected in Wales. Controls were
taken from a blood donor clinic in Cardiff and individ¬
uals carefully matched for ethnicity, age and sex. Blood
donor controls were not screened to exclude psychi¬
atric illness.27

Bipolar disorder
DRD5-M was studied in a sample of 120 cases of DSM-
IIIR bipolar disorder (BP) cases and 111 blood donor
controls matched for ethnicity, age and sex. DRD5-M
has been previously typed in our schizophrenia associ¬
ation sample.6 BP cases consisted of UK Caucasians
recruited from psychiatric outpatient clinics in
England and Wales. Final diagnoses were derived from
OPCRIT using information from a structured interview
(SADS-L) and case notes. Blood donor controls were
not screened to exclude psychiatric illness.

Single stranded conformational polymorphism
(SSCP) analysis
Specific amplification of DRD5 is complicated by the
presence of two pseudogenes located on chromosome
2p and lq which share 98% homology with the gene.28
PCR primers were designed which amplified the
coding region of DRD5 in two fragments. The 3' frag¬
ment amplified without pseudogene contamination
(checked by gene-specific digest with PssI). Nested PCR
primers were then designed to amplify four overlap¬
ping fragments of suitable size for SSCP analysis. The
5' fragment however, did not amplify without pseudo-
gene contamination. This fragment was therefore
digested with DdeI, a gene-specific digest, and the
resulting fragments isolated from the gel. Nested PCR
primers were then used to amplify three overlapping
fragments using the isolated fragments as templates,
which were then subjected to SSCP analysis.29 The
DRD5 promoter region9 was amplified in seven over¬
lapping fragments prior to SSCP analysis. PCR ampli¬
fication and SSCP analysis were carried out using stan¬
dard procedures.30 Primers used in these procedures
are listed in Table 2.

Direct sequencing of DRD5 coding region in family 50
The coding region of DRD5 was sequenced in individ¬
uals 01, 02, 03 and 04 from family 50 (Figure 2). The
region was amplified using PCR primers designed by
Sobell et aP1 which contain gene-specific sequences at
their 3' ends and do not therefore amplify pseudogene.
Nested primers were used to amplify smaller fragments

A2C D4S412 D4S394 D4S403 D4S404 GABAB1

tel.
| lOcM** 12 cM* ^ UcM* ^ 13 cM* ^ 30cM**

I DRD5 I

Figure 1 Map of markers used in the linkage study of multiplex families. Map distances were taken from the latest Genethon
map (*) or were estimated from our own data (**). Published distances agreed with our own data, calculated using ILINK.
DRD5 maps between D4S394 and D4S403 (Genome DataBase, Research Genetics Inc).
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Fragment Forward primer Reverse primer

The DRD5 promoter region. Primers used in SSCP analysis
D5P11 cttcagcctcctcccaaagta
D5P10 attgggaagacaagcacagt
D5P12 ggaggttcagaacactcatg
D5P14 ctggctggtctcatcacact
D5P7 agcccttgtcacatttgtaat
D5P3 ctgcctcagcctcccaagta
D5P1 atgggacatgtcagtacttg
(TC)„ repeat atccacccacctcggcctcccaaaa

Microsatellite markers. Primers used in linkage study
A2C agtgggcagggcggggcaggt
D4S404 ttgctaaaccttgggtgtgt
DRD5 gctcatgagaagaatggagtg
D4S403 aggtggccctgagtaggagt
D4S394 gagtgagcccctgtactcca
D4S412 actaccgccaggcact
GABAB1 tgatagctagaaagctagcaag

DRD5 coding region. Primers used in SSCP analysis
3 Fragment
D5G-863
D5G-274
D5G-212
D5G-3
D5-482-631
D5-482-863
3 fragment
D5-3'Seq-6
D5-999-1197
D5-1186-1377

D5-1292-3'Seq

ctcgagggtcccttggctga
ctcgagggtcccttggctga
ctcgagggtcccttggctga
ctcgagggtcccttggctga

cggcctggcatggaccttgtcca
cggcctggcatggaccttgtcca

ggctgggtacatttgactgagtt
gcgcgcttccatcaagaaggaga

ttcggctggctaactcctc
cgccggtggagacggtgaac

DRD5 coding region.
D5(-76)-D5(642)
D5(460)-D5 (1120)
D5(955)-D5(1694)
D5.1-D5(642)
D5.2-D5(642)
D5.3-D5(l 120)
D5.4-D5(1694)

Primers used for sequencing templates
gcccgatggggctgcctgggggtcgcagggctga

gccttggtcatggtcggcctggca
gtccctttctgcagtggacaccctg

tgtaaaacgacggccagttgggatcgcgcacaaacc
tgtaaaacgacggccagtttcgtggcgctgctggtc

tgtaaaacgacggccagttggggcgggctggacctg
tgtaaaacgacggccagtttcggctgggctaactcc

catgagtgttctgaacctcc
cagcctcggagtcagagtgaga
gctgggaagtgagttaataata

aatccaaagaaatacacaattac
cgaaactccctctctactaaa
tgttttacccactggttataca
attgcccttgtctttgtcca

tcccatatgttgttttacccac

cgctgcctcccttccacctgttg
ttcctcatttacctgcactaag

ctggtatgatccctgcag
tttgagggaatgatttgggt
cccttgagcatcctgacttc

ctaagatatgaaaacctaaggga
gctacttaaacactgtgttcct

atggaagcgcgcaggctggtgtc
gcgccacgaaaggtcagacacg
gcgcgccaacatgaccaacgtct
tggacaaggtccatgccaggccg
cgggctcccaaaagtcctcctcc
atggaagcgcgcaggctggtgtc

agcctgcgcgcttccatcaa
cggggttgagtgaggagtta

cggcgttgggcatcatgtggatg
ggctgggtacatttgactgagtt

tgcattcacgtcgggctcccaaaagt
ccagcagctgggcaaacaccttctga
cagcaccatatctcttctctcataggat
tgcattcacgtcgggctcccaaaagt
tgcattcacgtcgggctcccaaaagt
ccagcagctgggcaaacaccttctga
cagcaccatatctcttctctcataggat

from these for direct sequencing. These primers had
the M13(-21) universal sequence at their 5' ends,
enabling standard sequencing kits to be used. Sequen¬
cing was carried out using fluorescently labelled pri¬
mers with either Taq-CS (Perkin-Elmer, Foster City,
USA) or Thermosequenase (Amersham International,
Amersham, UK) and analysed on an ABI373 (Perkin-
Elmer). Sequence data were examined for hetero-
zygotes using Sequence Navigator (Perkin-Elmer) and
by eye. Primers are listed in Table 2.

Results

Linkage analysis of multiplex families
In the linkage study of 24 multiply affected families,
seven microsatellite markers were typed which span
chromosome 4p (Figure 1). The results are summarised

in Table 3(a) and (b). The highest overall lod score of
1.12 was obtained with D4S403 using the general diag¬
nostic criteria and both dominant and recessive models
of transmission. While this result falls well short of evi¬
dence for linkage when considered on its own, it is
notable that a single family (family 50) contributes
most to the positive lod score (Table 4a). DRD5-M gives
lower overall lod scores, but there are no recombinants
with this marker in affected members of family 50
(Table 4b). Testing these data for heterogeneity using
the A-Test (HOMOG) did not provide significant evi¬
dence for admixture. Using conventional criteria for
exclusion (lod < -2), virtually the entire region can be
ruled out under the assumption of genetic homogen¬
eity. However, as in previous studies with this sample,
the ability to exclude a region drops away dramatically
as the proportion of linked families is decreased20,31
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Figure 2 Pedigree diagram of family 50. Phase known haplotypes are shown in boxes. All affected individuals share a common
haplotype (shaded areas) extending from D4S403 to GABAjSl. AA recombinant occurs in the 10 cM gap between D4S394 and
D4S403, defining the telomeric flanking marker. Individual 08 is unaffected but carries the risk haplotype. Diagnoses are accord¬
ing to RDC criteria.

and this is reflected by the inability to exclude the
region close to DRD5 at an a value (proportion of
linked families) of 0.8 or less.

Marker data were also used to estimate the position
of DRD5 using LINKMAP.26 The best estimate position
of DRD5 was centromeric to D4S403, although a
location between D4S403 and D4S394 is also plaus¬
ible (Figure 3).

Sequencing and SSCP analysis of DRD5
SSCP analysis of the coding region of DRD5 was perfor¬
med in 12 members of family 50, plus 18 unrelated
cases of DSM-IIIR schizophrenia. One of the seven
SSCP reactions, with primers 1292 and 3'Seq showed a

clear conformational shift.29 Two different conformers
were identified which were sequenced to reveal base
pair substitutions C1481T and G1491C, both silent
mutations. The G1491C substitution was seen in only
one out of 107 cases of DSM-IIIR schizophrenia. The
C1481T polymorphism was much more common, and
was analysed in 100 DSM-IIIR schizophrenics and 103
matched controls (Table 5). There was no significant
difference in either allele frequencies (y2 = 0.34, df = 1,
NS) or genotype frequencies 0^ = 2.267, df=2, NS)
between cases and controls. The C1481T polymor¬
phism had been previously described by Sobell et al,1'
but we failed to detect any of the other variants they
described, including the common T978C.
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Figure 3 LINKMAP data of the location of DRD5 in relation
to the markers D4S403 and D4S394.

The coding region was sequenced in four members
of family 50 (01, 02, 03 and 04), but no sequence vari¬
ation was revealed, SSCP analysis of the promoter
region was performed in the same four members of
family 50 plus 36 unrelated individuals with DSM-IIIR
schizophrenia, but no polymorphisms in addition to
the previously described (TC)n repeat were revealed.
The polymorphisms (TC)n, C1481T and T978C all
showed common homozygote genotypes and were
therefore uninformative in this family.

Association studies in schizophrenia and bipolar
samples
Results of the association studies between the (TC)n
repeat in the promoter and schizophrenia Of2 = 7.00,
df = 5, NS) and DRD5-M and bipolar disorder
0^= 10.75, df= 11, NS) are shown in Tables 6 and 7
respectively. There was no evidence of allelic associ¬
ation in either study.

Discussion

Chromosome 4p is of considerable interest as the poss¬
ible location of a major susceptibility locus for bipolar
affective disorder.2-32 In a study of 12 families, Black¬
wood and colleagues obtained maximum multipoint
lod scores of 3.3 with significant evidence of locus het¬
erogeneity with markers around D4S394. They also
described a single family which on its own gives a
maximum lod score of 4.1 with D4S394. Examination
of haplotypes within this large pedigree showed the
transmission of a single haplotype extending from
D4S431 to D4S403 in all cases of bipolar disorder and
14/16 cases of recurrent unipolar depression. These
data suggest strongly that there may be a major suscep¬
tibility locus for major affective disorders on chromo¬
some 4p.

In this study we have examined a sample of 24 multi¬
ply affected families segregating predominantly schizo¬
phrenia and schizoaffective disorders. On the basis of
our selection criteria14 these families were all included
in genetic studies of schizophrenia. The results of our

linkage study provide weak evidence for linkage, with
a maximum lod score of 1.2 with the marker D4S403
under both dominant and recessive models of trans¬
mission. There was no significant evidence of hetero¬
geneity in our data and examination of the family by
family lod scores shows that only family 50 is a clear
contender for linkage to this locus, although positive
lod scores were seen in three further families. It should
be noted that due to recombinants in family 50
between the markers D4S394 and D4S403, the com¬

bined lod score maximises with D4S403 and not with
D4S394 as in the study of Blackwood et al.

In order to assess the significance of the DRD5-M lod
scores in family 50, a simulation was performed using
SIMLINK. Genotypes for founding members (50-01, 50-
02 and 50-04) were fixed and simulation of other geno¬
types performed under the general diagnostic criteria
with genetic parameter model 2. The lod score of 1.84
at 8 = 0 was achieved 14 times in 10 000 (0.0014). This
figure cannot be considered to be a true P value, since
no account has been taken of the other 23 families stud¬
ied and an appropriate adjustment needs to be made
for the low prior odds of linkage. We can state that on
its own this finding does not amount to evidence for
linkage, however in the context of other studies
describing linkage to the same genetic markers the
possibility of linkage to this family must be taken seri¬
ously.

The important findings are therefore that in each of
the two studies a family was identified which may be
linked to the same set of markers on chromosome 4p.
However, a major discrepancy appears to exist since
our study examined families fulfilling criteria for a
linkage study of schizophrenia while Blackwood et aP
examined families included in a genetic linkage study
of bipolar disorder. Details of the clinical features dis¬
played by members of family 50 are therefore worth
considering and it is interesting to observe that all the
affected members of family 50 have a number of clini¬
cal features which are typical of affective disorders. For
example individual 50-12 described grandiose
delusions and feelings of elation despite an outwardly
flat and apathetic appearance. Individual 50-03
appears to have a more typical form of schizophrenia
but even she presented with many affective symptoms.
For example her mood was often irritable and labile
and she showed sexually disinhibited behaviour. At
times she was described as garrulous, talking rapidly
with flight of ideas and she has had grandiose
delusions. The two members of the family with diag¬
noses of RDC/DSM-IIIR schizoaffective disorder have
more obvious manic features. Individual 50-11 at times

displayed a full manic syndrome with overactivity, dis¬
inhibited behaviour, pressure of speech and flight of
ideas, elated mood and grandiose delusions. The diag¬
nosis of schizoaffective disorder was based on periods
in which these affective symptoms had resolved and
during which he described a wide variety of non-affect¬
ive psychotic symptoms. Individual 50-10 has what
appears to be a more typical form of manic depressive
illness. Prior to the onset of a manic episode she

315



Chromosome 4p and DRD5 in schizophrenia and bipolar disorder
P Asherson et al

Table 3 (a) Combined lodscores under general diagnostic criteria, (b) Combined lodscores under restrictive diagnostic criteria

Marker Theta

Model 0 0.01 0.05 0.1 0.2 0.3 0.4

(a)
ADR2C 1 -7.41 -5.78 -3.18 -1.71 -0.43 -0.01 0.07

4 -2.15 -1.87 -1.13 -0.61 -0.14 0.00 0.01
7 -1.72 -1.42 -0.61 -0.08 0.28 0.23 0.08
8 -9.44 -6.86 -3.50 -1.78 -0.37 0.05 0.10

D4S412 1 -9.14 -7.11 -4.15 -2.26 -0.48 0.09 0.15
4 -4.20 -3.82 -2.70 -1.80 -0.75 -0.24 -0.02
7 -4.72 -4.23 -2.83 -1.76 -0.64 -0.19 -0.03
8 -11.20 -8.37 -4.58 -2.31 -0.35 0.20 0.19

D4S394 1 -9.59 -8.29 -5.05 -2.87 -0.93 -0.23 -0.02
4 -5.01 -4.35 -2.96 -2.00 -0.93 -0.41 -0.14
7 -5.60 -4.84 -3.09 -1.88 -0.68 -0.22 -0.06
8 -12.48 -10.45 -5.77 -3.21 -1.00 -0.22 0.00

DRD5 1 -9.06 -5.71 -2.20 -0.47 0.81 0.91 0.51
4 -5.86 -4.03 -1.65 -0.44 0.45 0.54 0.30
7 -6.69 -5.38 -2.91 -1.44 -0.14 0.20 0.15
8 -11.20 -7.17 -2.95 -0.90 0.66 0.88 0.52

D4S403 1 -6.55 -4.34 -1.39 0.11 1.12 1.06 0.56
4 -4.70 -3.34 -1.01 0.20 0.96 0.86 0.44
7 -4.89 -3.95 -1.95 -0.73 0.25 0.38 0.19
8 -8.67 -5.74 -2.04 -0.18 1.11 1.12 0.61

D4S404 1 -9.24 -7.35 -4.31 -2.53 -0.81 -0.11 0.08
4 -3.76 -3.10 -1.60 -0.67 0.12 0.28 0.19
7 -4.42 -3.70 -1.99 -0.87 0.09 0.27 0.14
8 -12.53 -9.87 -5.98 -3.68 -1.37 -0.35 0.01

GABAB1 1 -7.29 -6.06 -3.64 -2.09 -0.55 0.03 0.12
4 -2.39 -2.04 -1.07 -0.38 0.21 0.30 0.18
7 -3.30 -2.97 -2.00 -1.20 -0.35 -0.02 0.05
8 -9.73 -8.11 -4.97 -2.91 -0.87 -0.08 0.10

(b)
ADR2C 1 -4.68 -3.67 -2.08 -1.17 -0.33 -0.02 0.06

4 -2.58 -2.24 -1.38 -0.81 -0.26 -0.05 0.01
7 -3.02 -2.65 -1.67 -0.98 -0.30 -0.05 0.02
8 -6.10 -4.67 -2.59 -1.42 -0.39 -0.02 0.07

D4S412 1 -7.25 -5.95 -3.88 -2.36 -0.70 -0.04 0.11
4 -4.63 -4.12 -2.80 -1.80 -0.69 -0.17 0.02
7 -6.20 -5.58 -3.81 -2.42 -0.93 -0.28 -0.02
8 -9.13 -7.45 -4.70 -2.76 -0.77 -0.03 0.12

D4S394 1 -9.33 -7.93 -5.32 -3.46 -1.40 -0.45 -0.06
4 -5.22 -4.33 -2.63 -1.59 -0.57 -0.13 0.02
7 -5.32 -4.57 -2.92 -1.80 -0.63 -0.14 0.02
8 -11.70 -9.98 -6.54 -4.09 -1.59 -0.50 -0.06

DRD5 1 -7.70 -5.54 -2.67 -1.08 0.26 0.57 0.37
4 -4.73 -3.86 -2.13 -1.06 -0.09 0.18 0.14
7 -5.30 -4.43 -2.62 -1.47 -0.37 0.01 0.07
8 -8.92 -6.41 -3.41 -1.34 0.21 0.60 0.42

D4S403 1 -6.07 -4.75 -2.44 -0.99 0.27 0.57 0.40
4 -3.96 -3.13 -1.45 -0.50 0.22 0.32 0.19
7 -5.07 -4.26 -2.39 -1.20 -0.17 0.12 0.11
8 -8.01 -6.28 -3.21 -1.37 0.21 0.62 0.45

D4S404 1 -5.41 -4.61 -3.16 -2.13 -0.88 -0.26 -0.02
4 -3.10 -2.72 -1.80 -1.11 -0.37 -0.06 0.01
7 -4.58 -3.92 -2.31 -1.22 -0.22 0.06 0.06
8 -7.66 -6.54 -4.60 -3.19 -1.43 -0.50 -0.09

GABAB1 1 -6.74 -5.70 -3.51 -2.11 -0.73 -0.16 0.03
4 -1.83 -1.53 -0.76 -0.26 0.11 0.14 0.06
7 -1.44 -1.24 -0.67 -0.26 0.06 0.10 0.04
8 -8.77 -7.44 -4.72 -2.92 -1.09 -0.28 0.02

Model 1: fl =0.001, f2 = 0.950, f3 = 0.999, q = 0.020. Model 4: fl = 0.001, f2 = 0.300, f3 = 0.999, q = 0.100.
Model 7: fl =0.001, f2 = 0.061, f3 = 0.656, q = 0.040. Model 8: fl = 0.00, f2 = 0.00, f3= 1.00, q = 0.1.
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Table 4 (a) Family by family lod scores for the marker D4S403 in schizophrenia multiplex using general diagnostic criteria
and model 2. (b) Family by family lod scores for the marker DRD5-M in schizophrenia families using general diagnostic criteria
and model 2. Positive lod scores are in bold

Family Theta

0.00 0.01 0.05 0.10 0.20 0.30 0.40

(a)
118 0.00 0.00 0.00 0.00 0.00 0.00 0.00
116 -0.03 -0.03 -0.02 -0.02 -0.01 0.00 0.00
115 0.41 0.40 0.38 0.34 0.27 0.19 0.10
114 0.00 0.00 0.00 0.00 0.00 0.00 0.00
113 0.83 0.80 0.71 0.60 0.37 0.17 0.04
112 -0.30 -0.27 -0.17 -0.10 -0.03 -0.01 0.00
111 -0.09 -0.07 -0.03 0.00 0.03 0.02 0.01
110 -1.66 -1.56 -1.05 -0.65 -0.27 -0.10 -0.02
109 0.00 0.00 0.00 0.00 0.00 0.00 0.00
108 0.44 0.45 0.45 0.43 0.33 0.20 0.06
107 -0.53 -0.51 -0.42 -0.33 -0.18 -0.08 -0.02
99 0.00 0.00 0.00 0.00 0.00 0.00 0.00
98 0.23 0.24 0.27 0.27 0.22 0.15 0.07
58 -1.94 -1.30 -0.70 -0.44 -0.19 -0.07 -0.02
55 0.00 0.00 0.00 0.00 0.00 0.00 0.00
53 -1.77 -1.36 -0.83 -0.56 -0.30 -0.15 -0.06
52 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 1.85 1.82 1.70 1.54 1.18 0.78 0.36
37 -0.06 -0.05 -0.01 0.03 0.07 0.08 0.05
28 -2.02 -1.30 -0.66 -0.38 -0.14 -0.05 -0.01
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17 -1.15 -0.97 -0.61 -0.39 -0.18 -0.07 -0.02
16 0.09 0.09 0.08 0.08 0.06 0.04 0.02
15 -0.86 -0.74 -0.47 -0.29 -0.12 -0.04 -0.01

Total lod -6.55 -4.33 -1.39 0.12 1.12 1.06 0.56

(b)
118 -1.68 -1.23 -0.68 -0.43 -0.19 -0.07 -0.02
116 0.00 0.00 0.00 0.00 0.00 0.00 0.00
115 0.00 0.00 0.00 0.00 0.00 0.00 0.00
114 0.00 0.00 0.00 0.00 0.00 0.00 0.00
113 0.00 0.00 0.00 0.00 0.00 0.00 0.00
112 -0.04 -0.02 0.04 0.08 0.09 0.06 0.02
111 0.70 0.69 0.61 0.52 0.34 0.18 0.05
110 -0.09 -0.09 -0.08 -0.06 -0.04 -0.02 0.00
109 0.00 0.00 0.00 0.00 0.00 0.00 0.00
108 0.36 0.35 0.32 0.28 0.19 0.10 0.03
107 -2.89 -1.72 -0.99 -0.64 -0.29 -0.12 -0.03
99 -0.29 -0.29 -0.27 -0.22 -0.11 -0.04 0.00
98 -1.13 -0.88 -0.40 -0.15 0.06 0.10 0.06
58 0.00 0.00 0.00 0.00 0.00 0.00 0.00
55 0.21 0.21 0.18 0.15 0.09 0.04 0.01
53 0.03 0.03 0.03 0.02 0.01 0.01 0.00
52 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 1.54 1.51 1.40 1.25 0.94 0.61 0.28
37 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 -1.74 -1.38 -0.83 -0.52 -0.23 -0.08 -0.02
27 0.36 0.35 0.31 0.26 0.16 0.08 0.02
17 -1.06 -0.92 -0.61 -0.40 -0.19 -0.07 -0.02
16 -0.40 -0.32 -0.12 0.00 0.08 0.08 0.05
15 -0.68 -0.62 -0.44 -0.30 -0.14 -0.06 -0.01

Total lod -6.81 -4.32 -1.53 -0.17 0.78 0.79 0.42

fl =0.001, f2 = 0.85, f3 = 0.999, q = 0.02.
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Table 5 Association sample results with C1481T in schizo¬
phrenia sample

Allele 1
, Allele 2 Genotypes

CI 481 T1481

1 1 12 22

Affecteds 74 126 17 40 43
Controls 82 124 15 52 36

Allele frequencies: ^ = 0.34, df= 1, P= 0.596.
Genotype frequencies: ^ = 2.267, df=2, P= 0.325.

Table 6 Association data between the (TC)„ repeat in the
DRD5 promoter (AC)n and schizophrenia

Allele Affecteds Controls

counts frequency counts frequency

1 6 2.80 10 4.95
2 170 79.44 153 75.74
3 25 11.68 26 12.87
4 9 4.21 12 5.94
5 0 0.00 1 0.50
6 4 1.87 0 0.00

Allele frequencies: x*= 7.00. df=5, P= 0.192 (NS).

Table 7 Association data between DRD5-M and bipolar dis¬
order

Allele Bipolar cases Controls

counts frequency counts frequency

1 (134 bp) 2 0.01 3 0.01
2 (136 bp) 5 0.02 4 0.02
3 (138 bp) 18 0.08 19 0.09
4 (140 bp) 8 0.03 15 0.07
5 (142 bp) 9 0.04 9 0.04
6 (144 bp) 7 0.03 7 0.03
7 (146 bp) 6 0.03 16 0.07
8 (148 bp) 122 0.51 101 0.45
9 (150 bp) 28 0.12 20 0.09

10 (152 bp) 19 0.08 17 0.08
11 (154 bp) 14 0.06 10 0.05
12 (156 bp) 2 0.01 1 0.00

All alleles in single test: y2 = 10.75, df = 11, P= 0.458 (NS).
Allele 4 against the rest: y2 = 2.33, df=2, P=0.139 (NS).

reported a sustained period of severe depression fulfil¬
ling criteria for major depression. The manic phase was
typical with overactivity, elated mood and her actions
were based upon grandiose thoughts and delusions.
The diagnosis of schizoaffective disorder in this case
was more difficult to make and was based upon the
judgement that continued grandiose and persecutory

thoughts after the affective symptoms had resolved
were delusional. However it could be argued that these
thoughts fulfil the definition of overvalued ideas (not
delusions), since she received a great deal of local
church support for her ideas which were deeply
religious and therefore culturally bound. In this case
her diagnosis would be one of manic depression under
DSM-IIIR criteria (but not RDC criteria). Finally, indi¬
vidual 50-01 could not be assessed fully due to lack of
detailed clinical information but there is evidence that
he may have suffered an affective illness since he is
described as withdrawn, deeply depressed and suici¬
dal and he expressed the belief that he was married to
the Queen.

If it turns out that family 50 is indeed a 4p-linked
family then the clinical features of affected members
suggest that the primary phenotypic characteristic
shared by all affecteds may be the presence of affective
symptoms. If this is correct then these data suggest that
a gene on 4p gives rise to a broad phenotype including
recurrent unipolar depression, bipolar disorder, schi¬
zoaffective disorder and schizophrenia when
accompanied by significant affective symptoms.

This conclusion may appear surprising to those who
are not familiar with psychiatric literature, but in fact
the division between schizophrenia and bipolar dis¬
order remains controversial. Attempts to define the
boundary between the two disorders on the basis of
symptom and outcome variables have failed33'34 and
some authors have gone as far as to propose that there
is a continuum of psychoses resulting from the same
genetic mutations.35,36 Data from family studies suggest
that by and large the two disorders are genetically dis¬
tinct.37 However there may be rare genetic subtypes of
psychosis, such as that in family 50, that can manifest
in either form.

We also examined a sample of bipolar disorder cases
for association with DRD5-M. However, in 120 cases of
bipolar I disorder and matched controls there was not
evidence suggestive of association. The association
reported by Williams et aP between schizophrenia and
DRD5-M therefore suggests that DRD5 may be a suscep¬
tibility locus which is specific for schizophrenia. In
this case it is unlikely that a link exists between the
schizophrenia association and the 4p-linkage since the
association sample consisted of DSM-IIIR schizo¬
phrenics, few of whom had significant affective symp¬
toms. In fact it is not unlikely that the schizophrenia
association is merely a chance finding.

This later conclusion is supported by the inability to
detect mutations associated with schizophrenia within
the coding or promoter regions of DRD5, although it
remains feasible that another gene with mutations in
linkage disequilibrium with DRD5-M may be involved
or that a susceptibility locus lies elsewhere in the regu¬
latory region of the gene.

In this study we screened the DRD5 promoter region
by SSCP analysis in 36 cases of DSM-IIIR schizo¬
phrenia and found no polymorphic variation apart
from the (TC)n repeat polymorphism described by
Beischlag et al.'3 An association study with this poly-
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morphism found no relationship with schizophrenia.
However it is possible that SSCP analysis has failed to
pick up all sequence variation within the promoter
region.

In order to examine further the possible role of DRD5
mutations in family 50, we screened both the coding
and promoter regions of DRD5, but failed to find any
polymorphisms which explained the linkage findings.
These negative findings support those of Blackwood et
aP who examined the coding region of DRD5 in their
'linked' family by chemical cleavage. It is therefore
unlikely that a mutation within the coding region of
DRD5 confers susceptibility to chromosome 4p-linked
families. However, it remains possible that regulatory
regions are involved, since SSCP used to screen the
promoter has no more than a 90% detection rate and
regions further upstream have not been screened.

Summary
In conclusion we have carried out a linkage study of
chromosome 4p markers in a sample of families with
mainly schizophrenia and schizoaffective diagnoses.
While this study does not provide significant evidence
for linkage when considered alone it may be con¬
sidered to support the findings of Blackwood et al.z Of
particular interest is the identification of a family
which appears to be linked to the same set of chromo¬
some 4p markers. Study of this family suggests that a
broad phenotype including unipolar depression,
bipolar disorder, schizoaffective disorder and schizo¬
phrenia when accompanied by significant affective
symptoms results from gene mutations within this
region. The possibility that DRD5 gives rise to these
findings has been explored and shown to be unlikely.

The proposed mode of transmission for the putative
disease gene appears to be Mendelian, at least in some
families. If this is the case then future work aimed at

isolating the gene will be simplified since conventional
positional cloning strategies can be adopted. A first
step towards this would be to search for other families
showing linkage to this locus which can further cut
down the size of the candidate region which currently
remains too large for the direct isolation of expressed
sequences. We must however remain cautious in
accepting these data since apparently significant link¬
ages with both bipolar disorder and schizophrenia
have turned out to be falsely positive.38'39 On the other
hand this is the first time that data suggesting a major
gene locus for psychoses have been found in inde¬
pendent datasets, as is the case here.
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Abstract

Forty subjects with schizophrenia and 40 age- and sex-matched controls were recruited, and blood samples were
obtained for analysis of red cell membrane fatty acid composition by capillary gas chromatography. A blood sample
was also taken from the same population to test for allelic association between schizophrenia and a polymorphism
close to the promoter site of the cytosolic phospho!ipase-A2 gene which is mapped to chromosome lq25. The
schizophrenic population was heterogeneous with regards age, symptom severity and treatment. A significantly higher
percentage concentration of dihomogamma-linolenic acid (DGLA) was found in the red cell membranes of
schizophrenics compared to matched controls. All other fatty acids examined showed no difference from the normal
population. No correlation was found between any demographic factor, treatment variable, diet, drug use, alcohol or
tobacco consumption which could explain the biochemical findings. A negative correlation was found between the
concentration of DGLA in red blood cell (RBC) membranes and severity of symptoms of schizophrenia. In particular,
there was a significant correlation (r= —0.41, /7 = 0.009) between DGLA percentage concentrations and 'disorganised'
symptoms. No association was found between schizophrenia and alleles of the polymorphism near the phospholipase-A2
gene or between fatty acid concentrations and the presence of any particular alleles. This study therefore finds support
for membrane phospholipid abnormalities in patients with schizophrenia and particular symptom clusters, but does
not replicate a previous report of an allelic association between a polymorphism close to the site of the cytosolic
phospholipase-A2 gene and schizophrenia. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phospholipid abnormalities have been reported
in cells from schizophrenic patients for nearly
25 years (see Rotrosen and Wolkin, 1987 for
review).

Alterations in fatty acid composition affect the
membrane structure by changing its fluidity, and
hence altering the functions of membrane-bound
receptors, ion-channels and enzymes. The polyun¬
saturated fatty acids dihomogamma-linolenic acid
(DGLA), arachidonic acid (AA) and eicosapen-
taenoic acid (EPA) are precursors of eicosanoids,
including prostaglandins of series I, II and 111,
respectively, and therefore are of major importance
in cellular functions. Membrane lipids are also
important in cell signalling and as precursors for
inositol-triphosphate and diacyl-glycerol synthesis
(Nunez, 1993).

Many of the results reported previously were
not subsequently replicated and firm conclusions
are difficult to draw from the various findings in
peripheral and neuronal tissue. Recently, more
consistent results have been reported showing a
deficiency of particular essential fatty acid compo¬
nents of red blood cell membrane phospholipids,
(Glen et al., 1994; Peet et al., 1994; Yao et al.,
1994a,b). The fatty acids most consistently
reported to be deficient in peripheral cells are AA
and docosahexaenoic acid (DHA), which together
account for more than 90% of the brains' unsatu¬

rated fatty acid content (Svennerholm, 1968;
O'Brien and Samson, 1965).

Evidence for an abnormality in neuronal phos¬
pholipid metabolism is also indicated by studies
using phosphorous magnetic resonance spectro¬
scopy in both medicated and drug-naive patients.
A significant reduction in phosphomonoesters and
significant increases in phosphodiesters in schizo¬
phrenic subjects suggested an increase in break¬
down and decreased anabolism in membrane

phospholipids. (Pettegrew et al., 1991; Stanley
et al., 1994)

Several enzymes have been implicated in
attempts to explain these abnormalities. Acyl-
transferases and phospholipases, which alter the
constitution of membranes by adding and remov¬
ing unsaturated fatty acids from the '2' position

in phospholipids, have been suggested as likely
candidates for any pathological abnormality
(Horrobin et al., 1994; Vaddadi et al., 1996). it
has also been speculated that activity of the delta-
4-desaturase enzyme, which is necessary for the
biosynthesis of some fatty acids, may be abnormal
in schizophrenics (Mahadik et al., 1996). There is
evidence that schizophrenia sufferers have altered
activity of cytosolic phopholipase-A2 (Gattaz
et al., 1995) which may cause cell membranes to
lose fatty acids such as AA or DHA. The reported
association between an allele of a polymorphism
located close to the gene for cytosolic
phospholipase-A2 on chromosome lq25 and
schizophrenia further implicated this enzyme
(Hudson et al., 1996).

It has been proposed that pathological abnor¬
malities in cell membrane essential fatty acid con¬
stituents may be particularly important in the
aetiology of a subgroup of schizophrenia sufferers.
Glen et al. (1994) found an association between
AA and DHA deficiency in red cell membranes
and a subgroup of schizophrenics characterised
by 'negative' symptoms of the disorder. Con¬
centrations of these essential fatty acids were
bimodally distributed and gave biochemical sup¬

port to the theory that patients with predominantly
negative symptoms had a different aetiology to
those with mainly positive ones (Glen et al., 1994).

The current study was designed to investigate in
greater detail the reported biochemical findings in
red cell membranes and to relate these to alleles
of a marker near the promoter site of the cytosolic
phospholipase-A2 gene in the same subjects.
Symptom rating scales were utilised to subdivide
the population by symptom profiles given the
increasingly accepted view that at least three symp¬
tom clusters (positive, negative and disorganised)
describe the range of symptoms in schizophrenia
(Liddle, 1987; Johnstone and Frith, 1996).

Peripheral cell membrane fatty acid abnormali¬
ties have been reported in other diseases. In partic¬
ular, the ratio of stearic acid to oleic acid has been
found to be abnormal in patients suffering from
malignancies as well as chronic conditions such as
rheumatoid arthritis and chronic obstructive air¬
ways disease (Copland et al., 1992; Wood et al.,
1985). The present study analysed red cell mem-
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branes for these two acids and compared 18:0 to
18:1 ratios for subjects and controls.

Previous studies of schizophrenic patients and
red cell abnormalities have not taken full account
of the multitude of factors that have influence on

membrane lipid metabolism. The current study
attempted to look for explanations for any bio¬
chemical abnormalities by recording diet, medica¬
tion, smoking, alcohol use and demographic
factors which are known to affect membrane con¬

stitution (Dougherty et al., 1987; Brenner, 1982).

2. Methods

2.1. Subjects

Forty subjects with schizophrenia were recruited,
along with an equal number of age- and sex-
matched controls in a matched-pair design.
Subjects were in-patients or out-patients of the
Royal Edinburgh Hospital at the time of the study.
Interviews took place at the Royal Edinburgh
Hospital or in out-patient clinics/day-hospitals
attached to the hospital.

Controls were sex matched and age matched to
the respective patient (±5 years). Most of the
controls were hospital staff and came from the
same geographic population as the cases.

2.2. Clinical assessments

Patients with a clinical diagnosis of schizo¬
phrenia were identified by their responsible clini¬
cian and gave informed consent. A semi-structured
diagnostic interview [Schedule of Affective
Disorders and Schizophrenia (Endicott and
Spitzer, 1978)] was carried out to enable a DSM-IV
diagnosis to be made and to gather further clinical
information. All clinical ratings were done by the
same rater (A.B.D.).

A member of nursing staff who knew the patient
well was also interviewed to complete some of the
ratings. Where the subject was an out-patient and
not well known to nursing staff, a carer or relative
was asked to provide information.

Psychopathology was assessed using the Brief
Psychiatric Rating Scale (Overall and Gorham,

1962), the Positive and Negative Symptom Scale
(Kay et al., 1987) and the Manchester Scale
(Krawiecka et al., 1977). The Manchester Scale
was used to rate patients on three dimensions of
psychopathology. The elements used for a positive
subscale were 'hallucinations' and 'coherently
expressed delusions', a negative subscale was com¬
posed of 'poverty of speech' and 'psychomotor
retardation', and a disorganised subscale consisted
of 'flattened or incongruous affect' and 'incoher¬
ence and irrelevance of speech'. A brief physical
examination was carried out looking for the pres¬
ence of abnormal involuntary movements using
the Abnormal Involuntary Movement Scale
(Guy, 1976).

2.3. Sample preparation

A blood sample was obtained at the time of
interview and placed in EDTA tubes. Blood
samples from each patient-control pair were taken
within 12 h to standardise storage conditions. The
samples were centrifuged within 24 h and stored
at — 70°C pending fatty acid analysis. Plasma and
red cell portions were separated for separate analy¬
sis later.

Initial separation by centrifugation and storage
of the samples was carried out at the Human
Genetics Unit at the Western General Hospital in
Edinburgh, UK. When all the samples had been
collected, red cells were transported as a batch to
the Rowett Research Institute in Aberdeen for
biochemical analysis.

Leukocyte DNA was extracted from a further
blood sample and genotyping of the PL-A2 gene
performed (Hudson et al., 1996).

2.4. Biochemical analysis

Biochemical analysis was carried out by K.W.
at the Lipid and Cell Biology Unit, Rowett
Research Institute in Aberdeen. Total phospholi¬
pids were extracted from the red cell membranes
using a standard chloroform and methanol
method. Lipid classes were then separated using
bond-elut columns and different eluting solvents.
Direct trans-esterification was carried out using
methanolic hydrochloric acid prior to separation
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of the fatty acid methyl esters (FAME) by capil¬
lary-column gas-liquid chromatography (Wahle
et al., 1991).

Analysis of fatty acid methyl esters was carried
out using wall-coated open tubular (WCOT) capil¬
lary gas chromatography with a Hewlett Packard
5890 Series II chromatograph employing a
hydrogen flame ionisation detector. The column
used was coated with DB23 with helium as the
mobile phase at a flow rate of 1.2ml/min. The
internal standard used was 2MeC16 and the split
ratio was 80 ml/min. The temperature programme
employed was as follows:

Stage 1: 80°C to 160°C at 25"C/min.
Stage 2: 160°C to 210°C at 2r'C/min.
Stage 3: 5 min at 210°C.
Total run time = 33.2 min.

Percentage area of individual chromatogram
peaks was determined using a Hewlett-Packard
integrator. Results were expressed for each fatty
acid as a weight percentage of total fatty acid
methyl esters.

2.5. Genetic analysis

The methods used in this study are described
elsewhere (Mansfield et ah, 1994; He et ah, 1995;
Hudson et ah, 1996). In summary, a Tecan
RSP5052 robotic sampler was used for setting-up
microsatellite amplifications in 96-well plates
placed on thermal cyclers (Hybaid or Techne).
The PCR conditions were as follows: 2 min at

94°C (first cycle); 1 min at 94°C, 2 min at 55UC,
2.5 min at 72°C (24 cycles); 1 min at 94CC, 2 min
at 55°C, 10 min at 72°C (last cycle). After comple¬
tion of the PCR reactions, 75 p\ of 'stop' solution
(95% formamide, 0.8% dextran blue, 25 mM
EDTA pH 9) was added to each 25-ml sample.
Samples were stored at 4°C until ready for analysis,
at which time internal size standards were added
and the samples heat denatured at 95°C for 2 min,
then cooled rapidly in ice water prior to loading
onto the gels.

Internal standards were prepared by amplifica¬
tion from single-stranded (+) DNA of the
M13mpl8 vector using a variety of primer pairs
and the above reaction conditions. An external
standard (gold standard) was from member 02 of

the CEPH family 1347 to allow universal compari¬
son of the results.

Electrophoresis was carried out using a 40-lane
automated laser fluorescence (ALF) sequencer
(Pharmacia). The middle lane (lane 21) was used
for the gold standard. Gels were made up with 6%
Hydrolink (Long Ranger, AT Biochem Ltd) or
acrylamide/bis-acrylamide (29:1, BDH) in
0.6xTBE (0.06 M Tris base, 0.054 M boric acid,
0,6 mM EDTA) containing 7 M urea and run in
the same buffer at constant power (55 W) and
constant temperature (50°C).

Semi-automated genotyping was carried out
using the 'ALF Manager' and 'ALP' software.

2.6. Data analysis

The Statistical Package for Social Sciences was
used for all statistical analyses.

Summary statistics and frequency distributions
were carried out for all fatty acid results.
Frequency distributions were plotted. Student's t-
test for paired samples was used to compare the
means of schizophrenic subjects and their matched
controls. The effect of clinical symptoms, age, sex,
diet, drugs, alcohol and tobacco on fatty acid
concentrations was assessed using Pearson's corre¬
lation for continuous variables, and r-tests for
dichotomous variables.

As multiple comparisons were carried out, a
value of /;<0.01 was taken to be statisticaly
significant.

3. Results

3.1. Study population

Forty subjects and 40 age- and sex-matched
controls were recruited. The subjects were a hetero¬
geneous group comprising out-patients, day-
patients and in-patients and displayed a broad
range of demographic and clinical characteristics.

The place of residency was split between hospital
(21) and community (19). Patients who were in
hospital hostels were regarded as being in-patients
for the purpose of the study, as one major factor
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considered was whether institutional conditions
related to the biochemical findings.

There was a large excess of men over women,
males/females = 34/6. The age range for subjects
was 21-63 (mean = 37) and for controls was 22-63
(mean = 35).

All the subjects had their first contact with
psychiatric services as adolescents or young adults,
and most had spent several years under psychiatric
care, either as in-patients or out-patients. Only
one case had never been hospitalised and two cases
had been in hospital for less than 3 months. Two
cases had spent up to 1 year, 12 up to 2 years, 10
up to 5 years and the remaining 13 more than
5 years in institutions. The majority of the subjects
suffered from chronic schizophrenia.

3.2. Fatty acidprofiles

The fatty acids of particular interest were diho-
mogamma-linolenic acid (DGLA, 20:3 n-6),
arachidonic acid (AA, 20:4 n-6), eicosapentaenoic
acid (EPA 20:5 n-3) and docosahexaenoic acid
(DHA 22:6 n-3). These were considered to be the
most likely compounds to show an abnormality,
and had all been found to be abnormal in previous
studies (Glen et al., 1994; Peet et al., 1994; Yao
et al., 1994a,b; Vaddadi et al., 1996).

Table 1 shows that DGLA was found to be
significantly increased in schizophrenics compared
to controls.

Figs. 1-4 show the frequency distributions of
each acid.

Table 1
Concentrations of red cell membrane fatty acids expressed as a
percentage of total fatty acid methyl esters

Fatty acid Mean (SD) V p value

DGLA Cases 1.89 (0.50)
Controls 1.55 (0.39) 3.26 0.002

AA Cases 13.22 (2.79)
Controls 12.63 (2.90) 1.00 0.33

EPA Cases 0.84 (0.51)
Controls 1.07 (0.64) -1.92 0.06

DHA Cases 3.79 (1.26)
Controls 4.03 (1.39) -0.87 0.39

DGLA = dihomogamma-linolenic acid: AA = arachidonic acid:
EPA = eicosapentaenoic acid: DHA = docosahexaenoic acid.

* DOCOSAHEXAENOIC AC»

Fig. 1. Frequency distribution of docosahexaenoic acid percen¬
tage concentrations in red cell membranes from subjects and
normal controls.

% AAACMOOMC AC»

Fig. 2. Frequency distribution of arachidonic acid percentage
concentrations in red cell membranes from subjects and
normal controls.
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Fig. 3. Frequency distribution of eicosapentaenoic acid percen¬
tage concentrations in red cell membranes from subjects and
normal controls.

% DtHOMMOOAMMALMOlEMC ACID

Fig. 4. Frequency distribution of dihommogamma-linolenic
acid percentage concentrations in red cell membranes from sub¬
jects and normal controls.

Table 2
Allele frequencies of a polymorphic marker in the promoter
region of the cytosolic phospholipase-A2 gene

Allele length (base pairs) Controls (// = 36) Cases (« = 35)

136 3 6

144 15 13
146 13 12
147 13 15
148 6 8
149 3 5
150 9 8

152 9 3
154 1 0
156 2 0

All acid concentrations were normally distrib¬
uted. There were no significant correlations found
between the concentrations of DGLA and length
of psychiatric contact or age.

The ratio of percentage concentration of stearic
acid (18:0) to oleic acid (18:1) was found to be
reduced in cases compared to controls; mean for
cases = 0.60, controls = 0.65, r-value = 2.33 (39 df),
two-tailed significance p = 0.025.

3.3. Allele frequencies

Ten alleles were identified. Table 2 shows the

frequencies of different allele lengths. Several
samples did not produce results that were reliably
readable; therefore these were omitted from the
analysis. The remaining 35 cases and 36 controls
were analysed using the 'CLUMP' program, which
is based on the y1 distribution, estimating a '/>'
value by simulation (Sham and Curtis, 1995).
There were no significant differences in allele fre¬
quencies between cases and controls.

3.4. Medication

One patient was medication free and had never
taken anti-psychotic medication despite several
years of illness. All other subjects were on a variety
of medications with a very broad range of dosages.
The current medication and the average amount
over the preceding 6 months was recorded and
converted to standard chlorpromazine equivalents
(Bazire, 1996). The mean daily drug dose was 588



A.B. Doris et al. fSchizophrenia Research 31 (1998) 185-196 191

chlorpromazine equivalents at the time of inter¬
view, with a mean of 595 over the preceding
6 months (range = 0-1500).

No significant correlations were found between
antipsychotic dose, either current or over
6 months, and any of the relevant fatty acid meas¬
urements. Cases were subdivided according to
whether they were taking typical (« = 23), atypical
(i.e., clozapine, « = 14) or a combination (« = 2) of
neuroleptics. No difference was found in fatty acid
levels between these groups.

3.5. Diet

Three cases were vegetarian and one patient was
a strict vegan. The remainder of the study popula¬
tion had a normal diet. No significant differences
were seen between these two groups with regard
to fatty acid profiles.

3.6. Alcohol

The majority of the sample (« = 32) admitted to
only moderate consumption of alcohol (<21 stan¬
dard units/week). There were, however, eight sub¬
jects who consumed above recommended weekly
limits, including three male subjects who used
alcohol to excess (>49 units). Sub-division of the
population into high and low users of alcohol did
not reveal any difference in the biochemical
measurements.

3.7. Smoking

Five subjects were non-smokers. Twelve subjects
smoked between 5 and 20 cigarettes per day, 13

smoked between 20 and 40, while the remaining
10 subjects smoked 40 or more cigarettes in a day
on average. There were no significant differences
in biochemical variables between those who
smoked less than 40 per day and those who
smoked more.

3.8. Family history

Eight of the subjects had a family history of
schizophrenia in a first- or second-degree relative.
Dividing the population into those with a family
history and those without revealed no difference
in biochemical measurements.

3.9. Symptom rating scales

Table 3 shows that there was a broad range of
severity of psychopathology as measured on the
different rating scales.

Pearson's correlations between the fatty acid
concentrations and the scores on general psychopa¬
thology and the various symptom subscales shown
in Table 3 revealed significant correlation between
DGLA and PANSS (Negative) and also with
Manchester (Disorganised).

3.10. AIMS assessment

The majority of patients (« = 31) did not suffer
from abnormal involuntary movements. No corre¬
lation was found between severity of movement
disorder and fatty acid abnormalities.

Table 3
Correlations between scores on symptom rating scales and dihomogamma-linolenic acid percentage concentration (Pearson's two-
tailed correlation coefficient)

Symptom rating scales Mean (SD) Correlation coefficients DGLA

BPRS 20.2 (10.1) -0.35 (p = 0.024)
PANSS (Positive) 15.6 (5.6) -0.33 (p = 0.039)
PANSS (Negative) 21.8 (9.6) -0.45 (/7 = 0.004)
Manchester (Positive) 3.3 (2.6) -0.29 (p = 0.067)
Manchester (Negative) 2.0 (2.0) -0.38 (/7 = 0.017)
Manchester (Disorganised) 2.3 (1.8) -0.41 (/7 = 0.009)
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4. Discussion

There are numerous reported abnormalities of
phospholipid composition in schizophrenic sub¬
jects, both in the class of phospholipid and in the
constituent fatty acids. The current study found a
significant increase in the percentage of DGLA in
red cell membranes from subjects when compared
to age- and sex-matched controls (p = 0.002). This
abnormality has been reported in RBC cell mem¬
branes previously (Vaddadi et al., 1996) and also
in plasma from a large sample of patients from
Japan (Kaiya et al., 1991). Levels of AA, EPA
and DHA were not significantly different from
those of the normal population, in contrast to
several studies which have found marked deficien¬
cies in these fatty acids in schizophrenic subjects
(Vaddadi and Gilleard, 1990; Glen et al., 1994;
Peet et al., 1994; Yao et al., 1994b,b; Mahadik
et al., 1996). A possible explanation of this differ¬
ence is the inclusion in the present study of a
broad range of illness severity, contrasting with
previous studies that have involved older, more
chronic and severely ill subjects.

Phenothiazines and thioxanthines have been

reported to affect the lipid content of peripheral
cell membranes; therefore, the type of anti¬
psychotic being taken was recorded (Fischer et al.,
1992; Houtia et al., 1988). A large minority of
patients (« = 14) were taking atypical antipsychot¬
ics at the time of interview (all clozapine). No
correlations were found between antipsychotic
dose, either current or over 6 months, and any of
the relevant fatty acid measurements. These find¬
ings are similar to those of Glen et al. (1994).
Dividing the cases into those taking conventional
neuroleptics and those taking clozapine detected
no difference between the two groups.

It has been established that dietary intake of
fatty acids alters the membrane constitution
(Dougherty et al., 1987; Yamamoto et al., 1987;
Brown et al., 1991). Dietary manipulation has
been used therapeutically to alter lipid metabolism,
particularly in attempting to decrease platelet
adhesiveness in people with vascular disease
(Atkinson et al., 1987; Sanders and Roshanai,
1983). It could be expected that different diets in
schizophrenic patients would cause changes in the

proportion of different fatty acids in cell mem¬
branes. Comparison between the four vegetarians
(including one vegan) in this study and the rest of
the ill population showed no significant differences.
Patients in an institutional setting may have a diet
different from those who live elsewhere, but there
was no difference in fatty acids when the popula¬
tion was divided by residence.

Both alcohol and tobacco use are known to

affect membrane fatty acids. The decrease in anti¬
oxidants caused by smoking causes an increase in
lipid peroxidation detectable by an increase in
saturated fatty acids in cell membranes. Alcohol
has been shown to affect the action of desaturases
important in the formation of membrane fatty
acids (Reitz, 1993). The schizophrenic population
contained a higher number of smokers than the
control population. However, an increase in
DGLA concentration does not appear a likely
result of excessive lipid peroxidation by smoking.
Within the schizophrenic group, no relationship
was found between the amount of cigarettes
or alcohol used and the degree of membrane
abnormality.

Low levels of polyunsaturated fatty acids in red
cell membranes have been found to correlate with
more severe symptomatology (Yao et al., 1994a,b).
This study used a small number of cases (n = 20),
but found an association between psychosis rating
scales (Bunney-Hamburg, BPRS and SANS) and
relative proportions of unsaturated to saturated
fatty acids. No correlations were found between
demographic variables and any biochemical meas¬
urement. In the current study, a weak negative
correlation was found between severity of illness
as measured on the BPRS (r=—0.35, /> = 0.024)
and Manchester scales (r=—0.37, /> = 0.018) and
percentage of DGLA. The negative correlation
indicates that the most severely unwell patients
had lower levels of DGLA in their red cell
membranes.

Some recent studies have found a bimodal distri¬
bution for certain membrane fatty acids (AA and
DHA) which the researchers have proposed as
evidence for more than one disease process in
schizophrenia (Glen et al., 1994; Peet et al., 1994).
A correlation was reported between low levels of
AA and DHA and the 'negative' syndrome of



A.B. Doris et al. / Schizophrenia Research 31 (1998) 185-196 193

schizophrenia. The study by Yao et al. (1994a,b)
mentioned above found no bimodality, nor was
there any association with negative symptoms as
measured on the SANS. The distributions of fatty
acid values in schizophrenic subjects in the current
study did not indicate a bimodal distribution, and
would not support the proposal that membrane
essential fatty acid levels could be used as a marker
for the 'negative' syndrome. It may be that the
much more clinically heterogeneous population
used in the current study accounts for some of the
differences in findings. The study of Glen et al.
(1994) used two groups with chronic persistent
positive or negative symptoms, and the population
was also considerably older and had spent a longer
period of time in hospital.

Though there was nothing to suggest a clear
split in the population which would indicate a
separate group of disease sufferers, a correlation
was found between symptom dimensions and lower
levels of DGLA. Splitting the symptoms into posi¬
tive and negative dimensions using the PANSS
Scale found a correlation between negative symp¬
toms and DGLA (r= — 0.45,p = 0.004). Using the
Manchester Scale to divide symptoms into positive,
negative and disorganised subsyndromes, a weak
correlation was found between negative symptoms
and DGLA (r=—0.38, /> = 0.017), with a more
significant correlation being found between the
disorganised dimension and DGLA (r=— 0.41,
/>=0.009).

A three-dimensional model for schizophrenic
symptomatology has been suggested as more valid
than a positive/negative dichotomy (Johnstone
and Frith, 1996). Associations have been found
between these subsyndromes and neuropsycho¬
logical dysfunction (Liddle and Morris, 1991) and
also cerebral bloodflow on functional imaging
(Liddle et al., 1992; Ebmeier et al., 1993). It is
therefore of interest that the most marked associa¬
tion in the present study is between the 'disorgan¬
ised' dimension and fatty acid abnormalities. The
finding of a correlation between negative symp¬
toms on the PANSS Scale and fatty acid levels
may indicate the inclusion in this scale of a set of
items rating affect and speech. In the Manchester
Scale these are grouped together to form the
'disorganised' dimension.

1
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Fig. 5. Biosynthesis of long-chain polyunsaturated fatty acids.

It has been proposed that abnormalities in
cell membrane constitution reflect an underlying
abnormality in lipid metabolism peculiar to schizo¬
phrenia. The raised levels of DGLA in the current
study may reflect such an abnormality.

Fig. 5 shows the biosynthesis of long-chain fatty
acids and Fig. 6 summarises the metabolic forma¬
tion of eicosaniods from fatty acids.

It is apparent from the percentage concen¬
trations reported for each fatty acid that DGLA
is only a minor component of cell membranes.
However, as this fatty acid is the precursor of
prostaglandins of the '1' series, any alteration in
DGLA concentration could be expected to cause
marked changes in the production of these impor¬
tant lipid-derived messenger molecules. The
changes observed also indicate an alteration in the
metabolism of essential fatty acids, i.e., impaired
conversion of DGLA to AA, which could also be
important for cell function.

It has been suggested that the formation of
PGE1 from DGLA via the action of cyclo-
oxygenase and prostaglandin synthase may be
abnormal in schizophrenia (Vaddadi et al., 1996).
Production of PGE1 by platelets when stimulated
by cyclic AMP has consistently been reported as
abnormal in schizophrenic populations (Abdulla
and Hamadah, 1975). As PGE1 has so many
important roles, including modulation of receptor
function, alterations in its availability could easily
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Membrane Phospholipids
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Fig. 6. Eicosanoid biosynthesis from fatty acid precursors.

result in a pathological process either in the brain
or elsewhere.

The reported abnormalities in lipid metabolism
in schizophrenic subjects could reflect a non¬
specific reaction to disease, with a decrease in
the abnormalities when the sufferer is success¬

fully treated. This could explain the relationship
between the severity of symptoms and the degree
of fatty acid abnormality found in this study.

Similar alterations in lipid metabolism have been
reported in other diseases, in particular malignant
disease and in several other chronic organic condi¬
tions, including chronic obstructive airways disease
and rheumatoid arthritis (Wood et ah, 1985;
Copland et ah, 1992). In malignant disease the
abnormal ratio of stearic acid to oleic acid returns

towards normal when the disease enters remission.
The present study found a similarly abnormal ratio
of stearic to oleic acid in the red cell membranes
of schizophrenics. However, no correlations were
found between symptom severity and abnormality
of this ratio in the mentally ill, in contrast to the
chronically physically ill previously reported.

The complexity of lipid metabolism makes it
impossible to say for sure what these findings
mean, only that they are present and that they are
indicative of changes in essential fatty acid and
eicosanoid metabolism. Studies are required on
large heterogeneous populations to clarify the vari¬
ous reported abnormalities in this area.

A recent study by Hudson et al. (1996) reported
differences in allele frequencies of a polymorphism
close to the promoter region of the cytosolic

phospholipase-A2 gene. Phospholipase-A2 is
responsible for the release of fatty acids from
membrane phospholipids. It was speculated that
the gene function could be influenced by allele
length. We have failed to find an allelic association
using this polymorphism with schizophrenia, and
our results do not support the conclusion that
membrane phospholipid abnormalities in schizo¬
phrenia are the result of disordered function of
this enzyme. Both of these studies use relatively
small numbers and the association requires further
studies in a larger population.
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A balanced t(I;ll)(q42.1;ql4.3) translocation segregates with schizophrenia and related mental illness in a single large
Scottish pedigree. We have constructed a long-range restriction map covering at least 3 Mb of the chromosome II
breakpoint region and conducted searches for genes whose expression could be altered by the translocation, resulting in
schizophrenia. Novel transcribed sequences of unknown function clustered around putative CpG islands, located
approximately 500 kb and 700 kb above the breakpoint, represent the only evidence to date for expressed genes within the
mapped region. Psychiatr Genet 8:175-181 < 1998 Lippincott Williams & Wilkins.
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INTRODUCTION

Evidence for a significant genetic contribution to
schizophrenia has come from family, twin and
adoption studies (McGuffin et ctl., 1995; and refer¬
ences therein), and investigations are underway to
identify the nature of this genetic component in the
hope that it will aid understanding of the aetiology of
the disease. Such studies have focused primarily on
discovering a connection between genetic markers or
candidate genes, and schizophrenia (for recent
review see Kirov and Murray, 1997). An alternative
approach to finding disease genes is to identify
patients carrying a cytogenetic abnormality, on the
assumption that chromosomal disruption affects
expression of the gene and also acts as a marker for
its identification. On this principle, we are investigat¬
ing a balanced t( 1; 11 )(q42.1 ;q 14.3) translocation
which has been found to segregate with schizo¬
phrenia, and other related major mental illness in a
single large Scottish pedigree (St Claire/ o/„ 1990).
0955-H829 < 1998 Lippincott Williams & Wilkins

We have previously described a contiguous clone
map across 3 Mb of 11 q 14.3, constructed by screening
ICI and ICRF yeast artificial chromosome (YAC)
libraries with microclones obtained by microdissec¬
tion of the translocation breakpoint region (Evans et
al., 1995; Muir et al„ 1995). We set out here to define
more accurately the position of the translocation
breakpoint within the YAC contig, and identify the
position of adjacent genes, CpG islands and infor¬
mative genetic markers. This information is required
for identifying genes on chromosome 11 whose
expression might be affected by the translocation,
and with which to formally test for genetic linkage to
schizophrenia and other forms of major mental
illness in families additional to that specifically
bearing the t( 1; 11) translocation.

METHODS

Cell culture
The lymphoblastoid cell line MAFLI from an
individual bearing the t(l;l 1 )(q42.1 ;q 14.3) transloca-
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tion, and somatic cell hybrids MIS7.4 and MIS39
bearing the der (1) or der (II) translocation
chromosomes, respectively, have been described
previously (Fletcher el al., 1993). Der (1) refers to
the derived chromosome 1 where DNA from lq42.1—
qter has been lost and replaced with chromosome 11
material from 1 lql4.3—qter. Der (11) refers to the
reciprocal derived chromosome 11.

Restriction mapping
Yeast cells containing YACS were grown, harvested
and the DNA incorporated into agarose plugs using
established procedures (Maule, 1997) YAC sizes
were verified by pulsed-field gel electrophoresis
(PFGE) using a BioRad CHEF DRI1I and, where
appropriate, the identity of the YAC was confirmed
by hybridization with labelled total human DNA.
Agarose plugs of YAC DNA were digested to
completion with AscI, BssHII, EagI, Mlul, Noll,
Sacll, Sail and Sfil singly or in double digests,
electrophoresed under PFGE conditions, essentially
as described previously (Maule el al., 1994) and
Southern blots of the digested YAC DNA were
probed with existing markers. To help determine
fragment order, YAC DNA was also subjected to
partial digestion, and Southern blots probed with the
YAC vector left or right arm (Burke el al., 1987). The
presence of overlaps between the YACs had been
determined previously (Evans el al., 1995), but the
extent of these overlaps was not investigated further
during the restriction mapping, so the YACs remain
as five separate segments of DNA on the map.

Construction of the restriction map from cosmids
CYS4-95, CYS4-466, CYS4-524, cYS4-604 and 1CRF
cl()7 A0551 was carried out by digesting cosmid DNA
with BamHI, Sacl, Sail and Smal singly or in double
digests. Southern blots of digested cosmid DNA were
probed with the 2.15 kb HindllllEcoRI repeat-free
breakpoint fragment and microdissection clone
MD104.

Fluorescence in situ hybridization
Fragments of 180 kb, 2x325 kb and 340 kb from YAC
ICRF y901 D0485 prepared by Sail digestion of
agarose plugs, followed by preparative PFGE (Maule
el al., 1994), and the cosmids named in Table 1 were

mapped in relation to the breakpoint using 2-7-day-
old slides of metaphase chromosomes prepared from
the translocation cell line MAFL1 by conventional
methods. YAC DNA fragments were labelled by
catch-linkering as described (Shibasaki el al., 1995).
Cosmid DNA was labelled with dUTP-biotin by
standard nick translation. Fluorescence in situ hybrid¬
ization (FISH) was carried out essentially as pre¬
viously described (Evans el al., 1995). Slides were
examined on a Leitz microscope and suitable
metaphases scanned with a BioRad MRC-600 con-
focal laser scanning system.

Cosmid library construction
Two separate cosmid libraries were constructed from
YAC ICRF y901 D0485 using different approaches.
The first involved human insert DNA being isolated
from the YAC by digestion with Sail, followed by
preparative PFGE (Maule el al., 1994). Sail frag¬
ments of 180 kb, 325 kb (doublet) and 340 kb were
isolated from the gel and partially digested with
Sau3A, followed by subcloning into the BamHI site of
Supercos (Stratagene). This generated 687 cosmid
clones, all containing human inserts as judged by
probing cosmid dot blots with total human DNA. The
second method involved total YAC DNA being
partially digested with Sau3A and cloned into Super-
cos. The resulting cosmid clones were probed with
human Cot-1 DNA to identify those with human
inserts and 384 positive clones were selected. Cosmid
clones of interest were identified from both libraries

by probing dot blots with restriction fragments of
YAC D0485 prepared by Sail digestion, microdissec¬
tion clone MD104, D11S931, D1 IS 1342 and cosmid
end clones obtained using the vectorette method
(Riley el al., 1990).

TABLE 1. Cosmids identified from the YAC ICRF y901 D0485 libraries

Probe Cosmids Cosmids crossing the breakpoint

340 kb YAC fragment 74 cosmids including CYS4-200, CYS4-200
CYS4-670

180 kb YAC fragment 146 cosmids including CYS4-25, CYS4-466, cYS-524
CYS4-130, CYS4-466, CYS4-524

MD104 CYS4-200, CYS4-670, CYS4-419, CYS4-200, CYS4-419, ICRF c107
ICRF c107 A0551 A0551

D11S931 -D11S1342 cosmid contig 15 cosmids (12 cosmids sufficient to cYS4-604
span the interval), including CYS4-95,
CYS4-165, CYS4-604
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Isolation of a 2.5 kb restriction fragment containing
the breakpoint
Cosmids cYS4-466, CYS4-524 and cYS4-604 were

digested with EcoRI and electrophoresed in adjacent
lanes of the same 1 % gel. Fragments of 0.5 kb, 0.8 kb
and 2.5 kb, present in all three cosmids, were isolated
from the gel and mapped with respect to the
breakpoint.

EST mapping
Seventeen ESTs assigned to the region (Rosier et al.,
1995) were mapped on all of the YACs within the
3 Mb contig described by Evans et al. (1995) using
either the whole corresponding cDNA clone
(F05464, F02133, F04857, F02376, Z39212, Z39242,
Z46134, Z45606) to probe Southern blots of digested
YAC DNA, or by polymerase chain reaction (PCR)
on YAC DNA, with primers designed from the EST
sequence using PRIMER (Whitehead Institute) and
appropriate reaction conditions (Z19327, Z28525,
Z28611, Z28653, Z42258, Z42924, F00203, F00755,
F00845). Eleven of these ESTs (Z38957, F02376,
Z39212, Z39242, Z46134, Z45606, Z19327, Z28525,
Z28653, Z42258, F00845) were subsequently found
to have been independently excluded from the
breakpoint region when the human transcript map
(Schuler et al., 1996) became available.

ESTs from the human transcript map (Schuler et
al., 1996) were identified by searching the intervals
defined by D11S1354-D11S931 (92-96cM) and
D11S931-D11S1311 (96-97 cM). Both intervals were
the minimum distance that could be searched using
markers in the database. Any ESTs identified within
these two intervals corresponding to genes already
mapped outside the region of interest, or to known
loci within the region, were disregarded. Of those
remaining, any which mapped close to the breakpoint
region (within 1 cM), or which had not been mapped
within the interval were investigated further (WI-
12787, D1 1S2309E, SGC30871, WI-9075,
D11S2267E, R68219, A004044, A006F30, A008Z32,
WI-17078, stSG8701, A003N18) using the whole
corresponding cDNA clone to probe Southern blots
of digested YAC ICRF y901 D0485.

Polymerase chain reaction
PCR was carried out using AmpliTaq DNA poly¬
merase (Perkin-Elmer) in a Hybaid Omnigene
thermal cycler. Each 50 /d reaction contained 1 U of
enzyme, 300 ng of each primer, 200 mM of each
dNTP, 1.5 mM MgCE, 50 mM KC1 and 10m M Tris-
HC1 pH 8.3.

DNA preparation
Cosmid and human genomic DNA was prepared by
standard methods (Sambrook et al., 1989). DNA was
prepared from YAC recombinants by standard
procedures described elsewhere (Arveiler, 1994).

Hybridization
Standard procedures were used for Southern blotting
and hybridization (Sambrook et al., 1989). Probes
were labelled by random priming using High Prime
(Boehringer Mannheim) and purified using Pharma¬
cia NICK columns. Markers to be used as probes
were prepared by PCR using previously described
flanking primers (Muir et al., 1995 for the micro¬
dissection clones; Weissenbach et al., 1992 for
D11S931; Genethon for D11S1342). The 2.15 kb
breakpoint EcoRI fragment was isolated directly
from cosmids by EcoRI digestion, and the cDNA
clones were isolated from their cloning vectors by
appropriate digestion.

RESULTS
A long-range restriction map around the
chromosome 11 translocation breakpoint
Five overlapping YAC recombinants (ICRF y901
D0485,1CI 141A11, ICI 37GE11, ICRF y900 D11155
and ICRF y900 A04135) spanning an interval of at
least 3 Mb of the translocation breakpoint region on
chromosome 11 (Evans et al., 1995) were selected for
construction of a long-range restriction map
(Figure 1). Restriction endonucleases containing
one or more CpG dinucleotide in their recognition
sequence, were used in order to identify clustered
sites indicative of CpG islands. This analysis identi¬
fied only three Noll restriction sites in the entire
region, and just twoAscI sites, both closely associated
with NotI sites and all within YAC D0485, which
crosses the breakpoint (Evans et al., 1995). The
pattern of restriction sites around the two AscIINotl
sites suggests either a cloning artefact or a duplica¬
tion of genomic DNA. The presence of additional
CpG-containing 'rare cutter' sites (BssHII, Eagl and
Mini) in the immediate vicinity of the Ascl/Notl sites
is strongly indicative of the presence of CpG islands.
Some evidence for further putative CpG islands
arises from the clustering of BssHII and Eagl
recognition sequences at the third NotI site in YAC
D0485 and from the closely associated BssHII, Eagl
and SacII sites in YAC A04135. We found no

evidence for significant clustering of 'rare cutter'
CpG-containing restriction sites elsewhere in the
scanned region, suggesting that these are the only
CpG islands in this 3 Mb stretch of chromosome 11.
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FIGURE 1. Map of the 11q14.3 translocation breakpoint region. A contig of liveYACs spanning 3 Mb is shown (above) together with
a more detailed map constructed from five cosmids (below). Restriction enzymes used for mapping were AscI (A), BamHI (Ba),
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We previously assigned D1IS931 close to the
translocation breakpoint (Evans el til., 1995). In the
interim, D11S1342 was assigned to the same region
hy Genethon. These markers, together with micro¬
dissection clones MD437, MD220 and MD104, the
latter of which was found to overlap DHS1342 by
sequence analysis (data not shown), were placed on
the restriction map of YAC D0485 (Figure l).

Location of the chromosome 11 breakpoint within
YAC ICRF y901 D0485
In order to identify the position of the breakpoint
within YAC D04K5, Sail fragments from the YAC
were separated by PFGE, catch-linkered (Shibasaki
et al., 1995) and used individually for FISH analysis
on chromosomes derived from a carrier of the
translocation. A fragment of 340 kb was found to
cross the breakpoint as judged by hybridization to the
normal chromosome 11 and the der (1) and der (II)
chromosomes (data not shown). The strength of
signal on the der (11) chromosome and the weaker
signal on the der (1) chromosome suggests that the
distal Sail site lies close to the breakpoint, and places
the nearest putative CpG island approximately 501) kb
centromeric to the breakpoint (Figure 1).
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Construction of a cosmid restriction map across the
chromosome 11 breakpoint
YAC D0485 was used to construct two separate
cosmid libraries by different methods to facilitate
further mapping and localization of the chromosome
11 breakpoint. To identify cosmids in the breakpoint
region, the libraries were probed with:
• the 340 kb Sail YAC fragment which crosses the

breakpoint;
• the adjacent IHOkb Sail fragment below the

breakpoint;
• microdissection marker MDI04 which is con¬

tained within the 180 kb Sail YAC fragment; and
• markers D1IS931 and D1 IS 1342, followed by

identification of a contiguous set of cosmids
between these two markers.

Additionally, the 1CRF Reference Library No. 107
(L4/FS1I) (Lehrach el al.. 1990) was probed with
MD104 (Evans el al., 1995). A summary of the
cosmids identified using these probes is presented in
Table 1.

A subset of the resulting cosmids were then
mapped with respect to the translocation breakpoint
using FISH. Figure 2 is a representative example,
showing cosmid cYS4-466 hybridized to a metaphase
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spread from one of the affected family members. It
hybridizes to chromosome 11, and the der (1) and der
(II) translocation chromosomes, indicating that it
crosses the breakpoint. Five cosmids were selected
for more refined mapping of the breakpoint region.
FISH analysis showed that three of these cosmids
cross the breakpoint (cYS4-4fi6, CYS4-524 and cYS4-
604), while the other two lie exclusively above (cYS4-
95) or below (ICRF cl()7 A0551). These five cosmids
were used to produce a preliminary restriction map
of the chromosome 11 breakpoint region (Figure I).
This restriction map was used to localize D1 IS 1342
and the overlapping microdissection marker MDI04,
with respect to the breakpoint. MD104 maps
approximately 10 kb distal to the breakpoint, con¬
firming the effectiveness of the microdissection
approach (Muir el ill., 1995).

ISOLATION OF A 2.5 KB RESTRICTION
FRAGMENT CONTAINING THE CHROMO¬
SOME 11 BREAKPOINT

Since cosmids cYS4-466, cYS4-524 and cYS4-604
cross the breakpoint, and the restriction map
(Figure I) indicates a limited overlap between all
three clones, restriction fragments common to all of
them were isolated in the expectation that one would
contain the breakpoint itself. Digestion with EcoRI
identified three common fragments. The two smaller
fragments were found to map below the breakpoint
(data not shown). The larger 2.5 kb EcoRI fragment

contains a repeated DNA sequence element (data
not shown) which was removed by digestion with
HincllII, generating a 2.15 kb fragment. When this
repeat-free 2.15 kb fragment was used to probe a
Southern blot of genomic DNA from an affected
family member and somatic cell hybrid MIS7.4
carrying the der (1) chromosome, it was found to
contain the chromosome II breakpoint (Figure 3).
This fragment hybridizes to a single 2.5 kb fragment
from control human DNA, but to 2.5 kb, 2.7 kb and
7kb fragments in DNA derived from an affected
family member carrying the translocation chromo¬
somes. The additional 2.7 kb and 7kb fragments are
derived from the two translocation chromosomes,
each containing part of the original normal 2.5 kb
fragment. This is confirmed by MIS7.4, which
demonstrates that the 2.7 kb fragment results from
the der (1) chromosome, while the 7kb fragment is
from the der (II) chromosome. The pattern of

12 3 4

11 /

der!

der11 ^

FIGURE 2. FISH analysis of cosmid CYS4-466 on a metaphase
spread from the translocation cell line MAFLI. Fluorescent
signal is visible on the normal chromosome 11, and the der
(1) and der (11) chromosomes as indicated by the arrows.

FIGURE 3. Southern blot ot EcoRI digested DNA probed with
the 2.15 kb Hindlll/EcoRI fragment. Where 1 is control human
genomic DNA, 2 is genomic DNA from the translocation cell
line MAFLI, 3 is genomic DNA from the somatic cell hybrid
MIS7.4 carrying the der (1) translocation chromosome, and 4
is ICRF YAC y901 DNA. Arrows indicate the positions of the
7 kb der (11), 2.7 kb der (1) and 2.5 kb normal chromosome 11
hybridization signals (A, B and C, respectively).
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hybridization by this probe has been confirmed on
several other digests (data not shown). The 2.15 kb
EcoRI fragment has been placed on the cosmid
contig (Figure 1) displaying the position of the
breakpoint within the cosmids.

Transcript mapping within the 3 Mb chromosome 11
breakpoint region
We have previously used coincident sequence cloning
(Brookes et al., 1995) with foetal brain cDNA and
YAC D0485 to search directly for potential tran¬
scripts. We identified a number of novel gene
fragments of unknown function located close to the
putative CpG islands which map approximately
500 kb and 700 kb above the breakpoint, as well as
an alpha-tubulin pseudogene about 250 kb above the
breakpoint (Devon et al., 1997). These gene frag¬
ments were mapped as indicated in Figure 1.

Transcript mapping data generated by other
groups has also been utilized in the hunt for genes
in this area. Eighteen expressed sequence tags
(ESTs) were localized to somatic cell hybrid mapping
intervals immediately above and below the break¬
point region by Rosier et al. (1995). Upon direct
testing, none were present within the YAC contig.
Our exclusion of eleven of these from the breakpoint
region was subsequently confirmed by the human
gene map (Schuler et al., 1996). Additionally, a
search of the human gene map was conducted in
order to find ESTs which have been mapped to the
breakpoint region. Above the breakpoint the interval
defined by D11S1354 and D11S931 contains 30
cDNAs, of which 11 were tested directly, either
because they had already been mapped within 1 cM
of the breakpoint, or because their location within
this interval was unknown. None of these were found
to map to YAC D0485, the only YAC in the contig
containing sequence in the D11S1354-D11S931
interval. The interval defined by D11S931 and
D1 IS 1311 spans the breakpoint and contains only
three cDNAs, of which two were of potential interest,
the third, melatonin receptor type IB, having already
been placed outside the breakpoint region (Reppert
et al., 1995). One is named as alpha-tubulin and
presumably corresponds to the pseudogene already
identified. The other is a novel EST (A003N18)
which was further mapped to YAC D0485 and
located in the vicinity of the gene fragments which
had already been mapped close to the CpG island
700 kb above the breakpoint (Figure 1). This places
the EST centromeric to D11S931, in contrast to the
radiation hybrid mapping data (Schuler et al., 1996)

which placed it between D11S931 and the break¬
point.

DISCUSSION

A long-range restriction map covering 3 Mb of
chromosome 1 Iq 14.3, and spanning one breakpoint
of a t( 1; 11 )(q42.1 ;q 14.3), balanced translocation
linked to schizophrenia and related mental illness in
a single large Scottish family (St Clair et al., 1990;
Muir et al., 1995; Evans et al., 1995) has been
constructed. Two polymorphic markers, D11S931
and D11S1342, have been placed upon the map.
These markers can now be used for genetic linkage
and association studies, which will facilitate further
evaluation of this stretch of chromosome 11 as a

candidate region for major mental illness outwith this
one family. We found no significant association with
D11S931 in a case control study of schizophrenia and
unipolar depression, with subjects drawn from the
Southeast of Scotland (Wilson-Annan el al., 1997).
This result may indicate that, at least within the
specific population studied, there is no gene involved
in mental illness located within this immediate stretch
of chromosome 11. However, D11S931 may simply be
too far away from the proposed disease gene to be in
linkage disequilibrium with it, and the distance of
several hundred kilobases between the marker and
the closest gene fragments identified so far is
consistent with this. It is also possible that the
proposed disease gene is of major effect only in the
translocation family, and, therefore, it would not be
detected by the association study.

We identified candidate genes by:
• looking for CpG islands as potential transcrip¬

tion start sites;
• mapping ESTs in the region by direct testing of

sequences assigned to this stretch of chromo¬
some 11 by other workers (Rosier et al., 1995;
Schuler et al., 1996); and

• cDNA selection experiments to find sequences
present within YAC D0485 which are expressed
in the foetal brain (Devon et al., 1997).

While this is not an exhaustive search of the entire

region which we have mapped, these methods all
generated data consistent with the only genes present
in the region being located close to the putative CpG
islands above the breakpoint. However, given the
discrepancy between the map locations of EST
A003N18, determined using radiation hybrid panels
as opposed to YAC D0485, it is essential that the
authenticity of D0485 as a representation of the
chromosome 11 breakpoint region is confirmed.
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Functional analysis is now necessary to establish
whether disrupted expression of any of the genes
could account for mental illness. Given the distance
of at least 500 kb between the breakpoint and the
nearest mapped gene fragments, it is unlikely that
they have been directly disrupted by the breakpoint,
but long-range positional effects on expression are
possible. Such long-range effects have previously
been inferred in aniridia, caused by mutations in the
PAX6 gene, where an unmutated PAX6 is located
more than 85 kb from chromosomal breakpoints in
two affected families (Fantes et al., 1995) and in
campomelic dysplasia, where a translocation break¬
point maps over 130 kb from the gene involved,
SOX9, which carries no mutations (Wirth et al.,
1996). However, the presence of mental illness in this
family could also be due to abnormal expression of
genes on chromosome 1 as a result of the transloca¬
tion. The isolation of the chromosome 11 breakpoint
will facilitate the identification of the corresponding
breakpoint on chromosome 1, via the translocated
chromosomes, and this will enable us to initiate
studies of the chromosome 1 component of the
translocation.

REFERENCES

Arveiler B (1994). Construction of chromosome-specific
libraries of yeast artificial chromosome recombinants from
somatic hybrid cell lines. In: Chromosome analysis protocols.
Gosdcn Jr (editor). Totowa, NJ: Humana Press, pp. 379-
402.

Brookes AJ, Slorach EM, Evans KL, Thomson ML, Gosdcn
CM, Muir WJ, Porlcous DJ (1995). Identifying genes within
microdissected genomic DNA: isolation of brain expressed
genes from a translocation region associated with inherited
mental illness. Mamm Genome 6:257-262.

Burke DT, Carle GF, Olson MV (1987). Cloning of large
segments of exogenous DNA into yeast by means of
artificial chromosome vectors. Science 236:806-812.

Devon RS, Evans KL. Maule JC, Christie S, Anderson S,
Brown J et al. (1997). Novel transcribed sequences
neighbouring a translocation breakpoint associated with
schizophrenia. Am J Med Genet 74:82-90.

Evans KL, Brown J, Shibasaki Y, Devon RS, He L, Arvciler B
et al. (1995). A contiguous clone map over 3 Mb on the long
arm of chromosome 11 across a balanced translocation
associated with schizophrenia. Genomics 28:420-428.

Fantes J. Redekcr B, Breen M, Boyle S, Brown J, Fletcher J et
al. (1995). Aniridia-associated cytogenetic rearrangements
suggest that a position effect may cause the mutant
phenotype. Hum Mol Gen 4:415—422.

Fletcher JM, Evans K, Baillie D, Byrd P, Hanratty D, Leach S
et al. (1993). Schizophrenia-associated chromosome llq21

translocation - identification of flanking markers and
development of chromosome llq fragment hybrids as
cloning and mapping resources. Am J Hum Genet 52:478-
490.

Kirov G, Murray R (1997). The molecular genetics of
schizophrenia: progress so far. Mol Med Today 3:124-130.

Lehrach H, Drmanac R, Hohcisel J, Larin Z, Lcnnon G,
Monaco AP et al. (1990). Hybridization fingerprinting in
genome mapping and sequencing in genome analysis. In:
Genetic and physical mapping. Davies KE, Tilghman SM
(editors). Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory Press, pp. 39-81.

Maule JC (1997). Physical mapping by pulsed-field gel
electrophoresis. In: Boultwood J ed. Gene isolation and
mapping. Totowa, NJ: Humana Press, pp. 93-121.

Maule JC, Porteous DJ, Brookes AJ (1994). An improved
method for recovering intact pulsed field gel purified DNA
of at least 1.6 megabases. Nucl Acids Res 22:3245-3246.

McGuffin P, Owen MJ, Farmer AE (1995). Genetic basis of
schizophrenia. Lancet 346:678-682.

Muir WJ, Gosden CM, Brookes AJ. Fantes J, Evans KL,
Maguirc SM el al. (1995). Direct microdissection and
microcloning of a translocation breakpoint region,
t( 1; 11)(q42.2;q21), associated with schizophrenia. Cytogenet
Cell Genet 70:35-40.

Reppert SM, Godson C, Mahle CD, Weaver DR. Slaugcn-
haupt SA, Gusella JF (1995). Molecular characterization of
a second melatonin receptor expressed in human retina and
brain: the Mellb melatonin receptor. Proc Natl Acad Sci
92:8734-8738.

Rosier M-F, Reguigne-Arnould I, Couillin P. Devignes M-D,
Auffray C (1995). Regional assignment of 68 new human
gene transcripts on chromosome 11. Genome Res 5:60-70.

Sambrook J, Fritsch EF, Maniatis T (1989). Molecular cloning:
a laboratory manual, 2nd edn. Cold Spring Harbor, NY:
Cold Spring Harbor Laboratory Press.

Schuler GD, Boguski MS, Stewart EA, Stein LD, Gyapay G,
Rice K el al. (1996). A gene map of the human genome.
Science 274:540-546.

Shibasaki Y, Maule JC, Devon RS, Slorach EM, Gosden JR,
Porteous DJ, Brookes AJ (1995). Catch-linker +PCR
labelling - a simple method to generate fluorescence in-
situ hybridization probes from yeast artificial chromosomes.
PCR Methods Appl 4:209-211.

St Clair D, Blackwood D, Muir W, Carothers A, Walker M.
Spowart G et at. (1990). Association within a family of a
balanced autosomal translocation with major mental-illness.
Lancet 336:13-16.

Weissenbach J, Gyapay G, Dib C, Vignal A, Morisscttc J,
Millasseau Pet al. (1992). A second-generation linkage map
of the human genome. Nature 359:794-801.

Wilson-Annan JC, Blackwood DHR, Muir W, Millar JK,
Porteous DJ (1997) An allelic association study of two
polymorphic markers in close proximity to a balanced
translocation t( 1:11) which co-scgregatcs with mental ill¬
ness. Psychialr Genet. 7:171-174.

Wirth J (1996). Translocation breakpoints in three patients
with campomelic dysplasia and autosomal sex reversal map
more than 130 kb from SOX9. Hum Genet 97:186-193.

Psychiatric Genetics 1998, Vol 8 No 3 181



I'sycliidlric (laiclic.s 1998; 8:197-205

European Collaborative Project on Affective Disorders:
interactions between genetic and psychosocial
vulnerability factors

D. Souery3, O. Lippa, A. Serrettib, B. Mahieu3, S.K, Rivelli3, C. Cavallinib,
M. Ackenheild, R. Adolfsson®, H. Aschauer', D. Blackwood9, H. Damh,
B. Delcoignep, V. Demartelaerp, D. Dikeos', S. Fuchshuberd, M. Heiden,
A. Jablensky', M. Jakovljevicm, L. Kessingh, B. Lererk, A. Macedo1, T. Melleruph,
V. Milanova1, W. Muir9, P.O. Nylander®, L. Orucm, G.N. Papadimitriou1,
P. Pekkarinen®, L. Peltonenn, M.H. Pinto de Azevedo1, C. Pull®, B. Shapirak
E. Smeraldib, L. Staner®, C. Stefanis', M. Vergab, G. Verheyen®, F. Macciardib,
C. Van Broeckhoven® and J. Mendlewicz3

aDepartment of Psychiatry, University Clinics of Brussels, Erasme Hospital, Free University of Brussels,
Brussels, Belgium; bH.S. Raffaele Instituto, Department of Neuroscience, Milan, Italy; laboratory of
Molecular Genetics, Flanders Interuniversity Institute for Biotechnology (VIB), Born-Bunge Foundation
(BBS), University of Antwerpen (UIA), Department of Biochemistry, Antwerp, Laboratory of Neurogenetics,
Born-Bunge Foundation, Antwerp, Belgium; "University of Munich, Psychiatric Hospital, Munich, Germany;
eUniversity of Umea, Department of Psychiatry, Umea, Sweden; Department of General Psychiatry,
University Hospital for Psychiatry, Vienna, Austria; 9University Department of Psychiatry and MRC Human
Genetic Unit, Edinburgh, UK; hLaboratory of Neuropsychiatry, Rigshospitalet 6102, University of
Copenhagen, Copenhagen, Denmark; 'University Health Research Institute, Department of Psychiatry,
Athens, Greece; 'First Psychiatry Clinic, Department of Psychiatry, Alexander University Hospital, Sofia,
Bulgaria; kBiological Psychiatry Laboratory, Hadassah Medical Organization, Jerusalem, Israel; 'Psicologia
Medica, Facultade de Medecina, Coimbra, Portugal; ""Department of Psychiatry, University Hospital,
Zagreb, Croatia; "National Public Health Institute, Laboratory of Molecular Genetic, Helsinki, Sweden;
"Centre Hospitalier de Luxembourg, Service de Neuropsychiatrie, Luxembourg, Luxembourg; PIRBHN,
Statistical Unit, Free University of Brussels, Brussels, Belgium

Correspondence to Daniel Souery, Department of Psychiatry, University Clinics of Brussels, Erasme
Hospital, Free University of Brussels, 808 route de Lennik, B-1070 Brussels, Belgium.
E-mail: dsouery@arcadis.be

Received II September 1996; accepted 30 March 1998

Despite strong evidence provided by genetic epidemiology of genetic involvement in the aetiology of bipolar and unipolar
affective disorders, the exact nature of the predisposing genc(s) is still being investigated through linkage and association
studies. The interaction of susceptibility genes and environmental factors in these diseases is also of fundamental
importance and requires proper investigation. Interesting theories have recently been proposed examining the possible role
of various chromosomal regions, candidate genes and mutations in affective disorders. Reliable multicentrc-based
methodology is currently being employed to examine these theories, with attention given to statistical analysis and the
statistical power of the sample. The present article describes the European Collaborative Project on Affective Disorders
(ECPAD) 'Interactions between genetic and psychosocial vulnerability factors', involving 15 European centres. A
description is given of the association and family samples collected for the project and also the methodology used to analyse
interactions in the gene-psychosocial environment. This material provides a powerful tool in the search for susceptibility
genes in affective disorders and takes into account non-genetic aetiological factors. I'sychiatr Genet 8:197-205 ' (998
Lippincott Williams & Wilkins.

Keywords: bipolar affective disorder, unipolar affective disorders, linkage, association study, candidate genes, multicenter,
European

0955-8810 < 1998 Lippincutt Williams Wilkins Psychiatric Genetics 1998, Vol 8 No 9 197



SOUI-RY /:7

INTRODUCTION

Genetic epidemiology has consistently confirmed the
role of genetic factors in the aetiology of severe
mental diseases. Twin, adoption and family studies
have been used extensively in affective disorders and
schizophrenia It) document the importance of hered¬
ity in these disorders (Mcndlewicz, 1994; Curling,
1996). However, it is difficult to identify the
associated genetic variables and the exact mode of
inheritance with such studies. Linkage and associa¬
tion methodologies have been applied in the search
for the genes involved. The actions of such genes are
responsible for a complex degree of genetic and
phenotypic heterogeneity.

For bipolar affective disorders (BPAD) and uni¬
polar affective disorders (UPAD), several interesting
findings have been reported, including the possible
involvement of chromosomal regions and mutations.
Recent linkages in BPAD families have been
reported with markers on chromosome X, 11, 5, 21,
18 and 4 (Soucry el ul., 1997; Blackwood el a!., 1996).
However, no definitive confirmatory results have yet
been produced and, in some cases, initial positive
findings were not replicated. Combined with conflict¬
ing findings from segregation analyses, these results
suggest that either minor gene effect is present and/
or major gene effect with sample heterogeneity.
Interesting, but generally inconclusive, findings have
also been provided from the allelic association
approach testing for candidate genes. One of the
limiting factors, however, encountered in many of
these association studies is that the sample size is too
small and may not always provide sufficient statistical
power to detect a gene effect.

One limitation of linkage studies is that the mode
of transmission has to be specified, and incorrect
specification of the genetic parameters reduces the
ability to detect linkage (Ott. 1991). Until now,
segregation studies in complex disorders, such as
BPAD. UPAD and schizophrenia, have been unable
to define the transmission parameters (Tsuang,
1990). Association methods offer an alternative
means of examining the genetic factors involved in
complex diseases that have an unknown mode of
transmission. The objective of association studies is
to compare the marker allele frequencies in patients
and control populations in order to detect linkage
disequilibrium. Linkage disequilibrium is defined as
the genetic co-segregation between two alleles at
nearby loci that remain linked despite recombination.
The major reason for the lack of recombination is
their close proximity together on the same chromo¬
some. The other cause of association is a direct effect

of the polymorphism investigated and susceptibility
to the disease (pleiotropy).The major advantage of
association studies is the possibility of detecting genes
with minor effects rather than major gene effects.
The principal disadvantage of this approach is a
possible spurious association between a genetic
marker and the disease, which can result from
variable allele frequencies occurring between the
patients and controls, when two populations are
ethnically different (population stratification). In this
situation, it is important to compare homogeneous
populations according to their ethnic backgrounds.
The haplotype relative risk (HRR) strategy, which
uses parental data for the control sample, reduces
this type of bias (Falk and Rubinstein, 1987). The
HRR method selects the non-transmitted alleles
from the subject's parents as (he control sample. In
association studies, an interesting way of investigating
the link between markers and disease is to use the
candidate gene approach. However, the possibility of
false positive findings has to be taken into account,
since high numbers of candidate genes are now
available and there is a relatively low probability that
each of these genes will be directly involved in the
disease aetiology (Crowe, 1993).

As a result of these considerations, it appears that
a complementary approach, involving both linkage
and association strategies in large samples of patients
and families, represents a powerful tool for dealing
with complex behavioural traits. The European
Collaborative Project on Affective Disorders
(ECPAD) was set up to take these factors into
account. Furthermore, the project objectives include
the assessment of other susceptibility factors such as
psychosocial and environmental variables. This pro¬
ject differs in several points from the collaboration in
the framework of the European Science Foundation
(ESF) established in 1987 (Leboyer and McGuffin,
1991), by using complementary approaches (linkage
and association) and by including the gene-environ¬
ment interactions.

The main objectives of ECPAD are to investigate
the molecular genetics of BPAD and UPAD. and the
interactions between relevant psychosocial and
genetic factors in a large-scale interdisciplinary
multicentred European project. Complex research
strategics have been adopted involving the metho¬
dology of linkage and association. The candidate
gene approach is generally used to identify one or
more loci involved in the transmission of BPAD and
UPAD. The analyses are performed on large samples
of patients, controls and families. The analysis of the
interactions between genetic and psychosocial factors
focuses on relevant variables possibly involved in the
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pathogenesis of affective illnesses, such as self-esteem
as measured by the self-esteem scale (SES) and social
adjustment as quantified by the social adjustment
scale (SAS). From these scales we hope to examine
the quantitative effect(s) of some psychosocial factors
on gene expression in BEAD and UPAD. These
psychosocial variables were selected for their rele¬
vance in the onset and course of affective disorders
(Bauwens et al.. 1991; Pardoen el al., 1993).

This paper describes the ECPAD and the samples
collected for both the association and family studies
in BPAD and UPAD.

THE PROJECT

General objectives
The ECPAD involves 15 European centres, all of
which are experienced in clinical and genetic research
in affective disorders. The network was established
within the framework of the European Commission
(BIOMED1 project in the area of brain research,
European Community Grant No CT 92-1217, project
leader: J. Mendlewicz) with the major goal being a
concerted action involving all of the centres. Con¬
certed actions for BIOMEDI projects were estab¬
lished to facilitate coordination among European
centres and to allow scientific data to be shared for
research purposes. The project was divided into
different areas, including association, linkage and
sibling-pair studies as well as an analysis of gene-
environment interactions. The objectives for each
area are specified as follows.

For the association studies, the recruitemenl
objectives consisted of 600 BPAD, 600 UPAD
patients and 600 never mentally ill (NMI) control
subjects, with as many subjects as possible genotyped
for candidate genes. This sample was used mainly for
case-control association studies, and available par¬
ents were included for the HRR method using
internal controls. A selection of candidate loci for
the project is displayed in Table I. Standardized

TABLE 1. Genetic markers investigated (candidate genes)
Gene

diagnostic and psychosocial information has been
collected for each subject. In particular, care has
been taken to minimize stratification bias with
patients and controls matched carefully for geogra¬
phical origin.

For the linkage studies, the recruitment objective
was 30 families with probands having a diagnosis of
either Bipolar I or Bipolar II. Families recruited were
multiplex unilineal families with at least two affected
members. Nuclear families were included if they
contained at least two affected siblings and the
parents were available as study subjects.

In any investigation of the aetio-pathogenesis of
mood disorders, the analysis of gene-environment
interactions requires the presence of both genetic and
environmental factors. However, it is not yet clear
which genetic variables and which environmental
factors should be investigated, nor their mode of
interaction with one another in affective disorders.
Mutations or unusual allelic variants of candidate

genes involved in neurotransmitter functions, such as
dopamine receptors or tyrosine hydroxylase genes,
could be considered as risk factors for BPAD and
UPAD. Persistent low self-esteem, or a low social
economic status, could also be considered as predis¬
posing psychosocial factors in affective disorders
(Bauwens el al., 1991; Pardoen et al., 1993). However,
neither of these theories alone can explain the onset
and recurrence of mood disorders. To avoid
unrealistic simplification of this problem, a more
sophisticated approach is needed. The gene-environ¬
ment model investigates the possible relationship
between psychosocial and genetic variables, and
examines whether these variables could play an
aetio-pathogenic role in the development of a mood
disorder (Kendler and Eaves, 1986).

Clinical methodology
The diagnostic classification systems employed
include Research Diagnostic Criteria (RDC), DSM-
III-R and DSM-1V. Standard diagnostic interviews,

Name Position Reference

Tyrosine hydroxylase 11 p 15-5
Dopamine receptor D3 3q 13-3
Dopamine receptor D2 11 q 22-q 23

Gamma-aminobutyric acid - A receptor, « 1 subunit 5 q 34-q 35
Dopamine receptor D4 11 p 15.5

5-Hydroxytryptamine receptor 2A 13 q 14-q 21
Serotonin transporter gene 17 q 11.1 —q 12

Gamma-aminobutyric acid - A receptor, n 5 subunit 15 q 11-q 13
Gamma-aminobutyric acid - A receptor, a 3 subunit Xq 28

Polymeropoulos etal. (1991)
Lannfeltefa/. (1992)
Hauge etal. (1991)

Johnson et al. (1992)
Nankoefa/. (1993)
Warren et al. (1993)
Leschetal. (1994)
Glattetal. (1992)
Hicks etal. (1991)

TH
DRD3
DRD2

GABRA1
DRD4

HTR2A
HTT

GABRA5
GABRA3
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such as the schedule of affective disorder and
schizophrenia - lifetime version (SADS-LA) and
the schedule for the clinical assessment of neuro¬

psychiatry (SCAN), were used for all patients and
controls recruited for the project. One of the two
diagnostic interviews was used in each centre
according to research practices. Comparability be¬
tween the two instruments is inferred from data
published for the ESF (Farmer el al„ 1993), since
most of the centres also participated in this project
for linkage studies. The operational criteria
(OPCRIT) checklist (McGuflin et til., 1991) was also
used. Key clinical variables were collected for each
patient, with special attention paid to family history
of affective disorders, the age at onset, the number of
episodes, the number of symptoms and past treat¬
ment modalities. These clinical parameters may be
used in the subgroup analyses in the association
studies.

The psychosocial variables selected for the gene-
environment interaction analysis were the SES
(Rosenberg, 1965; self-questionnaire), the SAS
(Weissman et at., 1971) and socio-economical index
(Hollingshead and Redlich, 1958). The SAS is a
semi-structured interview covering live major areas of
social functioning: work, social and leisure activities,
relationships with extended family, marital role and
parental role. The SES is a I()-item self-reporting
questionnaire and reflects two different dimensions
of self-esteem. The scale contains live positively
worded items and live negatively worded ones. These
psychosocial measures were selected for their
relevance to the pathophysiology of affective dis¬
orders (Bauwens el a!.. 1991; Pardoen el til., 1993).

Genetic methodology
The conditions for the genotyping were laid down by
the reference laboratory: the Laboratory of Neuro¬
genetics. Born-Bunge Foundation, Antwerp (Van
Broechoven). Primers for the candidate genes
investigated were distributed by Antwerp and an
error-checking procedure was set-up to standardize
the genotyping. For each marker, two DNA samples
were analysed from each participating centre
together with the two Centre d'Etude du Polymor-
phisme Flu man (CEPI1) reference DNAs from the
reference laboratory. Films were then distributed to
each centre. The scored alleles were used as

reference alleles for the remaining DNA samples. A
technical workshop was organized in Antwerp to
compare the typing between centres.

Centralization of data was coordinated by two
centres, Milan for linkage and gene-environment

studies. Brussels for association studies and the
centralization of the database banking. Data banking
facilities consisted of a computerized program

(Biomed 2.0) that included diagnostic, psychosocial,
familial and genetic information.

Data analyses
Association
A case-control design will mainly be used for the
association studies. BPAD and UPAD phenolvpes
will be investigated using this approach according to
the candidate genes selected (Table 1). Patients and
controls will be matched for geographical origin for
each analysis of allele frequency of any candidate
gene. Each patient will be carefully paired with a
control of the same geographical origin. Specific
models regarding severity of illness will be assessed in
subgroup analyses within the association samples.
The large number of patients recruited for the study
will allow this approach to be used without reducing
the power of the sample. BPAD and UPAD will be
investigated separately in order to provide additional
documentation concerning the possibility of two
distinct genetic entities (Gershon el at.. 1982).
Phenolype heterogeneity will be evaluated from age
at onset of affective illness, family history of a mental
disorder and diagnostic stability. A high degree of
diagnostic stability and a positive family history for
affective disorders are of interest because such

subjects may represent true genetic cases (Rice et
ill., 1992). Diagnostic stability for each patient maybe
calculated from the following information: the
number of episodes of the disorder, the number of
symptoms during the worst episode and the treat¬
ment modalities.

The association method consists of comparisons of
allele and genotype frequencies for the investigated
markers in patients and controls. The distribution of
homozygotes and hcterozygotes will also be com¬
pared. Comparisons are made with Fisher's exact test
when asymptotic conditions for applying the chi-
square lest arc not met. Fisher's exact test is
traditionally associated with the single 2x2
contingency tabic and extending it to unordered
r x c tables was proposed by Freeman and I lalton
(Freeman and Ilallon, 1951). It is also known as the
Freeman and Halton lest. As the asymptotic condi¬
tions are not always satisfied, conclusions from
statistical tests are based on the calculation of an

exact /'-value (StaiXact3 for Windows. 1995) instead
of the classic asymptotic one. A major bias affecting
association studies performed with contingency
tables is that type-1 errors increase due to the
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doubling of the sample number for the allele analysis,
while the genotype analysis may not be specific for an
allele effect. To circumvent this problem an

algorithm has been developed by Terwilliger and
Ott (1994), which tests marker-disease allelic asso¬
ciation by deriving allelic frequencies from haplo-
tvpes (estimate haplotype (EH) program). The EH
program for case-control association studies (Ter¬
williger and Ott, 1994) was also applied for each
marker. Allele and haplotype frequencies between
disease and markers alleles were calculated using the
KH program under specified parameters for disease
gene frequency (0.02), phenocopy rate (0.01), and
penetrance (0.80). Deviation from linkage equili¬
brium between alleles at disease and marker loci was

quantified from ehi-square values calculated by the
program. The power to detect a difference at the 0.05
(two-tailed) level was evaluated at more than 99%,
given a sample size of 430 patients and 430 controls
and estimating true frequencies of a disease allele at
10% in the patient population and 2% in the control
population (Cohen, 1977: Walsh et al., 1992). A mean
theoretical sample size of 430 patients and 430
controls has been used in this power estimation,
knowing that these will be the mean numbers of
available DNA information for each marker analysed
in case-control association studies.

Linkage
Correct phenotype definition is crucial in linkage
analysis (Tsuang, 1990). In our linkage analyses,
affection status will be defined by using different
ranges of diagnostic inclusion, from a narrow to a
broad definition: bipolar disorder I and II; bipolar
disorder I and II + recurrent major depressive
disorder: and bipolar disorder I and II + recurrent
major depressive disorder + schizoaffective disorder.
Linkage analysis will then be performed for each
definition of the affection status. A major depressive
disorder single episode and other Axis I diagnoses
were considered as 'phenotype unknown'. For
unaffected subjects, liability classes will be used
according to the age of onset of the distribution
function. An 'affected only' approach will also be
used, and both dominant and recessive models will be

employed. For the dominant model an allele
frequency of 0.01 will be used, with a penetrance of
(1.8 for carriers and 0.001 for non-carriers. For the
recessive model an allele frequency of 0.2 will be
specified, with a penetrance of 0.8 for carriers and
0.001 for phenocopies; these values are similar to
those of published BPAD linkage studies (Straub el
ill., 1994: Stine et al., 1995). Allele frequencies for

markers will be calculated from the association

sample. Lod scores will be computed using the
MLINK program from the LINKAGE package
(Lathrop et al., 1984). A model-free linkage analysis
will also be performed using I he MFLINK program
(Curtis el al., 1995). Homogeneity within families will
be tested by the HOMOG program (Oil, 1991). Non-
parametric analyses will be performed through the
affected pedigree member analysis (APM program,
Weeks and Lange, 1988) and using the ERPA
program for the sibling-pair analysis (Curtis el al.,
1994). Simulations will be produced using SLINK
and analysed using MSIM (Weeks el al., 1990).

Gene-enviroriment interactions
In order to assess gene-environment interactions the
relationship among markers for certain genes and
psychosocial factors will be defined by using a specific
statistical approach, defined as structural equation
modelling (SEM). This model represents an exten¬
sion of the multivariate techniques, factor analysis
and multiple regression, which allows for the
simultaneous evaluation of relationships of depen¬
dence (Neale and Cardon, 1990).

In SEM, as in the classic regression analysis,
differentiation has to occur between observable or

measured variables and unobservable variables. The
unobservable (or latent) variables could be regarded
as factors that are related to one another and whose
identification can only be approximated by the
observable (or measured) variables. Thus, the
variables in this particular equation system may
belong to the following categories:
• directly observed and measured variables;
• latent variables that are not directly observed,

but which are presumed to correlate with the
observed variables.

The model allows for a causal structure of

relationships between the latent variables, based on
the assumption that the observed variables indicate
the presence of the latent variables.

A positive feature of this kind of mathematical
analysis is that it initially permits the identification of
causal relationships amongst variables and subse¬
quently indicates the 'direction' of the specific
relationship, whereas other forms of statistical
analysis can identify the presence of relationships,
but they cannot specify direction.

It is possible to assess the adequacy of each model
by using the L1SREL 8 statistical package (Joreskog
and Sorbom, 199.3) or the Mx program (Neale, 1993).
both of which allow for a quantitative evaluation of
goodness-of-fit of the hypothetical model to the
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empirical data. It may be appropriate to use SEM to
assess the potential relationships existing between
genetic and environmental factors in bipolar
disorders, combining the effect of genes and the
psychosocial variables in a multifactorial approach.
This approach will be used in all subjects having
psychosocial data available. SEM models can be
applied mostly in association studies, despite many
limitations. Gene-environment interaction can be
studied in families as well, but there are modelling
possibilities other than SEM.

As an example, a preliminary application of the
model described in the above section has been

applied to a set of data collected within the frame¬
work of the ECPAD (Macciardi el a/., unpublished
data). We have hypothesized a theoretical model of
gene-environment interaction accounting for sus¬
ceptibility to BPAD. In this hypothesis, the genetic
component is represented by 'candidate' genes,
coding for receptors or enzymes involved in mono-
aminergic systems (DRD2. DRD3. DRD4 receptor
genes and tyrosine hydroxylase gene), while the
environmental component is represented by psycho¬
social variables related to a 'subjective' environment:
the individual social adjustment, the degree of self-
esteem and the personality structure, with special
attention to the presence of personality disorders.
The model describes the following relationships:
• two genetic and partially overlapping compo¬

nents directly increase susceptibility both to
bipolar disorder and to personality structure;

• a maladaptative personality structure leads to the
individual low social adjustment and self-esteem,
which then increase the liability to bipolar
disorders.

We have collected a sample of 100 bipolar patients
typed for the candidate genes and measured for the

psychosocial variables. Using the LISREL 8 statis¬
tical package, we found a good agreement of our data
to the theoretical model (\2 = 83.62 with 24 df,
GFI = 0.867, AGF1 = 0.750, RMSR = 0.111). These
preliminary results suggest that a specific genetic
structure could addilively interact with non-genetic
factors in a complex model, providing a possible
rationale for susceptibility to the disease and making
the model suitable for further extensions.

Description of the sample
Association
To date, a total of 1678 subjects (BPAD. UPAD
patients and NM1 controls) have been recruited for
the association studies. For 1517 subjects, DNA is
available (558 BPAD, 332 UPAD and 627 NM1
controls) and at least one marker is already
genotyped (Table 2 provides a description of this
sample). All of these subjects have been interviewed
for diagnostic purposes and gave blood samples.
According to the RDC, DSMdll-R and DSM-IV
classification systems, the following diagnoses for the
BPAD spectrum were included: bipolar I (BPI),
bipolar II (BPI 1). bipolar depressed (BPD), bipolar
manic (BPM), bipolar mixed (BPMi), bipolar un¬
specified (BPUn) and manic single episode (Manic).
All the patients with BPD, BPM. BPMi and BPUn
have been considered as having a lifetime diagnosis
of BPI. For the UPAD spectrum, only unipolar
recurrent depressed patients (UPR) are included.
Recurrence is defined when a subject presents with at
least two major depressive episodes. Clinical char¬
acteristics have been included in the central database,
that is: age at onset of illness, number of major
depressive episodes, number of hypontanic or manic-
episodes, number of symptoms occurring during the

TABLE 2. Description of the sample for association studies

Bipolar Unipolar Never mentally ill
n = 558 n = 332 n = 627

Age 47.39± 14.0 50.0 ±14.6 46.1 ±13.8
Sex male (%) 43.0 29.5 47.7

female (%) 57.0 70.5 52.3

Age at onset3 28.3± 10.1 32.9± 12.4
Number of manic episodesb 4.6 ±5.0
Number of depressive episodes" 5.1 ±5.1 4.2 ±3.3
Number of manic symptoms" 5.8± 1.3
Number of depressive symptoms" 6.5 ±1.4 6.5 ±1.4

aAge at first episode of major depression or mania or hypomania.
bNumber of manic episodes, number of depressive episodes, number of manic symptoms and number of depressive
symptoms for each patient are derived directly from the schedule of affective disorder and schizophrenia - lifetime
version (SADS-L). The number of manic and depressive symptoms are those observed during the worst episode of
depression and/or mania.
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worst affective episode and treatment information.
Each patient was assigned a diagnostic stability score
(Rice el al.. 1992) according to the clinical information.

Linkage
We have collected 25 families giving a total of 442
subjects (mean across families, 17.68; standard
deviation (SD) = 12.01) of which 161 subjects were
affected (mean, 6.44; SD = 4.17). There are 12
nuclear families with more than two affected subjects
and 13 families are tri-generational or quadri-
gcnerational with multiple affected subjects. Among
the 161 affected subjects, 81 are bipolar I and II, 38
are recurrent unipolar, four are schizoaffective and
38 patients have other psychiatric diagnoses (e.g.
unipolar single episode, dysthymia, panic disorder,
generalized anxiety disorder, alcohol abuse). DNA is
available for 273 of the 442 subjects.

Gene-psychosocial interactions
SAS and SES information has been collected for 277
BPAD patients, 159 UPAD patients and 400
controls, which represents a total of 860 subjects
with the SAS and SES scores available. This
information will be included in the model described
above. In addition, psychosocial variables will be
assessed for different European populations and
diagnoses.

RESULTS

To date, 1517 subjects and controls have been typed
for association studies for the following candidate
genes: TH, DRD2, DRD3, DRD4, GABRA1,
GABRA3, GABRA5, HTR2. Analyses have been
completed for TH in BPAD patients (Souery el al.,
1997). For this marker, in the overall sample of 401
BPAD patients and 401 matched unrelated normal
controls with TH genotypes available, no association
has been found between BPAD phenotype and TH
alleles frequency (P = 0.578) and genotypes counts
(P = 0.845) (Table 3). No linkage disequilibrium
between alleles of this marker and BPAD disorder
has been observed in the total sample. No association
was found in the subgroup analyses according to age
at onset <25 (172 BPAD compared to 172 matched
controls), positive family history (159 BPAD com¬
pared to 159 matched controls) and diagnostic
stability (131 BPAD compared to 131 matched
controls). However, it is important to note that in a
pilot analysis, realized before the exact matching of
patients and controls for geographical origin, the
stratification approach revealed an allelic association

TABLE 3. Allele frequencies and genotype counts for the
tyrosine hydroxylase polymorphism in bipolar patients
(BPAD) and control subjects

BPAD
n = 401 (%)

Controls
n = 401 (%)

Allele"
1 225 (28.1) 236 (29.4)
2 141 (17.6) 124 (15.5)
3 107 (13.3) 97 (12.1)
4 131 (16.3) 148 (18.5)
5 198 (24.7) 197 (24.6)

Genotypes"
1-1 26 (6.5) 28 (7.0)
1-2 40 (10.0) 31 (7.7)
1-3 27 (3.4) 34 (8.5)
1-4 45 (11.2) 40 (10.0)
1-5 61 (15.2) 75 (18.7)
2-2 14 (3.5) 8 (2.0)
2-3 21 (5.2) 16 (4.0)
2-4 23 (5.7) 31 (7.7)
2-5 29 (7.2) 30 (7.5)
3-3 6(1.5) 6(1.5)
3-4 18 (4.5) 12 (3.0)
3-5 29 (7.2) 23 (5.7)
4-4 12 (3.0) 20 (5.0)
4-5 21 (5!2) 25 (6.2)
5-5 29 (7.2) 22 (5.5)

Frequencies expressed as percentage (%) for alleles and
genotypes distributions. Number for each alleles repre¬
sents total number of times alleles are observed (/?x2).
V = 2.882; P = 0.578.
b V2 = 8.777; P = 0.845.

(P = 0.0069) between TH polymorphism and BPAD
patients having a high probability of diagnostic
stability (>90%) and a positive family history for
affective disorders (n = 142) compared to normal
controls (n — 128). This association was even con¬
firmed using EH program for linkage disequilibrium
(P = 0.0026). This observation emphasizes the im¬
portance to carefully take into account population
stratification in case-control association studies. It
also stresses the difficulty to interpret premature
findings.

Further analyses will include data on TH in the
UPAD sample and data for the other markers in
BPAD and UPAD.

For the linkage part of the project (Serretti el al.,
unpublished data), simulation studies on the families
recruited have produced high power levels for
detecting true linkage (up to a (9 = 0.05) with a
threshold for lod > 3 (e.g. 98.4%, broad phenotype,
TH), and a low risk of false positives (0% of LOD > 3
for (9 = 0.5 for all markers). All simulations were

performed with 1000 replicates. For TH we had the
higher number of informative families, and we were
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able lo exclude tight linkage for till models, 110
significant heterogeneity was detected but small
positive lod scores were reported for two families
(one with lod = 0.7; 0 = 0.16; mod 1-2 dom; and one
with lod =0.56; 0 = 0; mod 1-3 rec). DRD2 market-
was significantly unlinked to disease for all models,
low positive lod scores were found for one family
(lod = 0.73; 0 = 0; mod 2-3 rec). We could also
exclude tight linkage for all models for DRD3. The
other markers will be analysed.

DISCUSSION

Despite strong evidence of genetic involvement in the
aetiology of affective disorders, the nature of the
susceptibility genes in these complex diseases is still
being assessed with linkage and association studies.
This is probably due to the genetic complexity and
the multidimensional aspect of BPAD and UPAD.
Phenotypic or disease definition will have important
implications for association and linkage studies of
affective disorders. It is expected, therefore, that
significant advances should arise from large multi¬
centre projects which have obtained statistically
powerful samples of families and patients.

The recruitment objectives of the ECPAD have
been completed. A total of 1517 individuals with
available DNA have been collected for the associa¬
tion studies, and 25 informative families for the

linkage studies. Candidate genes will be assessed in
these samples, which present sufficient statistical
power for minor gene effects (i.e. odds ratios <2)
to be detected. The candidate gene approach focuses
on markers related to neurotransmitter systems,
including tyrosine hydroxylase (TU), dopamine
receptors (DRD2, DRD3, DRD4), gamma-amino-
butyric acid receptors (GABRAI, GABRA3,
GABRA5), serotonin receptors (HTR2, HTR2c)
and transporter (H IT). This database constitutes a
useful tool for replicating recent interesting findings
that indicate the presence of susceptibility genes in
different regions of the genome in BPAD.

Difficulties encountered in psychiatric genetics
encourage researchers in this field to pool their
efforts through large multicentre and multidisciplin-
ary projects. In the search for the hereditary and
environmental causes of major psychosis, it is also
expected that significant advances will result from
such projects as the ESF and the European Union
Biomedical and Health Research projects and the
National Institute of Mental Health (NIMH) colla¬
borative project in the USA.
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We performed a meta-analysis of over 30 case-control studies of association between schizo¬
phrenia and a bi-allelic, Bat I polymorphism in exon 1 of the dopamine D3 receptor gene. We
observed a significant excess of both forms of homozygote in patients (P= 0.0009, odds ratio
(OR) = 1.21, 95% Confidence Interval (CI) = 1.07-1.35) in the combined sample of 5351 individ¬
uals. No significant heterogeneity was detected between samples and the effects did not
appear to be the product of publishing bias. In addition we undertook an independent, family-
based association study of this polymorphism in 57 parent/proband trios, taken from unre¬
lated European multiplex families segregating schizophrenia. A transmission disequilibrium
test (TDT) showed a significant excess of homozygotes in schizophrenic patients (P= 0.004,
odds ratio (OR) = 2.7, 95% CI = 1.35-5.86). Although no significant allelic association was
observed, a significant association was detected with the 1-1 genotype alone (P = 0.02, OR
= 2.32, 95% CI = 1.13-4.99). In addition when the results of the family-based association study
were included in the meta-analysis, the homozygosity effect increased in significance
(P= 0.0002, OR = 1.23, 95% CI = 1.09-1.38). The results of the meta-analysis and family-based
association study provide independent support for a relationship between schizophrenia and
homozygosity at the Bali polymorphism of the D3 receptor gene, or between a locus in linkage
disequilibrium with it.

Keywords: D3 receptor gene; meta-analysis; TDT; schizophrenia; association

Introduction

I There is compelling evidence for a substantial genetic
contribution to the aetiology of schizophrenia.1'2 How¬
ever, the disorder appears genetically complex and is
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unlikely to be due to a single major gene.3-5 Alternative
genetic models stress the action of genes of minor
effect, co-acting or inter-acting with other minor
genes6,7 or with a gene or genes of major effect.8 Such
genetic complexity and the consequent uncertainties
surrounding the mode of transmission at any given
locus, may impede traditional lod score linkage
approaches. An additional, complementary approach
to positional cloning, is offered by studies of genetic
association of candidate genes.910

Disturbances in dopamine neurotransmission and
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dopamine receptors have long been postulated to play
a key role in schizophrenia.11 Originally, dopamine
was thought to affect its target cells through the interac¬
tion of two receptor subtypes, known as D1 and D2,
which were shown to differ in pharmacological speci¬
ficity.12 It also appeared that the therapeutic effects of
anti-psychotic drugs were related to their high affinity
for the D2 receptor. However, more recently, additional
dopamine receptors have been found (eg, D3, D4 and
D5).13-15 Expression of the D3 receptor gene appears to
be concentrated in the limbic system, which has been
implicated in schizophrenia by both neuropathological
and neuroimaging studies.16 Animal studies have also
shown that expression of the D3 gene in rat brains, is
up-regulated both by the administration of typical (eg
haloperidol) and atypical neuroleptics (eg clozapine)17
whereas up-regulation of D1 and D2 receptor gene
expression when observed, occurs only in response to
typical neuroleptics.1319 These findings suggest that a
plausible case can be made for the involvement of the
D3 receptor in the pathogenesis of schizophrenia.
Recently, Accili and colleagues20 successfully gener¬
ated mice lacking in functional D3 receptors. They
found that binding of the dopamine antagonist [125
IJiodosulprid to D3 receptors was absent in mice homo¬
zygous for the mutation and greatly reduced in hetero¬
zygous mice. Their behavioural analysis of the mutant
mice demonstrated that this mutation was associated
with hyperactivity in an exploratory test, thus indicat¬
ing that D3 receptors play an inhibitory role in the con¬
trol of certain behaviours.

The human D3 receptor gene was localised to chro¬
mosome 3ql3.3 by in situ hybridisation.21 It contains
a polymorphic site in the first exon that gives rise to a
serine to glycine substitution in the N-terminal extra¬
cellular domain. This creates a BaR restriction enzyme
site.22 Recently, Lundstrom and Turpin23 found a sig¬
nificantly higher dopamine-binding affinity for the gly¬
cine-glycine {BaR,2-2) homozygote compared to the
heterozygote and serine-serine homozygote. They also
observed that both the glycine-glycine homozygote
and the heterozygote showed significantly higher bind¬
ing activity for GR99841 compared to the serine-serine
homozygote (1-1, BaR). These findings are important
as they support the existence of functional differences
between D3 receptor genotypes.

Although no evidence of genetic linkage has been
found between schizophrenia and this polymor¬
phism,24 groups in Cardiff, UK, and Rouffach, France,
independently found an association between homo¬
zygosity and schizophrenia.25 This finding has been
replicated in Cardiff,26 but with a reduced size and
level of statistical significance in the sample as a whole
(P=0.05, one-tailed test). However, more detailed
analysis suggested that excess homozygosity is most
pronounced in those patients with a family history of
schizophrenia (especially those from multiply affected
families), in patients with a good response to neuro¬
leptics and in males. Two further studies found excess

homozygosity in two of these sub-groups. Nimgaonkar
and colleagues27 found a strong effect in those patients

with a family history of schizophrenia and Jonssen et
aPa found increased levels of homozygosity in schizo¬
phrenics with a good response to neuroleptics.
Nimgaonkar et aPa also found a significant excess of
allele 1 homozygotes in a population of Afro-American
patients. In contrast, others have reported negative
findings in unselected samples.28'30-32 Recently Hawi
and colleagues33 presented a critique of the studies
showing a D3 association with schizophrenia and con¬
cluded that, in their opinion, there was no effect. How¬
ever, it must be noted that the decision to discount a

study or studies, because an aspect of it can be criti¬
cised, may be to some extent subjective. A more objec¬
tive and comprehensive approach may be of use in
assessing the significance of these findings.

If these inconsistencies are not due to chance then
we must consider three possibilities. First, the BaR
polymorphism or a DNA variation in linkage disequi¬
librium with it, may in fact have a small effect upon
susceptibility to schizophrenia and the failures to rep¬
licate stem from a lack of statistical power. The second
possibility is that heterogeneity exists within and
between the samples, such that excess homozygosity
may be restricted to, or be stronger in, a specific sub¬
group of patients. Third, the disparate findings may
reflect imperfect matching between patients and con¬
trols leading to stratification. This could either produce
a false positive finding or obscure a true positive result.
We addressed these possibilities by performing a com¬
prehensive meta-analysis of all known case-control
studies of association and family-based association
studies focusing on a sub-group of patients in which
previous studies predict a strong homozygosity effect.
The meta-analysis was chosen to test for heterogeneity
between samples and produce an estimate of effect
size. No selection criteria were applied as the authors
could not justify excluding any particular study, with¬
out risk of introducing bias.

Existing data indicate that the presence of a family
history of schizophrenia is a factor strongly associated
with excess homozygosity.26'27 This observation would
fit with complex models of aetiology for schizo¬
phrenia3-34 which predict that those with a high fam¬
ilial loading are more likely to possess genetic risk fac¬
tors. The present family-based study focuses upon this
finding and attempts to demonstrate excess homo¬
zygosity in a sample of schizophrenics with at least one
other affected first-degree relative. We also used an
experimental design that mitigates against the possible
confounding effects of population stratification.
Although this is an important factor in all association
studies it is of particular relevance to studies which
involve pooled data from different countries and popu¬
lations, as is the case here, as allele frequencies can
vary between populations. If the cases and controls are
sampled from different populations (stratification) then
the observed sample differences could be misinter¬
preted as an association with the disease in question.
To overcome this we assessed the transmission dis¬
equilibrium of the genotype passed down to each affec¬
ted offspring conditional on their parental genotypes.35
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Similar family-based association studies have proved
particularly useful in detecting genes involved in other
complex disorders and when using a candidate gene
association approach.35'36

Material and methods

Meta-analysis
Over 30 case-control studies were included in the
meta-analysis of the D3 receptor gene and schizo¬
phrenia (see Table 1). These studies were ascertained
from a med-line literature search and personal com¬
munications with individual researchers in this field.
All studies used comparable methods and designs. The
total sample comprised 2722 cases with schizophrenia
and 2629 controls. It is important to note that the
samples for the meta-analysis and the family-based
TDT study did not overlap. The Woolf method37 was
used to test for association. This method of analysis
allows data from different populations to be combined
and provides a means of testing for heterogeneity. This
sample has over 90% power to detect a small effect (w
= 0.1, P = 0.01, d.f. = l).38 The x2 statistic was also used
to test for Hardy-Weinberg equilibrium in all control
populations included in the meta-analysis. Finally, a
funnel plot analysis of the case-control studies was
performed to test for publication bias.

Transmission disequilibrium study
The subjects were 57 patients with DSM-III-R
schizophrenia/schizoaffective (4) disorder (35 males
and 22 females) from whose parents, DNA was avail¬
able. Each trio of affected individual and parents, was
taken from a separate multiplex family used for linkage
analysis in centres throughout Europe. Only one trio
was chosen, randomly, from within each family, blind
to D3 genotype. Trios were sampled from nine different
European Centres. There was no overlap between this
and other samples in which D3 genotypic associations
had been studied previously. All patients were inter¬
viewed using a standard diagnostic interview (SADS-
LA, PSE 9 or SCAN). The OPCRIT system39 was used
to achieve a diagnosis (OPCRIT diagnoses were not
obtainable on five patients who were diagnosed by
clinical consensus). Good inter-rater reliability
between centres had already been established.40 All
subjects gave informed consent to participate in mol¬
ecular genetic research.

High molecular weight genomic DNA was extracted
from whole blood or transformed lymphoblasts accord¬
ing to routine procedures. The BaR polymorphism was
typed by restriction enzyme digestion after amplifi¬
cation of genomic DNA with polymerase chain reaction
(PCR). The PCR products were digested with BaR
before agarose gel electrophoresis and staining with
ethidium bromide. The undigested PCR product was
462 bp in size. Digestion produced constant bands of
111 and 47 bp. The presence of a further 304-bp band
denoted a 1-1 homozygote, bands at 206 and 98 bp, a
2-2 homozygote and bands at 304, 206 and 98 bp, a
heterozygote. Genotyping was either carried out by the

collaborating centre or by the co-ordinating centre at
Cardiff.

The Transmission Disequilibrium Test (TDT40,41)
was employed to test for allelic association. TDT analy¬
sis tests for a distortion in allelic transmission from

parental matings (ie, informative mating) capable of
transmitting more than one allele and from which
expected transmission ratios could be calculated. Simi¬
larly, our test of genotypic transmission disequilibrium
only used genotype counts from informative matings
from which likelihood ratios can be calculated. For
example, in the case of homozygotes (1-1 and 2-2
genotypes combined), the 1-1 x 1-2, 1-2 x 2-2 and
1-2 x 1-2 parental matings were informative, with each
having an expected homozygote: heterozygote trans¬
mission ratio of 1:1. Considering 1-1 homozygotes
alone the informative parental matings were 1-1 x
1-2 (transmission ratio 1:1) and 1-2 x 1-2
(transmission ratio 1:4). Finally, for 2-2 homozygotes
the informative parental matings were 1-2 x 2-2
(transmission ratio 1:1) and 1-2 x 1-2 (transmission
ratio 1:4). A chi-square goodness-of-fit test was used to
a test for Hardy-Weinberg equilibrium and the Woolf
method37 to test for heterogeneity using transmitted
and non-transmitted genotypes between participating
centres.

Results

Meta-analysis
Table 1 shows the results of the meta-analysis of
association between schizophrenia and D3 homozygos¬
ity. A significant excess of homozygotes (1-1 and 2-
2 genotypes) was observed in the sample as a whole
(P= 0.0009, OR = 1.21, 95% Confidence Interval (CI) =

1.07-1.35) with no evidence of heterogeneity between
centres (P= 0.33). This effect remains significant when
data from the first published study25 were removed
from the analysis {P= 0.005). No evidence of an allelic
association was observed (P=0.16).

On a post hoc basis we explored the pattern of geno¬
typic effect in these samples. We observed no differ¬
ence between 1-1 and 2-2 genotype distributions in
cases and controls (P= 0.99). We did observe a signifi¬
cant excess of the 1-1 genotype compared to hetero-
zygotes alone, (P= 0.0008, OR = 1.23, CI= 1.09-1.38),
and of the 2-2 genotype compared to heterozygotes
(P= 0.03, OR= 1.24, CI = 1.02-1.5). No evidence of het¬
erogeneity was observed between centres in any of the
tested effects (1-1/1-2: P=0.12, 2-2/1-2: P=0.19). All
control samples included in the meta-analysis were in
Hardy-Weinberg equilibrium (data not shown).

Figure 1 shows a funnel plot of the sample size and
effect size (odds ratio) of the published studies
(excluding abstracts) included in the meta-analysis.
The inverted funnel shape of the plot indicates an
absence of publication bias, as it shows no evidence of
a failure to publish small studies with low odds ratios.
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Table 1 A meta-analysis of studies of association between schizophrenia and the dopamine D3 receptor gene

Centre 1-1 1-2 2-2 1-1 and Homozygote vs
2-2 Heterozygote

OR 95% CI

Wales: Patient 110 81 35 145
Mant et al,26 Crocq et al,25 1.7 1.19-2.44
Asherson et al.,42 Spurlock et al43 Control 113 140 34 147

Singapore: Patient 59 57 9 68
1.1 0.68-1.80

Saha et al44 Control 62 66 9 71

Germany: Patient 61 71 14 75
0.76 0.46-1.28

Rietschell et al45 Control 49 42 9 58

London: Patient 47 69 7 54
0.83 0.49-1.39

Shaikh et al46 Control 33 56 20 53

France: Patient 64 49 17 81
1.69 1.00-2.86

Crocq et al25 Griffon47 Control 42 51 8 50

USA: African-American Patient 16 43 43 59
1.24 0.71-2.16

Nimgaonkar et aP7 22M Control 8 48 45 53

China: Patient 54 45 8 62
0.95 0.54-1.66

Yang et aP' Control 50 40 8 58

France: Patient 50 43 11 61
1.23 0.69-2.19

Laurent et aP2A3 Control 37 40 9 46

USA: Caucasian Patient 50 33 6 56
1.56 0.86-2.82

Nimgaonkar et al27-29-48 Control 36 44 12 48

Japan: Patient 48 35 8 56
1.02 0.56-1.85

Nanko et al49 Control 48 35 7 55

China: Patient 66 40 7 73
1.20 0.60-2.40

Inada et aP° Control 28 19 1 29

Israel: Askenazi Patient 24 15 2 26
1.05 0.50-2.20

Ebstein et al5' Control 62 41 6 68
Non-Askenazi Patient 20 16 10 30

2.02 0.77-5.32
Ebstein et al5' Control 12 14 1 13

Italy: Patient 37 31 12 49
1.04 0.53-2.04

Macciardi et ai43 Control 34 25 4 38

Germany: Patient 31 22 7 38
1.41 0.68-2.94

Nothen et aP° Control 28 27 5 33

Austria: Patient 34 20 10 44
2.12 1.01-4.46

Aschauer et al43 Control 23 28 6 29
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Table 1 Continued

Centre 1-1 1-2 2-2 1-1 and Homozygote vs
2-2 Heterozygote

OR 95% CI

Sweden: Patient 34 36 6 40
0.79 0.39-1.60

Jonsson et afs Control 27 22 4 31

Portugal: Patient 28 40 8 36
1.8 0.77-4.22

Azevedo et al43 Control 6 22 5 11

Italy: Patient 26 26 3 29
0.86 0.41-1.83

DiBella et aP2 Control 22 24 9 31

Ireland: Patient 15 16 5 20
1.68 0.76-3.70

Gill et al43 Control 27 47 8 35

USA: Patient 14 32 8 22
0.59 0.28-1.27

Kennedy et al53 Control 23 25 6 29

Canada:
Maziadi54 Patient 15 13 2 17 0.96 0.49-2.30

Early onset
Adult onset Patient 19 6 0 19 2.33 0.83-6.60

Family list Control 35 28 3 38

UK: Patient 34 45 5 39
0.65 0.35-1.21

Gaitande et aP5 Control 34 33 10 44

Spain: Patient 53 43 11 64
1.32 0.76-2.29

Durany et al5e Control 43 47 10 53

Ireland: Patient 83 87 28 111
1.31 0.90-1.91

Hawi et aP3 Control 92 119 24 116

USA: Patient 46 48 18 64
1.08 0.63-1.82

Cagle et al57 Control 55 50 7 62

Japan: Patient 54 38 8 62
1.23 0.70-2.17

Tanaka et aP8 Control 52 43 5 57

UK/Iceland: Patient N/A 12 N/A 21
2.63 1.04-6.63

Kalsi et aP9 Control N/A 27 N/A 18

France: Patient 36 42 11 47
1.21 0.61-2.4

Krebs et aP° Control 20 27 5 25

Total Patient 1228a 1154 319« 1568
1.21 1.07-1.35

Control 1101" 1230 280» 1399

«Not including Kalsi et al.
N/A, data not available.
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Figure 1 Funnel plot. Association studies of schizophrenia
and homozygosity (Ball) of the DRD3 receptor gene.

Transmission disequilibrium
Table 2 shows the distribution of patient genotypes as a
function of parental mating genotypes. A transmission
disequilibrium analysis showed significant distortion
of homozygote transmission 0t2 = 8.1, d.f. = 1,
P= 0.004, odds ratio (OR) = 2.7, 95% CI = 1.35-5.86).
No significant allelic transmission disequilibrium was
observed although there was a trend towards an excess
of the 1 allele (y2 = 2.27, d.f. = 1, P = 0.1). However, a
significant distortion of the 1-1 genotype alone, was
observed in informative matings 0^ = 5.22, d.f. = 1,
P= 0.02, OR = 2.32, CI= 1.13-4.99). On post hoc analy¬
sis no significant association with the 2-2 genotype
was detected in the sample as a whole Of2 =1.63,
d.f. = 1, P= 0.2). The patients also showed a significant
departure from Hardy-Weinberg (H-W) equilibrium
(observed (Ob): 1-1, 1-2, 2-2: 34, 16, 7; expected (Ex):
30.4, 22.5, 4.2; y2 = 4, d.f. = 1, P=0.04).

As the study involved pooling data from a number
of European Centres, a heterogeneity analysis was
applied. Table 3 shows the distribution of parental
alleles transmitted and not transmitted to patients, in
each European Centre. No evidence of
homozygote/heterozygote heterogeneity was detected
between the different centres Of2 = 6.06, d.f. = 4, P= 0.2:
cells of less than five samples were pooled).

Finally, when these results (see Table 3) were
included in the meta-analysis the homozygosity effect
increased in significance (P= 0.0002, OR =1.23, 95%
CI = 1.09-1.38).

Discussion

A meta-analysis of over 30 case-control studies showed
a significant association between schizophrenia and
both forms of homozygote of the bi-allelic, Bail poly¬
morphism of the dopamine D3 receptor gene. We also
observed an excess of 1-1 homozygotes alone. Using
post-hoc comparisons we did not detect a difference
between allele 1 and allele 2 homozygotes in the com¬
bined sample. No significant heterogeneity was
detected between studies and the homozygosity effect
appeared not to have been the product of publishing
bias, although it is accepted that a funnel plot provides
an indication of publishing bias and is not a precise
test.

In addition we found significant association between
schizophrenia and both homozygosity and the 1-1
genotype at the D3 receptor gene, in a sample of inde¬
pendent trios taken from separate multiplex families
across Europe. This supports previous findings25 26 and
specifically supports the observation that the excess of
homozygosity was especially strong in multiplex famil¬
ies segregating psychosis.26 Our use of the family trios
method together with samples taken from a variety of
independent, geographically dispersed centres, makes
it highly unlikely that these results were due to strati¬
fication or inbreeding. Further evidence that inbreed¬
ing is unlikely to underlie the observed excess in
homozygosity has been presented in previous case-
control studies.26 These show no evidence of Hardy-
Weinberg disequilibrium in other unlinked polymor¬
phisms in the same samples which originally dis¬
played excess D3 homozygosity. Our previous work
also shows that excess homozygosity is not a conse¬
quence of a mutation in the DNA sequence to which
one of the PCR primers binds, since the same findings
were obtained when a second set of primers was used
for PCR.26 Our findings are also unlikely to reflect
incomplete restriction enzyme digestion since this
would not result in an excess of allele 2. Furthermore
the presence of two non-polymorphic Ball sites within
the PCR product served as internal controls for diges¬
tion. Another possibility is that our findings reflect the
presence of a micro-deletion resulting in haplo-insuf-
ficiency of D3 in schizophrenia. However, no allele loss
was seen in this or previous family studies.26

We recognise that excess homozygosity in a disease
population is not a typical finding in genetic associ-

Table 2 The frequency of D3 Bail patient genotypes shown as a function of parental genotypes

Patient genotype Parental genotypes

1-1 x 1-1 1-1 x 1-2" 1-1 x 2-2 1-2 x 2-2' 1-2 x 1-2

1-1 14 17 3
1-2 - 6 6 1 3
2-2 4 3

"Parental matings informative for homozygosity.
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Table 3 The frequency of transmitted and non-transmitted D3 BalI genotypes in schizophrenia patient/parent trios from each
participating centre

147

Group Schizophrenia trios (n=57)

Transmitted Non-transmitted

1-1 1-2 2-2 HOM HET 1-1 1-2 2-2 HOM HET

UK Scotland 5 1 3 8 1 3 6 0 3 6

Austria 6 3 1 7 3 4 5 1 5 5

Finland 3 0 1 4 0 1 3 0 1 3

Italy 6 4 0 6 4 5 4 1 6 4

France 1 1 1 0 1 1 0 2 0 0 2

Greece 2 0 0 2 0 1 0 1 2 0

Portugal 0 1 0 0 1 0 1 0 0 1
UK Cardiff 10 6 2 12 6 9 8 1 10 8
France 2 1 0 0 1 0 0 1 0 0 1
Total 34 16 7 41 16 23 30 4 27 30

ation studies, although precedents do exist.61 One poss¬
ible explanation is that the presence of two different
molecular forms of the receptor results in an increased
ability to respond adaptively to variations in the
environment, occurring either during neural develop¬
ment or in adult life.25 Indeed the present findings
could be seen as an example of heterosis, with hetero¬
zygosity at D3 conferring protection against schizo¬
phrenia. Susceptibility to Creutzfeldt-Jakob disease
also shows an effect of homozygosity for an amino acid
substitution in the prion protein gene (PRNP).62 This
methionine to valine change confers different relative
risks, such that: Met/Met:Val/Val:Met/Val combi¬
nations result in 11:4:1 risk ratios, respectively.

Recently, Lundstrom and Turpin23 found that the 2-
2 genotype showed significantly higher dopamine
binding affinity than the 1-2 and 1-1 genotypes. They
also observed a higher binding activity for GR99841 in
the 2-2 and 1-2 genotypes compared to the 1-1 geno¬
type. This indicates that this polymorphism may have
functional significance although the direct mode of
action is as yet unknown. In fact, this polymorphism
does not lie within those parts of the protein usually
involved in signal transduction or ligand-binding.
However, it may change the way in which the protein
is inserted into the membrane. Alternatively, it might
not itself be of functional significance but be in linkage
disequilibrium with another genetic variant that is.
This could be located elsewhere in the coding
sequence of D3, in the regulatory region of the gene or
even in a gene close by.

Finally, although no significant heterogeneity was
detected between centres, the fact that some centres
showed no evidence of effect should be addressed. A
number of possibilities exists. If the effect is small as
suggested by these data, then sampling differences
could explain these inconsistencies. Alternatively, if
we have detected linkage disequilibrium with another
locus, then individual population samples may display
different levels of disequilibrium. It is also possible

although less likely, that different populations may be
affected by different risk factors. In conclusion, our
findings suggest that the balance of evidence favours
an association between schizophrenia and homozygos¬
ity of the Ser 9 Gly polymorphism in the dopamine D3
receptor gene. This might reflect a direct relationship
with the BaR polymorphism or be the result of linkage
disequilibrium with another locus close by. However,
an overall relative risk of between 1.21 and 2.7 in these

samples suggests that the magnitude of the effect may
well be small.
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Abstract

Previously, a combined analysis by the Chromosome 22 Collaborative Linkage Group (1996; Am. J. Med Genet.
67, 40-45) used an affected sib-pair analysis of a single marker (D22S278) in 574 families multiply affected by
schizophrenia and found some evidence for linkage (x2 = 9.35, 1 df, /> = 0.001), suggesting the presence of a disease
locus nearby on chromosome 22ql2. In order to further investigate the importance of this result, we have performed
the transmission disequilibrium test (TDT) and additional parametric and non-parametric linkage analysis of the
same data. The most positive result obtained was an admixture lod score of 0.9 under the assumption of locus
heterogeneity and dominant transmission. The result of the TDT analysis was significant at /> = 0.015 (allele-wise;
y2 = 22, 10 df) and /7 = 0.00016 (genotype-wise; y2 = 66.2, 30 df, empirical p value = 0.0009). Overall, these results
further strengthen the notion that there is a susceptibility locus for schizophrenia close to D22S278. © 1998 Published
by Elsevier Science B.V. All rights reserved.

Keywords: Psychosis; Chromosome 22; Complex disease genetics; Combined analysis; TDT

1. Introduction

Several groups have reported some evidence for
linkage between schizophrenia and genetic markers
located on chromosome 22q using the lod score
method of analysis. These findings included mark¬
ers at IL2RB (Pulver et al„ 1994a,b), D22S276
(Coon et al., 1994), D22S278 (Polymeropoulos

'Correspondence should be addressed to the Coordinators.
'For list of participants, see Appendix A.
Coordinated by Homero P. Vallada and David A. Collier.
'Statistical analysis by David Curtis and Pak C. Sham.

et al., 1994; Vallada et al., 1995a) and D22S304
(Schwab et al., 1995), although some studies were
negative (Kalsi et al., 1995). These linkage studies
used different markers and methods of analysis
and so the results are not easily comparable. To
resolve these findings a combined analysis was
performed using pre-existing and new genotypic
data from a single marker in the region D22S278,
in multiply affected schizophrenic families derived
from 11 independent research groups worldwide
(Chromosome 22 Collaborative Linkage Group,
1996). This marker was chosen because it maps at
22ql2, a region which showed maximum evidence
for linkage in three independent data sets

0920-9964/98/$ 19.00 © 1998 Published by Elsevier Science B.V. All rights reserved.
PII: S0920-9964(98)00048-6
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(Polymeropoulos et al., 1994; Vallada et al., 1995a;
Lasseter et al., 1995).

Using the affected sib-pair method as imple¬
mented by the program ESPA (Sandkuijl, 1989),
the results of the Chromosome 22 Collaborative
Linkage Group (1996) showed 251 alleles shared
compared with 187 alleles not shared (X2=9.35,
1 df, p = 0.001) where parental genotype data were
completely known. When sib-pairs for whom par¬
ental data were assigned according to probability
were included, the number of alleles shared was
492.1 compared with 416.9 not shared (yz = 6.22,
1 df,/> = 0.006). Similar results were obtained when
a likelihood ratio method for sib-pair analysis was
used. Overall, in 9 out of the 11 data sets examined,
an excess of sharing of alleles among affected sib-
pairs was seen. In the present study, we have
performed additional analysis of these data using
the transmission disequilibrium test (TDT) and
both the lod-score and model-free (MFLINK)
methods of linkage analysis to further investigate
our initial results.

2. Methods

2.1. Subjects and genotyping

The data consisted of genotypes for the marker
D22S278 from 574 schizophrenic families derived
from 11 centres (Chromosome 22 Collaborative
Linkage Group, 1996). In order to standardise
allele sizes throughout the sample, each group sent
us a small aliquot of DNA from between one and
six unrelated members of the pedigrees which were
analysed for the marker. The disease phenotype
defined for the analyses included only schizo¬
phrenia and schizoaffective disorder as defined by
DSM-III-R (American Psychiatric Association,
1987) or RDC (Spitzer et al., 1978). All diagnostic
information was obtained using well-known and
robust diagnostic instruments and a summary
of the pedigrees and diagnostic procedures of
each participating group is presented elsewhere
(Chromosome 22 Collaborative Linkage Group,
1996).

2.2. Linkage analysis

Two-point lod scores were calculated using the
LINKAGE package (Lathrop et al., 1984), using
a disease gene frequency of 0.01 and a transmission
model in which penetrance for fl (phenocopiesy
rate) is 0.01, for f2 (heterozygotes) is 0.5 and for
f3 (homozygotes) is 0.5. Each cohort was analysed
separately. Allele frequencies were estimated using
ILINK, then the analysis with MLINK was done
using these frequencies. Finally the lods from all
cohorts were combined.

Further analyses were carried out using
MFLINK, which does not require specification of
a mode of transmission, but compares the likeli¬
hood for the observed data under the hypothesis
that a locus at a particular test position influences
susceptibility in a proportion of families, with the
likelihood under the hypothesis that it has no
effect. Both likelihoods are maximised indepen¬
dently over a range of fully dominant and recessive
transmission models and the likelihood under link¬

age is additionally maximised over alpha, the
proportion of families linked. The differences
obtained can be treated as a 'model-free' lod score

(Curtis and Sham, 1995). In addition, MFLINK
outputs the maximum lod score obtained for any
transmission model under homogeneity and
heterogeneity. The position tested by MFLINK
was at a recombination fraction of 0.05. A modifi¬
cation of the MFLINK method was used in order
to utilise the likelihoods derived from each cohort,
with separate marker allele frequencies for each.

2.3. Transmission disequilibrium test

The TDT analysis examines whether a particular
allele at a marker locus is transmitted preferentially
from parents to affected offspring. Using unrelated
cases the TDT should be positive only if the
marker is linked to and in linkage disequilibrium
with the disease locus. It thus avoids the problem
of case-control association studies in which false-
positive results can be produced by hidden popula¬
tion stratifications or poor matching of controls.
To avoid carrying out multiple testing or making
any prior assumptions as to which allele is associ¬
ated with the disease, an extension of this test for
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multi-allelic markers has been implemented by the
ETDT program (Sham and Curtis, 1995a). ETDT
calculates two chi-square statistics from the trans¬
mission data. The first is a genotype-wise chi-
square, so called because each heterozygous paren¬
tal genotype is associated with a separate parame¬
ter which determines the relative probabilities of
whether one or the other of the two alleles is
transmitted to unaffected offspring. This test,
therefore, has as many degrees of freedom as there
are heterozygous parental genotypes. The second
is based on a logistic regression model and is called
an allele-wise chi-square, because each allele is
associated with a separate parameter such that the
probability of transmitting one allele rather than
the other in a parental genotype to an affected
offspring is determined by the difference between
the parameters of the two alleles. The degrees of
freedom of this test is equal to the numbers of
alleles minus 1. In a homogeneous randomly
mating population using unrelated cases, the allele-
wise test is expected to be more powerful than the
genotype-wise test. A greater genotype-wise signi¬
ficance than allele-wise significance may suggest
heterogeneity or stratification within the popula¬
tion. The genotype-wise statistic can be prone to
erroneously small p values when the sample size is
small in relation to the number of heterozygous
parental genotypes. In order to avoid this, a
Monte-Carlo procedure was added to ETDT to
determine the empirical p values of the genotype-
wise (and allele-wise) tests (Sham and Curtis,
1995b). For each heterogeneous parent-affected
offspring pair in the sample, a random number is
drawn which determines with equal probability
whether one or the other allele is transmitted. Each
replicate of such simulated data sets is subjected

to the ETDT analysis and the values of the two
chi-square tests calculated. An empirical estimate
of the p values of the chi-square statistic of the
observed data is then given by the proportion of
replicates in which the calculated chi-square statis¬
tic exceeds the chi-square statistic of the observed
data.

3. Results

Table 1 presents the results of two-point linkage
analysis. There was no significant evidence for
linkage under locus heterogeneity or homogeneity.
The maximum lod score obtained was 0.9 under

genetic heterogeneity. The 'model-free' lod score
produced by MFLINK was 0, and none of the
transmission models tested produced a higher
admixture lod score than that obtained from the
standard lod score analysis using the dominant
model described above.

After standardising alleles throughout the entire
sample, 11 alleles were found ranging between
247 bp (allele 1) and 227 bp (allele 11). The trans¬
mission for individual alleles is summarised in
Table 2. The result of the allele-wise TDT analysis
was significant at p = 0.015 (y2 = 22, 10 df) and
that of the genotype-wise TDT was p- 0.00016
(X2 = 66.2, 30 df). The empirical p value for the
genotype-wise chi-square statistic using Monte
Carlo simulation (10 000 replicates) was p =

0.0009, quite similar to the value based on asymp¬
totic theory.

Table 3 shows the results of the TDT analysis
by individual centre. Four of the centres produced
statistically significant results in the genotype-wise
analysis, and the overall significance was not exces-

Table 1
Results of two-point linkage analysis of D22S278 with 574 schizophrenia families

Recombination fraction (theta)

0.0 0.01 0.05 0.1 0.2 0.3 0.4

Under homogeneity —63 —53 —31 — 15 —2.8 0.7 0.6
Under heterogeneity (A statistic) 0.90 0.89 0.89 0.89 0.93 0.92 0.6
Alpha 0.1 0.1 0.15 0.2 0.3 0.7 1.0
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Table 2
The transmission of individual alleles to affected offspring used
in the ETDT analysis, for the marker D22S278 in the combined
sample*

Alleles Passed Not-passed

1 12 9

2 6 12

3 81 60

4 152 159
5" 234 191
6C 182 246

7 128 133
8 70 59

9 16 11

10 1 0

11 0 2

"Alleles are labelled from 1 (longest; 247 bp) to 11 (shortest;
227 bp).
V=0.037.
*p=0.002 (uncorrected for multiple alleles).

sively weighted towards a single centre. Note that
the level of significance for the Institute of
Psychiatry/Cardiff sample (/?=0.05) differs from
that previously reported (p = 0.01) (Vallada et al.,
1995b). This is because the definition of affected
phenotype has changed from schizophrenia,
schizoaffective disorder and unspecified functional
psychosis in the prior analysis to schizophrenia

and schizoaffective disorder only in the present
analysis.

4. Discussion

The aim of this study was to explore the signifi¬
cance of findings in our previous study
(Chromosome 22 Collaborative Linkage Group,
1996). In the present study, the most positive
linkage result obtained was a lod score of 0.9
under assumption of locus heterogeneity and domi¬
nant transmission. Using an allele-wise TDT analy¬
sis, a result of moderate significance was obtained
(y2 = 22, 10 df, />=0.015). Genotype-wise TDT
analysis reached a greater level of significance
(y2 = 66.2, 30 df; />=0.00016, empirical p —

0.0009). The fact that the genotype-wise result is
far more significant than the allele-wise result may
suggest that the allele-wise model is inadequate,
possibly because of the presence of hidden stratifi¬
cation within the sample or because some of the
affected subjects are related. Since the families
used in this analysis were ascertained from diverse
geographic locations, stratification between the
sampled populations is likely. Consequently, we
argue that greater weight should be given to the
genotype-wise result.

Table 3
Allele and genotype-wise chi-square and p values for the ETDT analysis by centre for the marker D22S278

Allele-wise Genotype-wise

Group X2 (df) pvalue y1 (df) p value

Institute of Psychiatry/Cardiff 13.3 (6) 0.04 23.6 (14) 0.05
Johns Hopkins/MIT 7.3 (5) 0.20 18.5 (10) 0.05
Medical College of Virginia 8.9 (7) 0.26 22.0 (17) 0.19
National USA/Clinical Research Centre, UK 5.5 (7) 0.60 29.8 (16) 0.02

University of Utah/University of Colorado 10.9 (3) 0.01 10.9 (3) 0.01
CNRS, France 6.5 (7) 0.48 9.3 (13) 0.75

Munich/Jerusalem/Mainz/Haar 7.6 (6) 0.27 13.3 (ID 0.28

University College Hospital 2.1 (5) 0.84 3.2 (8) 0.92

Royal Edinburgh Hospital 4.0 (3) 0.26 12.0 (6) 0.06
Kiel University Hospital I 3.3 (4) 0.51 9.8 (7) 0.20
Kiel University Hospital II 1.1 (3) 0.77 1.7 (4) 0.79
USA/Australia 5.3 (6) 0.50 9.6 (9) 0.40

df denotes degrees of freedom used to calculate the p value.
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Three studies testing for linkage disequilibrium
between D22S278 and schizophrenia have been
published (Moises et al., 1995; Vallada et al,
1995b; Williams et al., 1997). The first study (data
from which are not included in the present study)
performed the TDT in 113 unrelated Han Chinese
schizophrenic patients and both their parents, and
was significant at p = 0.02. Another study did not
provide evidence for allelic association using 90
cases and 90 controls (Williams et al., 1997). The
third study was a TDT analysis using multiply
affected families from the Institute of Psychiatry,
London and the University of Wales College of
Medicine (Vallada et al., 1995b), and is a subset
of the present sample. This study produced evi¬
dence of allele-wise (p = 0.01) and genotype-wise
(p = 0.02; H. Vallada, D.A. Collier, unpublished)
transmission disequilibrium for D22S278 and also
for the nearby D22S283 (/7 = 0.001; allele-wise)
when Research Diagnostic Criteria (Spitzer et al.,
1978) were used and unspecified functional psycho¬
sis included in the definition of the phenotype. The
exclusion of this diagnostic category from the
phenotypic diagnosis for the present study (which
was restricted to schizophrenia and schizoaffective
disorder only) reduced the allele-wise level of signi¬
ficance to /7 = 0.04. Since this previously published
data is included in the present study, the two
results obtained are not fully independent.
However, it is clear from Table 3 that the overall
genotype-wise significance (p=0.0009) is not
excessively weighted towards the Institute of
Psychiatry/Cardiff sample or any other single
sample, and indeed appears to result from the
accumulation of non-random genotypic transmis¬
sion from several centres.

Overall, despite still not being conclusive, these
linkage and TDT results are consistent with and
strengthen the hypothesis that there is a susceptibil¬
ity factor allele for schizophrenia at 22ql2. More
studies in this large collaborative sample will be
needed in order to identify this putative susceptibil¬
ity locus for schizophrenia, including further TDT
analyses using haplotypes of polymorphic markers
very close to D22S278. The use of family trio or
sibling-pair samples ascertained independently
from the present samples may provide the most
robust evaluation of the role of this locus in

schizophrenia, and may allow us to fine-map the
disease locus to a manageable interval. Once this
is achieved, evaluation of positional candidate
genes isolated from this region can proceed with
confidence.
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Abstract: The human serotonin transporter (hSERT) gene
is a candidate for involvement in the aetiology of affective
disorders. In humans, multiple transcripts of the gene
have been detected by northern blot analysis of brain and
other tissues. We performed 3' rapid amplification of
cDNA ends to identify the common sites of polyadenyl¬
ation in hSERT mRNA from human JAR cells and whole
blood. Two major polyadenylation sites were identified:
one 567 bp downstream of the stop codon, consistent
with the usage of the polyadenylation signal AATGAA,
and a second site 690 bp downstream of the stop codon.
The putative polyadenylation signal upstream of this site
contained a single nucleotide polymorphism (AG/
TTAAC). However, allelic variation at this site did not
influence polyadenylation site usage, and there were no
significant differences in the abundance of the two alleles
of this polymorphism between 329 control subjects, 158
individuals with major depression, and 130 individuals
with bipolar affective disorder. This single nucleotide
polymorphism in the 3' untranslated region of the hSERT
gene should provide a useful genetic marker in the eval¬
uation of hSERT as a candidate gene influencing suscep¬
tibility to mood disorders. Key Words: Serotonin trans¬
porter—Polyadenylation—Affective disorder—Polymor¬
phism.
J. Neurochem. 72, 1384-1388 (1999).

Several lines of evidence suggest that alterations in the
function of the human serotonin transporter (hSERT)
may be implicated in the pathogenesis of affective dis¬
orders. hSERT terminates neurotransmission by the re¬
uptake of serotonin into the presynaptic terminal and is
the site of action of the selective serotonin reuptake
inhibitor group of antidepressants (Owens and Nemeroff,
1994). Mood disorders are generally thought to be poly¬
genic diseases, and the hSERT gene has been identified
as a possible candidate among genetic factors that might
confer susceptibility to depression (Harmar et al., 1996).

Two variable number tandem repeat polymorphisms
have been described within the gene, one in intron 2
(Lesch et al., 1994; Battersby et al., 1996) and a second
(5-HTTLPR) close to the promoter region ~1 kb up¬
stream of the transcription start site (Heils et al., 1996).

Association studies comparing the allelic frequencies
of the two polymorphisms in control subjects and pa¬
tients with affective disorder have given conflicting re¬
sults. Two studies (Collier et al., 19966; Furlong et al.,
1998) have demonstrated a weak association between
alleles of the 5-HTTLPR and affective disorder. In ad¬
dition, several studies have reported significant associa¬
tions between alleles of the intron 2 polymorphism and
bipolar (Collier et al., 1996a; Kunugi et al., 1997; Rees
et al., 1997) and unipolar (Battersby et al., 1996) depres¬
sion. However, other investigators have been unable to
demonstrate associations between these polymorphisms
and mood disorder (Esterling et al., 1998; Hoehe et al.,
1998). Definitive studies of the role of hSERT in affec¬
tive disorder will require the identification of further
polymorphic markers within and flanking the gene.

There are large differences in hSERT mRNA sizes
seen in different tissues in vivo, possibly resulting from
the use of alternative polyadenylation sites (Bradley and
Blakely, 1997). We report here the use of the 3' rapid
amplification of cDNA ends (RACE) technique to iden¬
tify two commonly used sites of polyadenylation in the
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hSERT gene and describe a polymorphism within a
putative polyadenylation signal for one of these sites.

MATERIALS AND METHODS

DNA isolation
Genomic DNA was isolated from whole venous blood as

described previously (Smith et al., 1992). One hundred microli-
tres of whole blood was washed three times in TE buffer (10
mMTris-HCl, pH 8, 1 mA/EDTA), and peripheral leukocytes
were harvested and resuspended in 100 /xl of lysis buffer (50
mMKCl, pH 8.3, 2.5 mMMgCL,, 0.45% Nonidet P-40, 0.45%
Tween 20) containing 200 mg/ml proteinase K. Lysis was
completed by incubation for 20 min at 55°C. Lysates were
diluted with an equal volume of sterile distilled water and
heated to 96°C for 10 min to inactivate the proteinase. In some
cases, DNA was isolated using the Nucleon Genomic DNA
extraction kit according to the manufacturer's instructions.

Genotyping of polymorphism in 3' untranslated
region

Target DNA (3 /xl of lysate or 100 ng of purified DNA) was
amplified by PCR using oligonucleotide primers: HTT.PCR1:
5 '-CCGCTTGAATGCTGTGTAACACAC; and HTT.PCR3:
5'-GTACCCTTCCAATAATAACCTCC. PCR was under¬
taken using 1.5 U of Taq polymerase (Promega), 100 ng of
each primer, 200 /xM each of dATP, dGTP, dCTP, and dTTP,
and 1.5 mM MgCl2 in 50 /xl of PCR buffer. PCR was carried
out in a Hybaid Omnigene thermal cycler, using 30 s of
denaturation at 94°C, 30 s ofprimer annealing at 56°C, and 45 s
ofpolymerization at 72°C for 35 cycles. A final polymerization
step of 2 min was carried out to complete elongation of all
strands.

Genotyping of a single nucleotide polymorphism within the
region of the hSERT gene amplified by primers HTT.PCR1 and
HTT.PCR3 was performed by digestion with the restriction
enzyme Tru9 1 (NBL). Fifteen microlitres of each PCR frag¬
ment was incubated overnight at 65°C in 3 U of Tru9 1 in a
total volume of 50 /xl of 1X restriction buffer. In addition, in
some cases, PCR products were cut overnight at 55°C in 2 U of
Mae\\\ restriction endonuclease (Boehringer) in a total volume
of 50 /xl of 1X restriction buffer. Digests were resolved on 2%
agarose gels, and bands were visualised by ethidium bromide
staining and UV transillumination.

DNA sequencing
PCR products were resolved on 1% agarose gels, and bands

were excised and purified by the Wizard PCR DNA purification
system (Promega). DNA was concentrated using Microcon 100
columns (Amicon). For characterisation of the polymorphism,
30 samples were sequenced using the Prism Dye Terminator
Cycle Sequencing kit with Amplitaq DNA polymerase, FS
(Perkin-Elmer) in a Hybaid Omnigene thermal cycler. Thirty
cycles of sequencing consisted of 30 s at 96°C, 15 s at 50°C,
and 4 min at 60°C. PCR fragments were sequenced with
primers HTT.PCR1 and HTT.PCR3 together with primer 3'
untranslated region forward (UTRF): 5'-GTTCATGAATACG-
TAAACTGCG. 3' RACE products were sequenced as above
using primer 3'UTRF. Unincorporated nucleotides were re¬
moved by precipitation with 95% ethanol. Electrophoresis was
carried out on an Applied Biosystems model 373 Stretch DNA
Sequencer at a constant power of 30 W for 12 h using a 4.75%
denaturing polyacrylamide gel.

RNA extraction
RNA was extracted from 23 samples of whole blood and

from human placental JAR cells by the method of Chomczyn-
ski and Sacchi (1987) using the RNAzol LS and RNAzol
reagents (Biogenesis), according to the manufacturer's instruc¬
tions. In brief, 2 ml of frozen whole blood was diluted 1:3 in
diethyl pyrocarbonate (DEPC)-treated water and thawed in 9
ml of RNAzol LS. The samples were chloroform-treated and
centrifuged, and the aqueous layer precipitated overnight in
isopropanol. Samples were ethanol-washed and resuspended in
DEPC-treated water. A 75-mm2 flask of JAR cells was ho¬

mogenised in 2 ml of RNAzol and choroform-treated, and the
RNA precipitated as above.

3' RACE
3' RACE reactions were performed using a 3' RACE kit

from Life Technologies according to the manufacturer's in¬
structions. In brief, 5 /xg of RNA was incubated for 10 min at
70°C with 1 /xl of 10 /xM adapter primer in 12 /xl of DEPC-
treated water. Two and five-tenths microlitres of 10 mM
dNTPs, 5 /xl of 0.1 M dithiothreitol, 5 /xl of 25 mMMgCl2, 7
/xl of water, and 10 /xl of 10X PCR buffer were added and
heated to 42°C. One microlitre (200 U) of Superscript II reverse
transcriptase was added, and samples were incubated for 50
min at 50°C. The reverse transcriptase was inactivated by
heating for 15 min at 70°C, and the RACE reactions were
treated with 2 U of RNase H for 20 min at 37°C to destroy the
RNA. For the PCR stages of the 3' RACE, 5 /xl of each RACE
reaction was amplified in the presence of 2 mM MgCl2, 200
/xM dNTPs, 100 ng of an abridged universal amplification
primer (AUAP), and 100 ng of primer HTT.PCR1 in 50 /xl of
1X PCR buffer. DNA was amplified with 35 cycles of dena¬
turation at 94°C for 30 s, annealing at 56°C for 30 s, and
elongation at 72°C for 1 min. A second round of nested PCR
was performed using the same buffer conditions as above with
1 /xl of the amplification product from the first round and the
primers AUAP and 3'UTRF, under the same conditions but
with elongation for 30 s at 72°C.

Genotyping of other hSERT polymorphisms
Genotyping for the intron 2 polymorphism of hSERT was

performed as described previously (Battersby et al., 1996). For
the 5-HTTLPR polymorphism, amplification was carried out
using 100 ng each of forward primer 5'-CACCTAACCCCTA-
ATGTCCCTACT and reverse primer 5'-GGACTGAGCTG-
GACAACCAC in a reaction volume of 50 /xl containing
IX Pfu buffer, 200 /xM each of dATP, dCTP, and dTTP
together with 100 /xMdGTP and 100 /xM 7-deaza-GTP. The
reaction was heated to 98°C for 5 min, and 2.5 U of Pfu
Exo-minus polymerase (Stratagene) was added. Amplification
consisted of 40 cycles of 98°C for 45 s, 65°C for 45 s, and 72°C
for 90 s. Products were resolved on 2-3% agarose gels, and
bands were visualised by ethidium bromide staining under UV
transillumination.

Subjects
The design of the study was approved by the relevant com¬

mittee for Medical Ethics. For the polymorphism in the 3'
untranslated region of hSERT, 158 individuals with single or
recurrent major depressive episodes and 130 individuals with
bipolar disorder were compared with a group of 329 controls.
Patients with major affective disorder were recruited from the
in-patient and out-patient populations of the Royal Edinburgh
Hospital. All patients met DSM-III-R criteria for major depres¬
sive disorder or bipolar disorder and also the probable Research

J. Neurochem., Vol. 72, No. 4, 1999
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Diagnostic Criteria according to the Schedule for Affective
Disorders and Schizophrenia (Lifetime version) (SADS-LA)
(Endicott and Spitzer, 1978). One hundred ten control samples
were obtained from volunteers who were screened by brief
interview to exclude past psychiatric illness, as well as 219
anonymous donors from the Scottish Blood Transfusion ser¬
vice.

A detailed retrospective case note analysis was undertaken
on 100 of the sample (52 bipolar and 48 unipolar) selected
randomly so as to be matched for genotypes, to focus on
gaining an impression of clinical severity. Of these, the mean
age of onset was 29.2 years, the mean number of psychiatric
hospital admissions 4.5, and the mean number of days in
hospital 320.8. Of these patients, 39% had been treated with
electroconvulsive therapy, having had a mean number of 5.9
treatments. Forty-six percent had experienced mood congruent
psychotic symptoms, and 41% had been so ill as to have
required involuntary hospital detention under the mental health
act at some point.

Statistical methods
Analysis of allele and genotype distribution was carried out

on the raw frequencies by the jy2 test using the Statistical
Package for the Social Sciences (SPSS Apple Macintosh ver¬
sion 4.0). Haplotype analysis was performed using the Arlequin
software package (Schneider et al., 1997).

1 23456789 10 11 M

size
bp

264
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216
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1 2 3 4 5 6

ABABABABABABM
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RESULTS

3' RACE
3' RACE was performed using nested PCR, with

primer pairs AUAP and HTT.PCR1 for the first round
and pairs AUAP and 3'UTRF for the second round. Two
major RACE products of ~340 and 220 bp were iden¬
tified from mRNA extracted from JAR choriocarcinoma
cells or whole human blood (Fig. 1A). In addition, a
weaker band ~290 bp in size, together with other weakly
positive bands, was seen both on gels (Fig. 1A) and by
Southern hybridisation (data not shown). Sequencing
showed that the products of 340 and 220 bp corre¬
sponded to usage of two polyadenylation sites 567 and
690 bp downstream of the stop codon, as illustrated in
Fig. 2. The RACE products of intermediate size were
consistent with usage of the proximal polyadenylation
site, but with size differences corresponding to large
variation in the length of the poly(A) tail. The two major
3' RACE amplification products were not seen in every
human RNA sample examined. In some cases, the long¬
est RACE product was the only one seen, whereas in
others only the shortest fragment was present (Fig. 1A).
Characterisation of the polymorphism

Sequencing of the PCR products from the 3' untrans¬
lated region of the hSERT gene revealed a fragment 741
bp in length (Fig. 2). DNA fragments from 30 samples of
human genomic DNA were sequenced, and a single
nucleotide polymorphism was identified at base 689,
where either a T or G nucleotide was present, the se¬
quence being either ATTAAC or AGTAAC (Fig. 2). In
11 cases, electropherograms showed both T and G peaks.
To confirm the presence of a polymorphism at base 689,
the PCR products were digested with the restriction

FIG. 1. A: 3' RACE products for the hSERT gene; RNA extracted
from human placental JAR cells (lane 1) and whole human blood
(lanes 2-11). Bands of 340 and 220 bp correspond to usage of
two major polyadenylation sites. Intermediate bands are consis¬
tent with usage of the proximal site with variable length of poly(A)
tail. B: Restriction digests of PCR products from the 3' untrans¬
lated region of hSERT gene using Tru9 1 (A) and Mae III (B). Three
genotypes are shown from six individuals. Subjects 1 and 2
(lanes 1-4), ATTAAC/ATTAAC. Subjects 3 and 4 (lanes 5-8),
ATTAAC/AGTAAC. Subjects 5 and 6 (lanes 9-12), AGTAAC/
AGTAAC.

endonuclease Tru9 1, which cuts the sequence TTAA,
but not GTAA (Fig. IB). Both alleles from samples that
sequence data indicated were homozygous for the T
allele were cut by Tru9 1, giving bands of 52 and 689 bp,
whereas those that were homozygous for G were not
affected by restriction digestion. Samples in which both
bases were present on sequencing had bands of 52, 689,
and 741 bp on restriction digestion (Fig. IB). To verify
further the presence of a polymorphism, the PCR prod¬
ucts were digested with the enzyme MaeIII, which cuts
the sequence GTNAC. There were three sites for this
enzyme in those samples with a G at base 689. Samples
with two G alleles had bands of 15, 215, 458, and 53 bp.
Those with two T alleles had bands of 15, 215, and 511
bp. Heterozygotes showed bands of 15, 53, 215,458, and
511 bp. There was no consistent pattern of polyadenyl¬
ation in RNA from human blood in relation to genotyp-
ing of the polymorphism in the putative polyadenylation
signal.
Association study

DNA samples from control subjects and patients with
affective disorder were genotyped by amplification of the

J. Neurochem., Vol. 72, No. 4, 1999
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FIG. 2. Sequence of 741 -bp PCR product from
exon 14 of hSERT gene. End of coding se¬
quence is indicated. Two major polyadenylation
sites are indicated in bold type, and putative
polyadenylation signals are underlined. G/T
polymorphism is present at base 689.

stop
codon

CCGCTTGAATGCTGTG3MCACACTCACCGAGAGGAAAAAGGCTTCTCCACAACCTCC -58
TCCTCCAGTTCTGATGAGGCACGCCTGCCTTCTCCCCTCCAAGTGAATGAGTTTCCAG -116
CTAAGCCTGATGATGGAAGGGCCTTCTCCACAGGGACACAGTCTGGTGCCCAGACTCA -17 4
AGGCCTCCAGCCACTTATTTCCATGGATTCCCCTGGACATATTCCCATGGTAGACTGT -232
GACACAGCTGAGCTGGCCTATTTTGGACGTGTGAGGATGTGGATGGAGGTGATGAAAA -2 90
CCACCCTATCATCAGTTAGGATTAGGTTTAGAATCAAGTCTGTGAAAGTCTCCTGTAT -348
CATTTCTTGGTATGATCATTGGTATCTGATATCTGTTTGCTTCTAAAGGTTTCACTGT - 4 0 6
TCATGAATACGTAAACTGCGTAGGAGAGAACAGGGATGCTATCTCGCTAGCCATATAT -464
TTTCTGAGTAGCATATATAATTTTATTGCTGGAATCTACTAGAACCTTCTAATCCATG -522
TGCTGCTGTGGCATCAGGAAAGGAAGATGTAAGAAGCTAAfiaiSMAAATAGTGTGTC -580
CATGCAA-1POLY A1GCTTGTGAGTCTGTGTATATTGTTGTTTCAGTGTATTCTTAT -629
CTCTAGTCCAATATTTTGGGCCCATTACAAATATATGAATICCCCAAATTTTTCTTAC -687
AO/TTAACAAATTCTACCAACTCAA- [POLY A]TTGTGTATGGAGGTTATTATTGGA -734
AGGGTAC "741

3' untranslated region of the hSERT gene followed by
Tru9 1 digestion and resolution of products on 2% aga¬
rose gels. Table 1 illustrates the distribution of allele
frequencies and genotypes in control and patient sam¬
ples. The control genotype distribution was close to
Hardy-Weinberg equilibrium. There was no significant
difference in allele or genotype frequencies between the
control and affective disorder groups.

Haplotype analysis
Haplotype analysis was performed for three polymor¬

phisms in the hSERT gene. Two alleles were identified
for the 5-HTTLPR polymorphism (long and short),
whereas three alleles were present for the intron 2 poly¬
morphism (nine, 10, or 12 repetitive elements). Haplo¬
type analysis showed linkage disequilibrium between the
three polymorphisms, with the long/10/T and short/12/G
haplotypes occurring most frequently (Table 2). The
hypothesis of random distribution of the 12 haplotypes
among the control and bipolar and unipolar depression
populations was tested using the population pairwise
differentiation test (Raymond and Rousset, 1995). This
test provided evidence that the distribution of haplotypes
differed between the control and bipolar affective disor¬
der populations (p < 0.05). Differences between the
population frequencies for long/10/G (p = 0.063) and
short/12/G (p = 0.062) haplotypes (Table 2) provide the
most probable source for this effect.

DISCUSSION

The classical hexanucleotide sequence AATAAA,
which is highly conserved among mammalian polyade¬
nylation signals (Wickens, 1990) and is functional in the

dopamine transporter (Kawarai et al., 1997), was not
found in the 3' untranslated region of the hSERT gene.
Instead, we found evidence of two polyadenylation sites,
consistent with the use of two of the three noncanonical
polyadenylation signals suggested by Bradley and
Blakely (1997). The more distal of the two polyadenyl¬
ation signals that we detected (ATTAAC) was also iden¬
tified by Heils et al. (1995) and is similar in sequence and
location to functional polyadenylation signals in the rat
and mouse serotonin transporter genes (ATTAAAC)
(Gregor et ah, 1993; Heils et ah, 1995; Chang et ah,
1996). However, we cannot exclude the possibility that
polyadenylation signals downstream of the region of the
hSERT gene that we have sequenced may give rise to
longer transcripts.

The functional significance of the polymorphism that
we have identified in the ATTAAC polyadenylation sig¬
nal remains to be established. Although there was no
evidence that polymorphic variation at this locus influ¬
enced polyadenylation site usage, the 3' RACE tech¬
nique used was not quantitative.

No significant association was seen between the poly¬
morphism in the 3' untranslated region of the hSERT
gene and susceptibility to affective disorder, although
our initial analysis has suggested some differences in
haplotype distribution between the control group and
patients with mood disorder. As suggested by Collier
(1998), a definitive assessment of the contribution of
genetic variation in the serotonin transporter gene to
susceptibility to mood disorders will require the analysis
of haplotypes of many markers within and around the
gene, probably using large family trio or sib-pair sam-

TABLE 1. Allele and genotype frequencies ofpolymorphism in 3' untranslated region of hSERT in control and patient groups

n

Genotypes Alleles

T/G T/T G/G Total T G

Control 329 163 (50) 97 (29) 69(21) 658 357 (54) 301 (46)
All affective disorder 288 147 (51) 95 (33) 46(16) 576 337 (59) 239 (41)
Unipolar 158 76 (48) 54 (34) 28(18) 316 184 (58) 132(42)
Bipolar 130 71 (55) 41(31) 18(14) 260 153 (59) 107(41)

Values in parentheses represent percent frequencies.
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TABLE 2. Distribution of haplotype frequencies for three
polymorphisms in three populations for the hSERT gene

Haplotype

Group

Control Bipolar Unipolar

Long/10/G 0.038(0.012) 0.011 (0.008)" 0.026 (0.015)
Long/10/T 0.245 (0.023) 0.306 (0.044) 0.253 (0.032)
Long/12/G 0.137(0.018) 0.116(0.030) 0.153 (0.027)
Long/12/T 0.121 (0.017) 0.177 (0.030) 0.141 (0.029)
Long/9/G 0.000 0.000 0.005 (0.005)
Long/9/T 0.012 (0.006) 0.004 (0.006) 0.012(0.013)
Short/10/G 0.010(0.009) 0.005 (0.007) 0.001 (0.006)
Short/ 10/T 0.078 (0.015) 0.077 (0.024) 0.059 (0.017)
Short/12/G 0.300 (0.024) 0.226 (0.032)" 0.218 (0.030)"
Short/12/T 0.058 (0.016) 0.071 (0.022) 0.106 (0.024)*'
Short/9/G 0.000 0.000 0.000
Short/9/T 0.000 0.008 (0.007) 0.015 (0.009)

Estimated haplotype frequencies for control subjects, bipolar disor¬
der, and unipolar disorder are presented. The values in parentheses
represent the standard deviations of the estimates, p > 0.1 for all
comparisons except as noted.

"T statistic = -1.867,/? = 0.063, control vs. bipolar.
AT statistic = 1.875,/? = 0.062, control vs. bipolar.
CT statistic = 2.133,/? = 0.034, control vs. unipolar.
dT statistic = —1.679,/? = 0.094, control vs. unipolar.

pies. The polymorphism described here should provide a
useful tool in such studies.
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Altered cerebral perfusion measured by SPECT

in relatives of patients with schizophrenia
Correlations with memory and P300
D. H. R. BLACKWOOD, M. F. GLABUS, J. DUNAN, R. E. O'CARROLL,
W. J. MUIR and K. P. EBMEIER

Background Genetic studies
in schizophrenia are hampered by the
complex heterogeneous clinical phenotype.
Biological variables identified as trait
markers of risk could clarify the mode
of inheritance, define clinical subgroups
and provide clues about aetiology.

Aims To use single photon emission
computed tomography (SPECT) to

compare brain perfusion maps in
patients with schizophrenia (n=l9),
their asymptomatic 'high-risk' relatives
(n=36) and control subjects (n=34)
and to examine the relationships
between imaging, memory and P300
event-related potential.

Method SPECT, memory tests
and P300 recording were carried out.

Results In the patients with
schizophrenia and their relatives,
perfusion was reduced in left inferior
prefrontal and anterior cingulate cortex
and increased bilaterally in a subcortical
region. Perfusion significantly correlated
with verbal memory and P300 amplitude
in left inferior prefrontal cortex and with
P300 latency in anterior cingulate cortex.

Conclusions Medication- and

symptom-free relatives had altered

regional perfusion intermediate between
subjects with schizophrenia and controls.
Impaired perfusion, verbal memory and
P300 appear to be related traits
associated with an increased risk of illness.
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The causes of schizophrenia remain un¬
known, but a substantial genetic contribu¬
tion to the aetiology of this complex
disorder is well established (Karayiorgou
& Gogos, 1997). Family studies reveal a

complex mode of inheritance that does
not conform to classical Mendelian rules

(Kendler 8c Diehl, 1993). One approach
to clarifying the phenotype for genetic
research is to identify biological variables
as trait markers of risk for schizophrenia.

TRAIT MARKERS OF RISK

The most studied of these endophenotypes
in high-risk relatives have been psycho¬
logical measures (Erlenmeyer-Kimling et al,
1993; Kremen et al, 1994; Keefe et al,
1994) and physiological responses including
eye movements (Holzman etal, 1974; Keefe
et al, 1997) and the P300 and PJO event-
related potentials (Blackwood et al, 1991a;
Freedman et al, 1997). Structural brain
changes measured by computed tomography
(CT) (Weinberger etal, 1981; Cannon etal,
1993) and magnetic resonance imaging
(MRI) (Seidman et al, 1997; Sharma et al,
1998; Lawrie et al, 1999) have also been
reported in relatives.

In a study of first-episode schizophrenia,
Saykin et al (1994) concluded that verbal
memory impairment is a primary neuropsy¬

chological deficit in schizophrenia present
early in the course of the disorder.

THE P300 RESPONSE

Auditory P300 is a scalp-recorded electro-
encephalographic response generated dur¬
ing a two-tone discrimination (odd-ball)
task in which the subject identifies a
random rare tone that is task-relevant and
novel. P300 latency and amplitude are

thought to reflect the speed and efficiency
of processing stimuli in short-term memory.
Since the first report by Roth 8c Cannon

(1972), many studies have confirmed the
presence of reduced P300 amplitude and
increased P300 latency in schizophrenia
(Pfefferbaum et al, 1984; Blackwood et al,
1987; McCarley et al, 1991; Muir et al,
1991) and similar changes in high-risk
relatives (Itil et al, 1974; Saitoh et al, 1984;
Friedman et al, 1988; Blackwood et al,
1991a; Schreiber et al, 1992; Kidogami et
al, 1992; Frangou et al, 1997). In a family
study that recorded auditory event-related
potentials from members of 20 multiply-
affected families with schizophrenia P300
latency was delayed and amplitude reduced
in those with schizophrenia by comparison
with controls, and these same abnormalities
were recorded from about half of the

asymptomatic relatives in most but not all
of the families (Blackwood et al, 1991a).
Segregation analysis, using a model that
included P300 in the definition of the

phenotype, was consistent with the conclu¬
sion that prolonged P300 latency is a marker
of genetic predisposition to schizophrenia
among asymptomatic relatives (Sham et al,
1994). In another study, verbal memory

impairment measured by the California
Verbal Learning Test (Delis et al, 1987)
was significantly correlated with abnorm¬
alities in P300 latency and amplitude in
a group of subjects with schizophrenia
(Shajahan et al, 1997a). In general, the
longer the latency and the smaller the
amplitude of P300, the more severe was
the cognitive deficit.

STUDIES OF HIGH-RISK
RELATIVES

There is support from imaging and neuro-

pathological studies for the hypothesis that
schizophrenia is a disorder of early brain
development (Murray, 1994; Weinberger,
1995). If a cause of schizophrenia is a gene
mutation with reduced penetrance expressed
early in brain development, it can be pre¬
dicted that a proportion of 'high-risk'
symptom-free relatives will have structural
brain abnormalities and express biological
trait markers similar to those identified in

schizophrenia.
The present study was designed to

compare resting single photon emission
computed tomography (SPECT) scans from
subjects with schizophrenia with those
from their high-risk relatives and to test
the hypothesis that abnormalities of perfu¬
sion, P300 and verbal memory are related
biological traits.
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METHOD

Patients

The study was approved by the Adminis¬
tration of Radioactive Substances Advisory
Committee (ARSAC) at the UK Department
of Health and by the appropriate local
medical ethics of research committee. All
subjects gave their signed informed consent
to take part in these procedures. Nineteen
subjects with schizophrenia, all receiving
antipsychotic medication, fulfilled DSM-IV
(American Psychiatric Association, 1994)
criteria on the basis of case note review
and an interview by a psychiatrist using
the Schedule for Affective Disorders and

Schizophrenia: lifetime version (SADS-L;
Endicott & Spitzer, 1978). A detailed
family history of psychiatric illness was
obtained from each patient and at least
one of their unaffected relatives. Eighteen
subjects gave a family history of schizo¬
phrenia or unspecified functional psychosis;
this was confirmed by interview of relatives
and in some instances by additional inspec¬
tion of the relative's hospital records.
Thirty-six first-degree relatives were inter¬
viewed by a psychiatrist using SADS-L.
Thirty-four volunteer controls recruited
from the local population gave no personal
or family history of present or past schizo¬
phrenia or bipolar disorder. Handedness
was assessed using the Annett scale (Annett,
1970).

The 36 relatives of the 19 probands with
schizophrenia included five fathers, nine
mothers, thirteen sisters and nine brothers.
The interview using SADS-L showed that
28 relatives had no lifetime history of any

psychiatric illness, five had a lifetime history
of one or more episodes of major depressive
disorder, and a further three described past
minor depression. All relatives had been free
from psychiatric symptoms for over one year
and none of the relatives was receiving anti¬
psychotic, antidepressant or benzodiazepine
medication. The 34 controls were taking no
medication and were interviewed to exclude
those with a present or past psychiatric or

neurological illness.

Single photon emission computed
tomography
Subjects were imaged with a high-resolution
single-slice 12-detector dedicated head
scanner (Neuro 900, Strichman Medical
Equipment Inc., Boston, MA). The in-slice
and z-axis resolution was 8.5 mm (full
width, half-maximum (FWHM)). A catheter

was inserted into an arm vein for the
injection of ""Tc-exametazime (HMPAO;
hexamethylpropyleneamineoxime). During,
and for five minutes after the injection,
patients were required to lie still and silent
with eyes patched and ears unplugged. The
subject's head was then placed in a moulded
head rest, positioned with the help of two
crossed light beams, and fixed with two
pressure pads over the zygomatic arches.
Slices were acquired parallel to and approxi¬
mately 2 cm above the orbito-meatal line
and at 1 cm intervals above this level.

Image analysis
Images were exported in binary format using
the scanner software (Strichmann Medical
Equipment, Neuro 900, version 2.92). The
data were converted into Analyze format
(Bioimaging Resources, Mayo Foundation)
on a Sun Microsystem workstation. Images
were spatially normalised against a standard
positron emission tomography (PET) tem¬
plate using a 12-point affine transformation
to standard Talairach' space. Images with
reduced brain volume (limited number of
slices) were particularly problematic for
the spatial normalisation procedure, so at
this stage the results were visually inspected.
Images exhibiting incorrect pitch correction
or limited normalised volumes were removed
from the analysis. Six scans (17%) from the
relatives group and one scan (5%) from the
patients were rejected.

Normalised images were smoothed
with an isotropic Gaussian filter (12 mm

FWHM) to improve signal-to-noise ratio
and to reduce variance associated with
interindividual gyral anatomy. Brain regions
and Brodmann's areas were identified using
the Talairach Atlas (Talairach 8c Tournoux,
1988).

Statistics

Images were processed in statistical para¬
metric maps (SPMs) (Friston, 1995) using
factorial and parametric designs for group
contrasts and correlation analyses. The con¬

founding effects of global perfusion and age
were controlled by using analyses of covar-
iance (ANCOVA). For SPMs we report P
values corrected for multiple comparisons
on the basis of the theory of Gaussian fields,
which is a standard feature of SPM96. This
takes account of the smoothness of image,
the volume of the image in the analysis,
and the number of voxel clusters above
a predetermined threshold. The program
displays voxels with a Z value of 2.33

(P=0.01) and greater. The spatial extent
of the signal is also reported at this level.

In the correlations of perfusion with
P300 and neuropsychological measures,
estimated premorbid IQ and age were

entered as confounds. The method used

multiple linear regression where the mean-
centred covariate is linearly regressed against
every single voxel, multiple comparison
correlation is carried out in SPM and the
results are reported at corrected and uncor¬
rected levels. Significant group effects were

reported using peak Z values corrected for
multiple comparisons and also using un¬
corrected P values smaller than 0.0005.
This is an empirical cut-off point that
has been considered to provide good pro¬
tection against false positive results (Frith
et aly 1991). During the period of the study
the high-voltage supply of the scanner was

replaced and the re-calibration of the scan¬
ner was modelled in SPM using a factorial
analysis combined with linear confound.

Event-related potentials
Event-related potential measurements were

performed on subjects with schizophrenia
and their relatives. Records were made on

the day of neuropsychology testing and
within five days of the SPECT scan. They
were from the frontal (Fz) central (Cz)
parietal (Pz) and temporal (T3, T4) leads,
with linked ear electrodes as a reference.
The amplifier ground reference was placed
on the forehead. Impedances were below
5 kft. The electroencephalogram (EEG) was

amplified by a factor of 10 000 with
bandwidth 0.16-30 Hz ( — 3 dB) and data
sampled at a rate of 250 Hz via an
analogue-to-digital converter with 12-bit
resolution. The data sweep was 244 ms

pre-stimulus and 752 ms post-stimulus.
Eye-movement artefact was recorded from
electrodes placed supra-orbitally and at
the lateral canthus of the left eye; data
exceeding ±45 pV peak size caused auto¬
matic rejection of the whole data sweep
for all channels. Prior to processing, data
were smoothed with a bidirectional digital
filter (15 Hz ( — 3 dB), one pole, low-pass
Butterworth). Tones of 40 ms duration at
1000 Hz (frequent) and 1500 Hz (rare)
with a probability (frequent to rare) of
10:1 were delivered binaurally at 75 dB
sound pressure level and an inter-simulus
interval of 1.1 seconds. Subjects were
instructed to count silently the high-pitched
tones. Forty rare tones were presented;
recordings were rejected if counting error
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was greater than 10%. The P300 latency
(in ms) was measured by the least-mean-
squares method (Glabus et al, 1994) and
amplitude (in pV) was defined as the
highest point in a pre-defined window
(280-550 ms). The parietal lead (Pz) was
chosen for all analyses because our previous
studies showed that P300 latency at Pz gave
the best discrimination between schizo¬

phrenia and controls; P300 amplitude was
highest at this lead (Souza et al, 1995)
and correlations with P300 and verbal
memory had been found using Pz data
(Shajahan et al, 1997a). The means of the
schizophrenia and relatives groups were

compared by t-test.

Neuropsychological assessment
The testing was guided by earlier work
(Roxborough et al, 1993; Souza et al,
1995). The verbal fluency test (Borowski
et al, 1967; Frith et al, 1991) consisted of
six word-naming trials. The subject was
asked to say as many words as he could
think of beginning with a certain letter or
in a certain category for one minute. The
total verbal fluency score was the sum of
all acceptable words produced in word
trials for the letters F, A and S and the three
categories animals, fruits and flowers.

Memory was measured using the
Wechsler Memory Scale-Revised (Wechsler,
1987). The sub-test raw scores were used to
calculate five indexes: verbal memory (logi¬
cal memory and verbal paired associates),
visual memory (figural memory, visual
paired associates, visual reproduction), gen¬
eral memory (combined verbal and visual
memory), attention/concentration (mental
control, digit span, visual memory span)
and delayed recall (logical memory, visual
paired associates, verbal paired associates,
visual reproduction).

National Adult ReadingTest
Premorbid IQ was estimated from the
National Adult Reading Test (NART;
Nelson & Willison, 1991). This test is
reported to be valid and reliable in patients
with acute schizophrenia (O'Carroll et al,
1992). It comprises a list of 50 phonetically
irregular words, which subjects were asked
to read aloud, and was scored by the
number of errors made.

RESULTS

Table 1 shows that the groups were
matched for age. Relatives and controls

were matched for IQ, gender and handed¬
ness. The schizophrenia group had a lower
NART IQ and a relative excess of males.
Age and IQ were entered as confounding
covariates in all SPM analyses.

Table 2 and Fig. 1 show that perfusion
was significantly reduced in the relatives
compared with the controls in the anterior
cingulate cortex and left inferior prefrontal
cortex. There was a strong trend towards a
reduction in the right inferior prefrontal
cortex.

Table 3 and Fig. 2 show that, by
comparison with controls, subjects with

schizophrenia had a pattern of changes very
similar to that observed in their relatives,
with significant reduction of perfusion in
the anterior cingulate cortex and a strong
trend towards a reduction in the right and
left inferior prefrontal cortex.

Table 4 and Figs 3 and 4 show that the
right and left subcortical regions including
the white matter of the periventricular
regions, occipito-frontal fasciculus and
internal capsule showed increased perfusion
in both subjects with schizophrenia and
relatives, by comparison with controls.
The peak coordinates fell within the internal

fhble I Descriptions of the three {roups included in the study

Group Age (years): Education NART IQ: Gender: Handedness.

mean (range) (years): mean mean (s.d.) male to left to right
(range) female ratio ratio

Control (n=34) 39.5(23-64) 15.0(9-21) 112(9.8) 12:22 2:32

Schizophrenia (n=l9) 32.3 (22-50) 12.0(10-17) 103 (12.6) 14:5 4:15

Relatives (n=36) 39.1(23-60) 13.0(10-18) 110(11.5) 14:22 5:31

One-way ANOVA P=2.6,P=0.08 f—6.7, P=0.002 F=4.7, P=0.01

NART, National Adult Readinglest; ANOVA. analysis at variance.
Scheftt procedure: education: schizophrenia less than controls, P=0.005; relatives less than controls, P=0.03; NART
IQ: schizophrenia less than controls, P=0.0l.
X1 tests: The proportion ofmales is greater in the schizophrenia group than in the relatives and control groups (xz=8.0,
d.f.=2, P <0.02).Groups did not differ in handedness (y —3.9, P=0.I4).

fable 2 Reduced perfusion in relatives by comparison with controls

Brain region Brodmann Talairach coordinates of Peak Volume of

areas of peak Z Z1 effect (cm1)
cluster ~ ~ I P<0.0l

Cluster level P

(after correction
for peak effect
and volume)

Right and left anterior 32 6 24 32 4.3 5.1 0.04
dngulate

Left inferior prefrontal 9,44,47 -46 22 -8 4.3 9.4 0.05
cortex

I. Z scores have associated values of P<0.0005 before correction for multiple testing,

fable 3 Reduced perfusion in subjects with schizophrenia by comparison with controls

Brain region Brodman n Talairach coordinates of Peak Volume of

areas of peak Z Z1 effect (cm1)
duster ~ ~ I P < 0.01

Cluster level P

(after correction
for peak effect

and volume)

32 24 28 4.3 11.8Right and left anterior
dngulate

Left inferior prefrontal 9,44,47 —44 12 28 4.1 11.3
cortex

0.05

0.06

I. Z scores have associated values ofP < 0.0005 before correction for multiple testing.
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Fig. I Map of Z showing reduced perfusion in the relatives by comparison with the control group. Pixels were filled if Z > 2.33 (P=0.0l). Differences were significant after
correction for multiple testing in the anterior cingulate and left inferior prefrontal cortex, with a trend towards reduction in the right.

Sagittal Coronal Transverse

Fig. 2 Map of Z showing reduced perfusion in the schizophrenia group by comparison with the controls. Pixels were filled if Z> 2.33 (P=0.0l). Differences were

significant after correction for multiple testing in the anterior cingulate and showed a strong trend in the left and right inferior prefrontal cortex.

capsule on both sides, but the involvement
of subcortical grey matter including putamen
and thalamus is likely.

Comparison of the schizophrenia and
relatives groups revealed a highly significant
reduction of perfusion in the schizophrenia
group in the inferior prefrontal cortex on
the right (Z=4.9, P=0.009 corrected) and a

strong trend towards reduced perfusion in
the schizophrenia group in the left inferior
prefrontal (Z=3.2, P< 0.0005 uncorrected)
and anterior cingulate cortex (Z=2.9,
P=0.001 uncorrected).

No regions were found to have reduced
perfusion in the relatives by comparison
with the schizophrenia group.

The analyses were repeated with a
smaller group of relatives that excluded
the five who had a lifetime history of major
depression. The results remained almost
unchanged, showing reduced perfusion in
relatives v. controls (cf. Table 2) in the
anterior cingulate (Z=4.2, P=0.05 cor¬
rected), left inferior prefrontal (Z=4.3,
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"Able 4 Increased perfusion in subjects with schizophrenia and In relatives by comparison with controls

Brain region Talairach coordinates of peak Z Peak Z1 Volume of effect

(cm1)? <0.01

Cluster level P (after correction
for peak effect and volume)

Subjects with schizophrenia
Region around right internal capsule
Region around left internal capsule

Relatives

Region around right internal capsule
Region around left internal capsule

22

-22

24

-22

-18

-24

-22

-4

4

24

4

28

4.2

S.O

4.2

4.4

14.6

13.7

13.5

17.5

0.04

0.008

0.04

0.02

I. Z scores have associated values ofP< 0.0005 before correction for multiple testing

P=0.05 corrected) and the right inferior
frontal cortex (Z=3.9, P=0.07 corrected).
Perfusion was significantly increased (cf.
Table 4) in the region of the internal cap¬
sule on the left (Z=4.0, P=0.03 corrected),
with a trend on the right (Z-4.0, P=0.07
corrected). This group of relatives also
had increased perfusion by comparison
with those with schizophrenia in the right
inferior prefrontal cortex (Z=5.1, P=0.006
corrected).

P300, verbal fluency and memory (as
measured by the Wechsler Memory Scale-
Revised) results recorded from the subjects
with schizophrenia and their relatives were
tested for correlation within SPM with

perfusion, controlling for age and IQ.
Mean P300 latency did not differ between
the 19 subjects with schizophrenia (373 ms;
s.d.=38.0) and 36 relatives (370 ms;

s.d.=37.8), and mean P300 amplitude did
not differ significantly between the schizo¬
phrenia group (11.0 pV; s.d.=4.3) and
relatives (12.0 pV; s.d.=4.5). Correlation
was tested in the groups separately and
combined. P300 amplitude showed signifi¬
cant positive correlation with the left infer¬
ior prefrontal cortex in relatives (Z=2.54,
P=0.006), the schizophrenia group (Z=2.8,
P=0.003) and the combined groups
(Z=3.5, P=0.005), as shown in Fig. 5(a).
A significant negative correlation was
found between P300 latency and perfusion
in the anterior cingulate cortex in the rela¬
tives group (Z=2.83, P=0.002), the schizo¬
phrenia group (Z=3.2, P=0.001) and these
two groups combined (Z=3.54, P < 0.0005),
as shown in Fig. 5(b).

The positive correlation of P300 ampli¬
tude with a left inferior prefrontal region that
is part of Brodmann's area 47 and the nega¬
tive correlation of P300 latency with perfu¬
sion in the anterior cingulate cortex are
significant at the uncorrected P< 0.0005
level considered appropriate for regions that
have been previously identified as implicated

in P300 generation and that have been
identified as regions of interest in this study.

Mean verbal fluency scores (combined
letters and categories) were 77.8 (s.d.=17.6)
in the schizophrenia group and 92.4
(s.d.=19.9) in the relatives. The difference
between these means was significant
(Z—3.3, P<0.01). The mean verbal memory

quotient was 91.4 (s.d.=13.1) in the schizo¬
phrenia group and 101.9 (s.d.=17.0) in the
relatives. The difference between these
means was significant (f=2.36, P<0.02).
The mean visual memory quotient was
102.9 (s.d.=19.9) in the schizophrenia
group and 111.4 (s.d.=21.4) in the relatives
(<=1.36, P=0.16). The mean general mem¬

ory quotient was 94.4 (s.d.=15.8) in the
schizophrenia group and 107.7 (s.d.=17.2)
in the relatives (<=2.66, P < 0.01). The mean
attention/concentration quotient was 91.4
(s.d.=18.5) in the schizophrenia group and
106.5 (s.d.=17.4) in the relatives (<=2.7,
P<0.01). The mean delayed recall quotient
was 94.8 (s.d.=17.6) in the schizophrenia
group and 107.4 (s.d.=17.9) in the relatives
(<=2.5, P<0.02).

In the schizophrenia group the verbal
memory sub-test showed a significant posi¬
tive correlation with perfusion in the inferior
frontal cortex on the left (Z=3.7, P=0.0005
uncorrected) (Fig. 5(c)) and the right (Z=3.4,
P=0.005 uncorrected); delayed recall was

similarly correlated with perfusion in the
inferior prefrontal region on the left
(Z=3.7, P=0.005 uncorrected) and the right
(Z=3.4, P=0.005 uncorrected). Neuro¬
psychological test results did not correlate
significandy with perfusion in any brain
region in the relatives group.

DISCUSSION

The main finding of this study is the
remarkable similarity of changes in cerebral
perfusion in patients with schizophrenia

and their asymptomatic, medication-free,
high-risk relatives. Studying mainly familial
cases of schizophrenia may have reduced
clinical heterogeneity and these results
may apply to strongly familial cases. In
the absence of concurrent structural scans

the anatomical localisation of perfusion
changes measured by SPECT can be
measured only approximately and we have
reported the coordinates of regions of
maximal significance. Regional uptake of
Tc-labelled HMPAO was significantly
reduced in the relatives and schizophrenia
groups in brain areas that included the left
inferior frontal gyrus and anterior cingulate
cortex, and increased in subcortical struc¬
tures. Relatives were asymptomatic at the
time of testing and were well matched with
controls for age, gender and IQ, and the
differences between relatives and controls
remained significant after the exclusion
from the analyses of the five relatives with
a lifetime history of major depression.
There were differences between the schizo¬

phrenia and relatives groups in the anterior
cingulate cortex and right and left inferior
frontal cortex. Overall, patients with
schizophrenia differed from their relatives
in having a greater severity of perfusion
abnormalities, although distribution was
similar.

The extensive neuroimaging literature
suggests the existence of widespread altera¬
tions in regional patterns of activity in
schizophrenia (Chua & McKenna, 1995).
A review of 40 MRI studies found evidence
of reduced volumes in regions of the frontal
and temporal lobes that may pre-date the
onset of symptoms of schizophrenia (Lawrie
& Abukmeil, 1998). Ventricular enlarg-
ment and reduced subcortical brain volumes
have been reported in high-risk relatives
(Floner et at, 1994; Shihabuddin et at,
1996; Sharma et at, 1998).

The regions of altered perfusion identi¬
fied in this study include portions of the
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Fig. 3 Map of Z showing increased perfusion in relatives (by comparison with controls). Pixels filled if Z> 2.33 (P=0.0l). Differences were significant bilaterally in
subcortical regions. Three transverse views were rendered to magnetic resonance imaging at 0 mm, 12 mm and 20 mm.
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Fig. 4 Map of Z showing increased perfusion in the schizophrenia group by comparison with controls. Pixels filled K Z> 2.33 (P=0.0l). Differences were significant
bilaterally in subcortical regions. Three transverse views were rendered to magnetic resonance imaging at 0 mm, 12 mm and 20 mm.

inferior and medial frontal gyrus and the
cortical area of Broca, and there is sub¬
stantial evidence derived from structural
and functional neuroimaging and neuro¬

psychological testing that prefrontal cortical
regions are dysfunctional in schizophrenia

(Weinberger et al, 1992; Ebmeier et al,
1995a; Andreasen et al, 1997). This study
extends these findings to high-risk relatives.

Reduced perfusion in the anterior cingu-
late cortex has previously been reported in a
SPECT study of acutely psychotic patients

with schizophrenia (Ebmeier et al, 1995a)
and in studies using PET that also detected
changes in metabolic activity in other
cortical, striatal and thalamic structures
(Tamminga et al, 1992; Siegel et al, 1993).
Recent PET studies have related different
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symptom clusteis to patterns of increased
and reduced regional cerebral blood flow
(rCBF) in frontal and temporal regions
(Sabri et al, 1997).

While functional studies have reported
patterns of both increased and reduced
activity in widespread cortical and sub¬
cortical structures, volumetric assessments
have detected mainly regions of reduced
volume in subjects with schizophrenia, with
the exception of increased basal ganglia
volume (Frazier et al, 1996). Phenomena
identified by MRI that distinguished sub¬
jects with schizophrenia from controls
include reduced volume in the temporal
and frontal regions (Wible et al, 1995;
Pearlson et al, 1997).

Increased perfusion in subcortical
grey and white matter
White matter contributes much less than

grey matter to tracer uptake, and our result
showing an increase in perfusion in a sub¬
cortical region that includes the periventri¬
cular region, the occipitofrontal fasciculus
and internal capsule is more difficult to
interpret. A relative increase in white matter
perfusion could be due to a global reduc¬
tion in grey matter, although the expected
pattern of change would be more diffuse
than the pattern seen in Figs 3 and 4. A
second interpretation is that these changes
reflect an increased volume of subcortical

grey matter, including the putamen and
thalamus, in subjects with schizophrenia
and relatives compared with controls, the
apparent localisation to white matter being
the result of rendering all images to the same
template. This would be in keeping with
several other studies that included the
observation that the putamen and globus
pallidus are larger in familial than non-
familial subjects with schizophrenia (Roy
et al, 1994). Wiesel et al (1987) recorded
increased glucose metabolism in the left
caudate. Buchsbaum etal (1987) attributed
increased metabolic rate in the basal gang¬
lia, including the putamen, in schizophrenia
to the effects of neuroleptic drugs, although
Early et al (1987) reported increased blood
flow in the left globus pallidus in drug-free
subjects with schizophrenia and Ebmeier et
al (1993) noted increased perfusion in the
right putamen using single photon emission
tomography (SPET) in a group of unmedi-
cated patients with schizophrenia. Our find¬
ing of increased perfusion in never-treated
relatives suggests that these grey matter
changes should not be attributed entirely
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Fig. 5 (a) Pearson correlation of P300 amplitude (pV) against perfusion in the left inferior frontaJ cortex
(Taiairach coordinates: — 48,48, — 8) in subjects with schizophrenia and their relatives (n=54). Correlation
coefficient r=0.49 (significant at the P=0.0l level, two-tailed), (b) Pearson correlation of P300 latency (ms)
against perfusion in the anterior dngulate cortex (Taiairach coordinates: - 2,16, -8) In subjects with
schizophrenia and their relatives (n=54).Correlation coefficient r=-0.48 (significant at the P=0.0l level,
two-tailed), (c) Pearson correlation ofWechsier verbal memory against perfusion in the left inferior frontaJ
cortex (Taiairach coordinates: - 56,22,32) in subjects with schizophrenia (n=l8). Correlation coefficient
r=0.8l (significant at the P=0.0l level, two-tailed). rCBF, regional cerebral blood flow.
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to antipsychotic medication in subjects with
schizophrenia.

MR1 studies have identified an increase
in volume of the basal ganglia, including
the striatum and globus pallidus, in schizo¬
phrenia, especially in childhood-onset cases
(Frazier et al, 1996).

P300 and cerebral perfusion
measured by SPECT
The findings of a significant positive corre¬
lation between P300 amplitude and the left
inferior prefrontal cortex and a negative
correlation between P300 latency and per¬
fusion in the anterior cingulate cortex are
in keeping with earlier studies. In schizo¬
phrenia an asymmetry of P300 amplitude
with a relative left-side reduction has been

reported (McCarley etal, 1993; Heidrich &
Strik, 1997). Delayed P300 latency in schizo¬
phrenia correlated with bilateral volume
reduction of the anterior cingulate cortex
measured by MRI in a study by Blackwood
et al (1991b), and a SPET study with drug-
free subjects with schizophrenia (Blackwood
et al, 1994) found strong correlations
between P300 latency and regional blood
flow in left frontal regions.

Activation studies provide further evi¬
dence that P300 abnormality in schizo¬
phrenia is related to impaired frontal
perfusion. When healthy control subjects
performed an auditory odd-ball task during
a SPET scan the generation of a P300
response was accompanied by increased
activity in the temporal, frontal and ante¬
rior cingulate cortex, whereas patients with
schizophrenia performing the same task
showed no activation in frontal regions
(Ebmeier et alt 1995b; Shajahan et aly
1997b).

Delayed recall, verbal memory
and regional perfusion
The significant correlations of verbal
memory and delayed recall with left inferior
prefrontal cortex perfusion are broadly in
keeping with a PET study that related
impaired performance on a verbal memory
task to metabolic dysfunction in the pre¬
frontal and temporal cortical regions in
schizophrenia (Ganguli et al, 1997). The
findings of the present study conform to
the general conclusion that as a group,
high-risk subjects have similar but less
marked deficits than subjects with schizo¬
phrenia on tests of attention, executive
function and memory (Kremen et al, 1994),

CLINICAL IMPLICATIONS

■ Altered regional brain perfusion and physiological and neuropsychological
impairments may be of use as biological phenotypes in genetic studies of
schizophrenia.

■ Biological phenotypes may eventually have a role in classification.

■ Biological risk factors can point the way to preventive strategies.

LIMITATIONS

■ SPECT imaging does not allow good anatomical description of the brain regions
showing altered perfusion.

■ It is not known whether these changes are specific to subjects with schizophrenia
and their relatives or are found in other psychiatric disorders also.

■ The sample size is small and the study may have failed to detect more widespread
changes in brain perfusion.
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although some studies have not shown
verbal memory loss in relatives (Shedlack
et al, 1997).

Our study suggests that the impairments
of P300 and verbal memory measured in
schizophrenia are related to dysfunction in
the anterior cingulate and prefrontal cortical
regions, particularly on the left.

Perfusion abnormalities in asymptomatic
relatives at increased genetic risk of
schizophrenia are likely to provide clues to
brain pathology causal to the disease and
not secondary to medication or clinical
symptoms. This study has implicated the
anterior cingulate cortex and regions of
the frontal cortex in three types of change
in schizophrenia: reduced perfusion, im¬
paired verbal memory and P300 abnormal¬
ity. Using a novel approach to functional
neuroimaging analysis, Fletcher et al
(1999) proposed that the brain abnormal¬

ities in schizophrenia include disruption of
the modulation of prefrontal-temporal in¬
tegration by the anterior cingulate region.
We suggest that candidate genes for schizo¬
phrenia include those active in the develop¬
ment of the cortex that are expressed in a
region-specific manner during the early
stages of brain development (Ross &
Pearlson, 1996).
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ability. We discuss methodological limita¬
tions and provide chromosome ideograms
and tables summarizing findings to date. The
most promising region currently appears to
be 15ql3-ql5 in the region of the alpha 7 nico¬
tinic receptor for the phenotype of schizo¬
phrenia (and, perhaps, more generally for
functional psychosis). Additionally, 15ql l-ql3
in the region of GABRB3 holds interest as a

potential site of a susceptibility gene for au¬
tism. Two regions on chromosome 11, llpl5
in the region of tyrosine hydroxylase gene
and Ilq22-q23 in the region of DRD2, con¬
tinue to retain some interest for functional
psychosis. Am. J. Med. Genet. (Neuropsychi-
atr. Genet.) 88:244-254,1999.
© 1999 Wiley-Liss, Inc.
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INTRODUCTION

This report describes linkage data presented at the
Workshop on Chromosomes 11,14, and 15 at the Sixth
World Congress of Psychiatric Genetics in Bonn, Ger¬
many, together with relevant linkage data submitted
to the chair and co-chair, and it is presented in the
context of the previous literature concerning these
chromosomes.

It is a difficult task in one article to summarize all
relevant data concerning several psychiatric pheno-
types and three different chromosomes. The data de¬
scribed focus on linkage studies, although it should be
noted that a large number of candidate gene associa¬
tion studies have been undertaken, particularly with
chromosome 11 genes such as tyrosine hydroxylase
DRD4 and DRD2. Indeed, these formed the majority of
data presented at the Chromosome 11 Workshop in
Santa Fe [Owen and Craddock, 1998], In this report we
have attempted to collate current linkage data to pro¬
vide a guide to potentially interesting findings on chro¬
mosomes 11, 14, and 15 for the phenotypes of bipolar
disorder, schizophrenia, alcoholism, autism, and spell¬
ing and reading disability.

METHODOLOGY

To identify data for this summary we have used the
following procedure.
(1) We examined submissions for presentation at the

World Congress of Psychiatric Genetics in Bonn
and invited researchers both to present data at the
workshop and submit additional data directly
to us.

(2) We undertook a computerized literature database
search (BIDS) combining any of "chromosome 11,"
"chromosome 14," "chromosome 15," "genome
screen," or "genome scan" with any of "psychosis,"
"depression," "bipolar disorder," "schizophrenia," or
"autism." We have scrutinized all manuscripts ob¬
tained from this search and included those that
present linkage data relevant to chromosomes 11,
14, or 15.

(3) We have also used knowledge of ongoing genome
screens for psychiatric phenotypes and have solic¬
ited data directly from senior investigators.

We have summarized these data in Tables I—III, and
those studies showing a possible linkage signal are in¬
dicated on the chromosome diagrams in Figures 1-3.
We have chosen to flag any finding with a nominal p~
or <0.05, lod score - or >1, or nonparametric lod (NPL)
score - or >1.5 either in the total data set or a subset of
data or in a single interesting pedigree. Although these
values are not grounded in rigorous statistical theory
they are roughly comparable statistical measures that
lie near the lower threshold of likely interest. We have
made no attempt at correcting either for multiple test¬
ing or for genomewide significance.

Limitations

Even within a single psychiatric phenotype, there
are a number of issues related to study methodology

and data presentation that make consistent and coher¬
ent meta-analysis of multiple data sets all but impos¬
sible. Despite a semisystematic approach and the ex¬
cellent cooperation of a large number of researchers
whom we approached, the data summarized in this re¬
port must be interpreted within the context of several
major limitations.

Issues impeding identification of relevant studies are
that the search methods used will not identify all per¬
tinent studies and that reporting bias will make "nega¬
tive" findings more difficult to identify. Limitations re¬
lated to methodological differences between studies in¬
clude:

(1) Variations in clinical factors including operational
classification used and spectrum of phenotype in¬
cluded in sample.

(2) Variations in genetic factors including size and con¬
figuration of pedigrees used, density of affected in¬
dividuals, and the genetic background of the
sample.

(3) Variations in marker maps used including the par¬
ticular map of markers chosen, their informative-
ness, and intermarker spacing used.

(4) Variations in statistical analyses including use of a
large variety of parametric and nonparametric
methods, variously quoting results as p values, lod
scores, NPL scores, etc., and undertaking multiple
testing using different diagnostic and genetic mod¬
els.

(5) Variations in power of studies (of major importance
for interpretation of "negative" results).

(6) Frequent use of overlapping data sets in different
reports making it difficult to come to a clear judge¬
ment of the overall weight of evidence for any find¬
ing.

With these important limitations in mind, the tables
and the chromosome ideograms should serve as a use¬
ful starting point, but researchers interested in specific
chromosome regions are strongly advised to contact in¬
dividual research groups to obtain detailed information
and, ideally, access to raw data. The chair and cochair
would be grateful for any additional relevant data
(published or unpublished) for consideration at future
workshops.

DATA INCLUDED IN WORKSHOP

Tables I, II, and III summarize linkage data relevant
to chromosomes 11, 14, and 15, respectively. Many
workshop submissions comprised updates of publica¬
tions in the literature, and to minimize confusion, we
have attempted to indicate this where appropriate.

CHROMOSOME 11

Chromosome 11 has a long history in psychiatric ge¬
netics. It was the site of much early work in molecular
genetic investigation of functional psychoses for three
main reasons:
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TABLE I. Chromosome 11*

Chromosome 11 Literature

Reference Disorder Sample (#, size, origin) # Markers
Genome
screen Analytic method Findings

1 Egeland et al. [1987] BP 1, L, Old Order Amish 2 (at INS, HRAS) Par. lod MP Max lod = 4.9 at
HRAS

2 Detera-Wadleigh et al. BP 3, M, US 2 (at INS, HRAS) Par. lod 2P lod < -2 at HRAS
[1987]

3 Hodgkinson et al. [1987] BP 3, M/L, Iceland 3 (at INS, HRAS, Par. lod 2P lod < -2 across region
TH)

4 Kelsoe et al. [1989] BP 1, L, Old Order Amish 2 (at INS, HRAS) Par. lod 2P Max lod = 1.0 at 26
cM distal to HRAS

5 Mendlewicz et al. [1991] BP 1, L, Belgium 3 (at INS, HRAS, Par. lod MP lod < -2 across

TH) TH-INS-HRAS
6 Holmes et al. [1991] BP 5 L/M, Iceland 4 (near DRD2) Par. lod MP lod < -2 across

DRD2 region
7 Byerley et al. [1992] BP 8, M, US 2 (at TH) Par. lod Overall 2P lod <-2

across region.
One family lod = 1

8 Mitchell et al. [1991] BP 2, L, Australia 3 (at TH, INS, Par. lod Negative 2P lod across
HRAS) region

9 Coon et al. [1993] BP 8, M, US 33 GS Par. lod Max 2P lod = 1 at
D11S85

10 Kelsoe et al. [1993] BP 4, M/L, Old Order 13 Par. lod Isolated Max 2P lod =

Amish & Iceland 1.29 with D11S29
11 Lim et al. [1993] BP 6, M/L, Iceland 2 (TH, DRD4) Par. lod Overall negative 2P lods. 2

families positive at TH
(2p lod = 1.81 & 0.83)

12 De Bruyn et al. [1994] BP 14, M, Belgium (+ DRD4, HRAS, Par. lod 2P lod negative at all
Jewish + Italian) INS, TH, TYR, candidates

DRD2
13 Detera-Wadleigh et al. BP 21, M, US 13 (across lip) Par. lod Negative 2P lod scores

[1994] across region
14 Gerhard et al. [1994] BP 1, L, Old Order Amish 23 Par. lod No region of interest

identified
15 Ewald et al. [1995] BP 1 L, 1 M, Denmark 12 (10 across llq) Par. lod No region of interest

identified
16 Ginns et al. [1996] BP 1, L, Old Order Amish Av. 8 cM GS SIBPAL p < 0.01 at D11S146
17 Mclnnes et al. [1996] BP 2, L, Costa Rica Av. 10 cM GS Par. lod Max 2P lod = 1.95 at

D11S1312
18 Smyth et al. [1996, 1997] BP 23 L/M, Icelandic & 1 (TH) Par. lod, MFLINK Max 2P lod = 1.42 with

overlaps with ref. 11 UK alpha = 0.55 (2-locus
admixture analysis
with 21q gives max.
lod 3.87)

19 Berrettini et al. [1997] BP 22, M, US 22 (across llq) GS Par. lod & No region of interest
SIBPAL identified

20 Malafosse et al. [1997] BP 11 S/M, France 4 (at TH) APM Multilocus APM p =
0.13 at TH

21 Stine et al. [1997] BP 97, S/M, US 11 GS SIBPAL Isolated p = 0.04 at
GATA64D03

22 Adams et al. [1998] BP 1, L, Australia Av. 15 cM GS Par. lod, No region of interest
Genehunter, identified
APM, MFLINK

23 Gill et al. [1993] SZP 22, M, UK; 2, L, Japan 9 (across llq) Par. lod & ESPA No region of interest
identified

24 Su et al. [1993] SZP 112, S/M, Ireland 6 (across DRD2) Par. lod Negative MP lod scores
across region

25 Wang et al. [1993] SZP 12, M, US 16 (across llq) Par. lod Isolated max lod = 0.55
with D11S35 and 0.57
with D11S350

26 Hovatta et al. [1994] SZP 1 M, 1 L, Finland 14 Par. lod Max 2P lod = 1.33 at
D1JS907 in large
pedigree

27 Karayiorgou et al. [1994] SZP 18, M, US 4(across Par. lod 2P lod < -2 across region
Ilq21-q23)

28 Kalsi et al. [1995] SZP 23, M/L, Iceland & UK 3 (across DRD2) Par. lod 2P & MP lod < -2 across

region
29 Mulcrone et al. [1995] SZP 5, M, Israel 6 across llq Par. lod No region of interest

identified
30 Moises et al. [1995] SZP 70, L/M, Europe & US 15 (across 11) GS Nonparam. IBS p > 0.11 across

chromosome
31 Maziade et al. [1995] SZP 4, L, Quebec 11 on llq Par. lod Overall 2P lod > 1

between INT2-D11S35
Single pedigree max.
lod 3.4 at D11S35

32 Levinson et al. [1998] SZP 43, S/M, Australia & 13 (across 11) GS Genehunter Max Zall = 1.44 at
US D11S2002

33 Shaw et al. [1998] SZP 70, S, US & Europe 21 (across 11) GS Genehunter Max Zall = 1.59 at
D11S2002
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TABLE I. (Continued)*

Chromosome 11 Literature

Reference Disorder Sample (#, size, origin) ft Markers
Genome
screen Analytic method Findings

34 Faraone et al. (1998] SZP 43, S, US white 20 Av. 10 cM GS Genehunter GATA64D03 z = 1.54 p
= 0.0616

35 Kaufinann et al. [19981 SZP 30, S, US 20 Av. 10 cM GS Genehunter Zall <1.5 across 11
African-American

36 Blouin et al. [1998] SZP 54, mixed size, mixed Av. 8 cM GS Genehunter Zall < 1.3 across 11

37 Long et al. [1998] Alcohol
origin

172 sib-pairs, American Av. 7 cM GS SIBPAL Nominal p = 0.00007 at
Indian D11S1984

38 1MGSA Consortium Autism 99, S. mixed origin (87 16 GS ASPEX MLS < 0.7

[1998] sib-pairs)
39 Reich et al. [1998] & Rob Alcoholism 105, S, Caucasian 82%, 19 Av. 13.4 cM GS SAGE SIBPAL, MLOD near D11S2359

Culverhouse [pc] AA 12%, other 6% ASPEX, SiblBD, sharing 54% p = 0.3
SibPHASE across chromosome

Chromosome 11 Workshop
40 Mclnnis et al. [1998] BP Wave 1: 71, S/M, US Wave 1: 12; Wave GS Genehunter, Wave 1: D11S4464

Caucasia; Wave 2: 2: 10 SIBPAL (GATA34D03) sharing
56, S/M, US 58% p = 0.004; Wave
Caucasian 2: D11S1984 HLOD =

2.5, p = 0.0098
41 Detera-Wadleigh et al. BP 22, M, US 63 (Av. 5 cM) GS TDT, NPL max llql3

[1998] GENEHUNTER ATA34E08 p =

plus, ASPEX 0.000068; Linkage
disequilibrium:
Ilq22-q24 D11S4090 p
= 0.000003

42 Williams et al. [1998] SZP 81, S, UK (97 sibpairs) 10 (Av. 20 cM) GS SPLINK, D11S117 multipoint lod
MAPMAKER 0.7
SIBS

43 Devon et al. [1998] & SZP 16, M, Scotland 9 (across 11) Par. lod No region of interest
Walter Muir [pc]

46 John Kelsoe [pc] BP 20, M, North American 16 (across 11) GS LIPED, Max lod D11S1358 =

Caucasian FASTLINK 1.05 D11S1998 = 1.07
47 Nicholas Barden [pc] BP 1, L, French Canadian 15 Av. 10 cM GS Par. lod No region of interest
48 Steve Farone [pc] update SZP 30, M/L, US African 20? (across 11) GS GENEHUNTER D11S2002 z = 1.17 p =

ref. 34 American 0.1205
49 McQuillan et al. [1998] BP 23, M/L, Iceland & UK TH and 3 (at Par. lod Max. lod narrow

updates ref. 18 TYH) diagnosis = 1.28,
broad = 1.31

50 Pulver et al. [1998] & SZP 54, mixed size, mixed 12 Av. 13.4 cM GS GENEHUNTER Between

[pc] updates ref. 36 origin DRD2-D11S4464
(GATA34D03) NPL =
1.27 p = 0.102

51 Foroud et al. [1998] BP 97, S/M, US ? GS GENEHUNTER No region of interest
updates ref. 21

52 Dieter Wildenauer [pc] SZP Approx. 14, M, 21 (Av. 10 cM) GS LIPED No region of interest
Germany

*Summary of linkage data. Contributor: Literature and workshop contributions are numbered consecutively for identification in the chromosome
diagrams (Figures 1-3). Citations are provided where available, pc refers to personal communication either by presentation at the workshop or by sending
data to the chair and co-chair. Disorders: BP, bipolar disorder; SZP, schizophrenia; Alcohol, alcohol abuse/dependence; P50 AER, abnormal P50 auditory
evoked response. Sample: if, number of pedigrees. Size: S: small (nuclear) pedigree; L: large, multiple affected, extended pedigree; M: intermediate-sized
pedigree, it Markers: number of markers typed on chromosome and/or average spacing between markers. Genome screen: GS indicates that a study was
part of systematic genome screen. Analytic method: Par. lod, traditional parametric lod score analysis; nonparam. IBS, nonparametric identity by state
method. Other methods are referred to by usual name (Genehunter, ASPEX, SIBPAL, etc.). Findings: One-line summary of findings is given using
statistical measure reported in study. 2P, two-point; MP, multipoint; NPL, nonparametric linkage statistic. The summary indicates the maximum linkage
evidence.

(1) Egeland et al. [1987] reported significant evidence
for linkage of markers in the TH-HRAS region to
bipolar disorder in a large Old Order Amish pedi¬
gree. This attracted considerable interest in the
llpl5 region.

(2) Chromosome 11 includes several plausible candi¬
date genes for major psychiatric disorders includ¬
ing tyrosine hydroxylase (TH) and the dopamine
DRD4 receptor (both at llpl5) and the dopamine
DRD2 receptor at llq23.

(3) Several families and individuals are known in
which major psychiatric disorder is associated with
chromosome abnormality involving distal llq
[Craddock et al., 1994; Holland and Gosden, 1990;
Smith et al., 1989; St. Clair et al., 1990],

A large number of linkage studies have been under¬
taken in both bipolar disorder and schizophrenia, ex¬
amining markers at and across these candidate genes
and candidate regions. The Old Order Amish llpl5
linkage story has entered the folklore of psychiatric
genetics. The failure to replicate linkage in indepen¬
dent samples [e.g., Detera-Wadleigh et al., 1987;
Hodgkinson et al., 1987] and the greatly reduced evi¬
dence for linkage on follow-up of the original pedigree
[Kelsoe et al., 1989] was disappointing at the time but
served to focus attention on a number of methodologi¬
cal issues in psychiatric molecular genetics and the
need to think of the possibility of complex modes of
inheritance, even within a large apparently homog¬
enous pedigree.
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TABLE II. Chromosome 14*

Literature

Contributor Disorder
Sample: # families,

size, origin # Markers
Genome
screen Analytic method Findings

1 Coon et al. [1993] BP 8, M, US 11 GS Par. lod Max lod < 0.2
2 Ginns et al. [1996] BP 1, L, Old Order Amish Av. 8 cM GS SIBPAL All p > 0.01
3 LaBuda et al. [1996] BP 1, L, Old Order Amish 16 GS Par. lod & APM Max 2P lod = 0.55 at

D14S258
4 Mclnnes et al. [1996] BP 2, L, Costa Rica Av. 10 cM GS Par. lod No region of interest

identified
5 Berrettini et al. [1997] BP 22, M, US 18 GS Par. lod & No region of interest

SIBPAL identified
6 Stine et al. [1997] BP 97, S/M, US 11 GS SIBPAL Isolated p = 0.05 at

D14S588
7 Adams et al. [1998] BP 1, L, Australia Av. 15 cM GS Par. lod & nonpar. No region of interest

identified
8 Karayiorgou et al. [1994] SZP 18, M, US 5 Par. lod No region of interest

identified
9 Moises et al. [1996] SZP 70 L/M, Europe & US 13 GS Nonparam. IBS p = 0.01 at D14S79, p =

0.05 at D14S66 not

replicated in 2nd stage
10 Levinson et al. [1998] SZP 43, S/M, Australia &

TTQ
12 GS Genehunter NPL < 0.4

11 Shaw et al. [1998] SZP
Uo

70, S, US & Europe 13 GS Genehunter NPL = 1.99 at D14S290,
NPL = 1.71 at

D14S1012
12 Faraone et al. [1998] SZP 43, S, US white Av. 10 cM GS Genehunter NPL = 1.7 at D14S588,

NPL = 1.6 at D14S592
13 Kaufmann et al. [1998] SZP 30, S, US 21 Av. 10 cM GS Genehunter NPL < 0.7

African-American
14 Blouin et al. [1998] SZP 54, mixed size, mixed Av. 8 cM GS Genehunter NPL = 2.57, p = 0.005

origin at D14S306
15 Long et al. [1998] Alcohol 172, sib-pairs, Av. 7 cM GS SIBPAL p > 0.05

American Indian
16 IMGSA Consortium Autism 99, S, mixed origin (87 16 GS ASPEX MLS = 0.99 between

[1998] sib-pairs) D14S1034 and D14S70
Chromosome 14 Workshop
17 Detera-Wadleigh et al. BP 22, M, US 16 (across 14) GS TDT NPL: max 14q32 p =

[1998] GENEHUNTER 0.002, D14S1280 p =

plus ASPEX 0.011, D14S606 p =
0.024, D14S1434 p =
0.009, D14S1279 p =
0.032

18 Williams et al. [1998] SZP 81, S, UK (97 sib-pairs) 8 Av. 20 cM GS SPLINK No region of interest
MAPMAKER

19 John Kelsoe [pc] BP 20, M, North American 13 (across 14) GS Par. lod Max lod D14S297 1.03
Caucasian

20 Nicholas Barden [pc] BP 1, L, French Canadian 11 (across 14) GS Par. lod No region of interest
21 Gerhard et al. [1998] BP 1, L, North American 24 (6.1) GS Par. lod & No region of interest

Caucasian SimlBD
22 Mclnnis et al. [1998] BP Wave 1: 71, S/M, US; Wave 1: 18; Wave GS GENEHUNTER Wave 11: D14S592 NPL

Wave 2: 56, M, US 2: 13 SIBPAL 2.34, p = 0.01, HLOD
= 1.3 a = 0.31; Wave
2: D14S606 NPL 1.8, p
= 0.04, HLOD = 0.72
D11S2362 p = 0.0055
D11S1923 59%, HLOD
1.6, p = 0.002

23 Foroud et al. [1998] BP 97, S/M, US 11 GS GENEHUNTER No region of interest
updates ref. 6

^Summary of linkage data. Contributor: Literature and workshop contributions are numbered consecutively for identification in the chromosome
diagrams (Figures 1-3). Citations are provided where available, pc refers to personal communication either by presentation at the workshop or by sending
data to the chair and co-chair. Disorders: BP, bipolar disorder; SZP, schizophrenia; Alcohol, alcohol abuse/dependence; P50 AER, abnormal P50 auditory
evoked response. Sample: #, number of pedigrees. Size: S: small (nuclear) pedigree; L: large, multiple affected, extended pedigree; M: intermediate-sized
pedigree. # Markers: number of markers typed on chromosome and/or average spacing between markers. Genome screen: GS indicates that a study was
part of systematic genome screen. Analytic method: Par. lod, traditional parametric lod score analysis; nonparam. IBS, nonparametric identity by state
method. Other methods are referred to by usual name (Genehunter, ASPEX, SIBPAL, etc.). Findings: One-line summary of findings is given using
statistical measure reported in study. 2P, two-point; MP, multipoint; NPL, nonparametric linkage statistic. The summary indicates the maximum linkage
evidence.

Although no compelling evidence for major suscepti¬
bility loci for psychiatric phenotypes has emerged from
linkage studies of this chromosome, potential linkage
signals aggregate into two chromosomal regions and do
not respect the phenotypic boundaries imposed by cur¬
rent psychiatric classifications (see Figure 1). It should

not be forgotten that the report by Kelsoe et al. [1989]
of greatly diminished evidence and support of linkage
in the original Old Order Amish pedigree, nonetheless,
continues to provide modest supportive evidence with a
maximum two-point lod score of 1.0. Although several
systematic genome scans have failed to implicate lip,



TABLE III. Chromosome 15*

Literature

Contributor Disorder Sample (#, size, origin) # Markers
Genome
screen Analytic method Findings

1 Coon et al. 11993] BP 8, M, US 13 GS Par. lod Max 2P lod < 0.47

2 Ginns et al. [1996] BP 1, L, Old Order Amish Av. 8 cM GS SIBPAL p = 0.0003 at D15S45
3 LaBuda et al. [1996] BP 1, L, Old Order Amish 16 GS Par. lod & APM Max 2P lod < 0.5

4 Mclnnes et al. [1996] BP 2, L, Costa Rica Av. 10 cM GS Par. lod Total Max 2P lod < 0.2
(One pedigree Max lod
= 1.1 at D15S126)

5 Berrettini et al. [1991; BP 22, M, US 22 GS Par. lod & No region of interest
1997] SIBPAL

6 Edenberg et al. [1997] BP 97, S/M, US (NIMH) 12 GS SIBPAL, ASPEX Isolated p = 0.02 at
GAAA1C11

7 Adams et al. [1998] BP 1, L, Australia Av. 15 cM GS Par. lod, No region of interest
Genehunter, A

8 Karayiorgou et al. [1994] SZP 18, M, US 10 Par. lod No region of interest
9 Hovatta et al. [1994] SZP 1 M, 1 L, Finland 3+ (at 15q21) Par. lod Max 2P lod = 0.51 at

GABRB3
10 Kalsi et al. [1994] SZP 23, M/L, Iceland & UK 3 (at 15q21.1) Par. lod Max lod < 0.6
11 Moises et al. [1995] SZP 70, M/L, Europe & US 11 GS Nonparam. IBS p > 0.47
12 Freedman et al. [1997] P50 AER 9, M, US (SZP ? GS Par. lod & Max lod = 5.3 at

inhibition pedigrees) SIBPAL D15S1360 (a7 nicotinic
receptor)

13 Levinson et al. [1998] SZP 43, S/M, Australia &
TTQ

10 GS Genehunter NPL < 0.6

14 Shaw et al. [1998] SZP
UO

70, S, US & Europe 11 GS Genehunter NPL < 1.1
15 Faraone et al. [1998] SZP 43, S, US whites 15 Av. 10 cM GS Genehunter NPL < 1.5
16 Kaufmann et al. [1998] SZP 30, S, US Av. 10 cM GS Genehunter NPL = 1.96 at D15S128

African-Americans
17 Leonard et al. [1998] SZP 20, S, US (NIMH) 3 (at 15ql4) SIBPAL Isolated p = 0.0024 at

D15S1360 NPL 1.46
18 Blouin et al. [1998] SZP 54, mixed size, mixed Av. 8 cM GS Genehunter NPL < 1 across

origin chromosome
19 Long et al. [1998] Alcohol 172, sib-pairs, Av. 7 cM GS SIBPAL p = 0.025 at D15S153

American Indian
20 IMGSA Consortium Autism 99 small pedigrees (87 11 GS ASPEX MLS < 0.5

[1998] sib-pairs)
21 Grigorenko et al. [1997] Single word 6, L, US 15 Par. lod Max lod = 3.15 at

reading D15S143
22 Schulte-Korner et al. Spelling 7, M, Germany 13 Par. lod & Max MP lod = 1.78 at

[1998] disability Genehunter D15S143
Chromosome 15 Workshop
23 Reich et al. [1998] & Rob Alcoholism 105, S, Caucasian 82%, 10 (Av. 13 cM) GS SAGE SIBPAL MLOD = 0.6 near

Culverhouse [pc] AA 12%, other 6% ASPEX SiblBD D15S642 sharing 55%
SibPHASE p = 0.02

24 Detera-Wadleigh et al. BP 22, M, US 12 (across 15) GS TDT NPL peak lod 1.5
[1998] GENEHUNTER D15S659 p = 0.017

plus ASPEX
25 Williams et al. [1998] SZP 81, S, UK (97 sibpairs) Stage 1: 7 (Av. GS SPLINK D15S118 lod = 1.03, p <

20 cM); stage MAPMAKER 0.05
2: 9 (av. 5 cM)

26 Brien Riley [pc] SZP 23, M, SA-Bantu set A, 5 Av. 3 GENEHUNTER D15S1360 Zall = 1.47 p
speaking blacks (21 cM); set B, 21 = 0.071 D15S1043
sib-pairs) Av. 1 cM) Zall = 1.63 p = 0.053

27 John Kelsoe [pc] BP 20, M, North America 10 (across 15) GS FASTLINK, Max lod D15S642 = 1.09
LIPED D15S659 = 1.09

28 Nicholas Barden [pc] BP 1, L, French Canadian 9 Av. 12 cM GS Par. lod No region of interest
29 Hugh Gurling [pc] BP 23, M/L, Iceland & UK 3 Par. lod & nonpar. No region of interest

updates ref. 10
30 Gerhard et al. [1998] BP 1, L, North American 17 (8.3) FASTLINK No region of interest

Caucasian SimlBD
31 Folstein et al. [1998] Autism 76, S, mostly Av. 9 GENHUNTER D15S156 HLOD = 1.0

Caucasian (84
sib-pairs)

32 Philippe et al. [1998] Autism 54, S, Europe & US ? GS MAPMAKER NPL p = 0.0013,
SIBS SIBPAIR Multipoint MLS 2.23,

D15S128 p = 0.04

Gejman et al. [1998]
D15S118 p = 0.03

33 SZP 96 sibpairs, 90% 20 (across 15) GS ASPEX SIBPAL D15S659 Lod = 1.7 p =
Caucasian 0.0034 Multipoint

Schulte-Korne et al.
D15S1360 Lod = 2.0

34 Spelling 9, S/M, Germany ? GENEHUNTER No evidence to support
[1998] & Sven Cichon disability linkage reported in ref.
[pc] 22

35 Dieter Wildenauer [pc] SZP Approx. 72, M, 11 GS GENEHUNTER No region of interest
Germany & Israel

36 Foroud et al. [1998] BP 97, S/M, US 12 GS GENEHUNTER D15S231 lod = 0.75
updates ref. 6

37 Steve Farone* [pc] SZP 43, S, US (50 sib-pairs) 15 (across 15) GS GENEHUNTER D15S657 z = 1.337 p =
updates ref. 15 0.0906 ATCT3111 z =

1.95
' Summary of linkage data. Contributor: Literature and workshop contributions are numbered consecutively for identification in the chromosome diagrams
(Figures 1-3). Citations are provided where available, pc refers to personal communication either by presentation at the workshop or by sending data to thechair and co-chair. Disorders: BP, bipolar disorder; SZP, schizophrenia; Alcohol, alcohol abuse/dependence; P50 AER, abnormal P50 auditory evoked response.
Sample: #, number of pedigrees. Size: S: small (nuclear) pedigree; L: large, multiple affected, extended pedigree; M: intermediate-sized pedigree. #Markers: number of markers typed on chromosome and/or average spacing between markers. Genome screen: GS indicates that a study was part of
systematic genome screen. Analytic method: Par. lod, traditional parametric lod score analysis; nonparam. IBS, nonparametric identity by state method.Other methods are referred to by usual name (Genehunter, ASPEX, SIBPAL, etc.). Findings: One-line summary of findings is given using statistical
measure reported in study. 2P, two-point; MP, multipoint; NPL, nonparametric linkage statistic. The summary indicates the maximum linkage evidence.
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Fig. 1. Genogram showing potentially interesting linkage findings for
chromosome 11. The figure shows an ideogram of chromosome 11. Markers
for which potentially interesting findings have been reported are shown
together with their map location in the Location Database (LDB web ad¬
dress: http://cedar.genetics.soton.ac.uk/public_html/). Potential linkage
signals are shown for each phenotype using the convention that the con¬
tributor number from Table I identifies the location of maximal interest
from each study. The position of the translocation breakpoint of the family
described by St. Clair et al. [1990] is shown.

some families reported in each of the data sets of By-
erley et al. [1992], Lim et al. [1993], and Smyth et al.
[1996, 1997] provide supportive evidence for linkage to
this region in a subset ofbipolar pedigrees, and Long et
al. [1998] report linkage of this region to susceptibility
to alcoholism (a phenotype commonly comorbid with
bipolar disorder). At the Chromosome Workshop Mcln-
nis et al. [1998] reported new linkage evidence in bipo¬
lar disorder in their Johns Hopkins "Wave 2" sample of
56 small to moderate sized U.S. pedigrees (HLOD =
2.5 at D11S1984). Thus, 11 years after the original
Amish linkage report, it is difficult to rule out the pos¬
sibility that a bipolar susceptibility gene of modest ef¬
fect resides in this region.

The other cluster of potentially interesting findings
is on llq in the region of the DRD2 gene and the trans¬
location breakpoint in the extended Scottish family
previously reported by St. Clair et al. [1990], which is
densely affected by a spectrum of psychiatric pheno-
types including schizophrenia, mood disorder, and
childhood behavioral disturbance. Interest has been
maintained in this region by the modest linkage sig¬
nals for bipolar disorder in one early genome scan

58 D14S592 22
61 D14S290 II

67 DI4S588 6 12
qtcr

24 86 D14S606 22

93 D14S1434 17

Fig. 2. Genogram showing potentially interesting linkage findings for
chromosome 14. The figure shows an ideogram of chromosome 14. Markers
for which potentially interesting findings have been reported are shown
together with their map location in the Location Database (LDB web ad¬
dress: http://cedar.genetics.soton.ac.uk/public_html/). Potential linkage
signals are shown for each phenotype using the convention that the con¬
tributor number from Table II identifies the location of maximal interest
from each study.

[Coon et al., 1993] and for schizophrenia from the can¬
didate region study of Maziade et al. [1995] and more
recent genome scans [Levinson et al., 1998; Shaw et al.,
1998]. At the workshop Detera-Wadleigh et al. [1998]
described linkage disequilibrium evidence implicating
this region for bipolar disorder in 22 moderate-sized
U.S. pedigrees (p = 0.000003 at Dll S4090). Rebecca
Devon [Blackwood et al., 1998; Devon and Porteous,
1997; Devon et al., 1997; Millar et al., 1998] gave an
update of the Edinburgh group's work on characteriz¬
ing the translocation breakpoint in the family origi¬
nally reported by St. Clair [1990]. The nearest micro-
satellite marker is D11S931. The metabotropic gluta-
mate receptor 5a lies approximately 850 kb from the
breakpoint, and a probable pseudogene of alpha-
tubulin and up to four novel genes lie within 500 kb
proximal to the breakpoint. However, to date no gene
has been identified that influences susceptibility to ma¬

jor psychiatric illness. The situation is similar to that
for lip. Several studies have failed to find evidence
supporting linkage to this region but modest interest is
maintained by possible linkage signals scattered across
a 30-cM interval.

CHROMOSOME 14

Chromosome 14 was not the subject of a workshop at
the World Congress in Santa Fe. Although it should be
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Fig. 3. Genogram showing potentially interesting linkage findings for
chromosome 15. The figure shows an ideogram of chromosome 15. Markers
for which potentially interesting findings have been reported are shown
together with their map location in the Location Database (LDB web ad¬
dress: http://cedar.genetics.soton.ac.uk/public_html/). Potential linkage
signals are shown for each phenotype using the convention that the con¬
tributor number from Table III identifies the location of maximal interest
from each study. Asterisk (*) indicates the location of linkage disequilib¬
rium evidence in autistic disorder [Cook et al., 1998].

remembered that the presenilin-1 gene resides at
14q24.3 [Sherrington et al., 1995], chromosome 14 has
not attracted major interest for candidate gene or can¬
didate region studies of functional psychiatric disor¬
ders. It can be seen from Table II that most studies
providing data about chromosome 14 have been under¬
taken within the context of genome screens for linkage.
No compelling evidence for a region of interest is pro¬
vided by current data, although it should be noted that
modestly interesting findings for bipolar disorder and
schizophrenia fall into two clusters, the first on proxi¬
mal 14q and the second in the region of 14q22-q24 (see
Fig. 2).

CHROMOSOME 15

Chromosome 15 was not the subject of a workshop at
the World Congress in Santa Fe. Three different re¬
gions of chromosome 15 have recently attracted inter¬
est, each for a different neuropsychiatric phenotype.

Schizophrenia and 15ql3-ql4 in the Region of
the Alpha 7 Nicotinic Receptor (CHRNA7)

A decrease in the normal inhibition of the P50 audi¬
tory evoked response to the second of paired stimuli is
associated with attentional disturbances in schizophre¬
nia [evidence reviewed in Freedman et al., 1997], De¬

creased P50 inhibition occurs in most schizophrenics
and also in many of their nonschizophrenic relatives, in
a distribution consistent with inherited vulnerability
for the illness. Neurobiological investigations in both
humans and animal models suggest that decreased
function of the alpha 7 nicotinic cholinergic receptor
may underlie the physiological defect. Freedman et al.
[1997] have recently reported linkage of the P50 audi¬
tory evoked response deficit to the site of the alpha 7
nicotinic receptor. Leonard et al. [1998] reported evi¬
dence of linkage of the schizophrenia phenotype to
markers in this region in a sample of 20 U.S. pedigrees
(p = 0.0024). Two genome scans of bipolar disorder
have previously reported potentially interesting evi¬
dence approximately 15 cM distal to the alpha 7 nico¬
tinic receptor [Ginns et al., 1996; Mclnnes et al., 1996].
There were several presentations at the Chromosome
Workshop for both schizophrenia (Pablo Gejman, Brien
Riley, Steve Faraone, and Mike Owen) and bipolar dis¬
order (Sevilla Detera-Wadleigh) that provided addi¬
tional evidence implicating this region. However, it
should be noted that some genome scans provide no
signal in this region [e.g., Levinson et al., 1998; Shaw
et al., 1998] and in those in which a signal is present it
has been of modest size. Locations together with mark¬
ers used and a statistical measure of support are shown
in Figure 3 and Table III.

Autism and 15qll-ql3 in the Region of the
GAJ3RB3 Gene

At the World Congress in Bonn, Folstein et al. [1998]
and Philippe et al. [1998] reported independent ge¬
nome scans of autism, in both of which modest linkage
support (lods approximately 1) was obtained at 15qll-
ql3 in the region of the GABRB3 gene. Although the
only other genome screen in autism reported to date
has not found evidence in this region [IMGSA Consor¬
tium, 1998], these findings are particularly interesting
because (a) there have been many previous reports of
individuals with autistic disorder and duplications in¬
volving this region and, (b) there has been a recent
report of linkage disequilibrium between autistic dis¬
order and alleles at a polymorphism within the
GABRB3 gene [Cook et al., 1998],

Dyslexia and 15q21 Region

Two reports in the recent literature implicate 15q21
as a possible site for a susceptibility gene for reading
and spelling disability. Grigorenko et al. [1997] re¬
ported a maximum lod score of 3.15 with marker
D15S143 using a phenotype of single word reading dis¬
ability in six extended U.S. pedigrees. Schulte-Korne et
al. [1998a] reported a maximum lod score of 1.78 with
this same marker in seven moderate-sized German
pedigrees using the phenotype of spelling disability.
Disappointingly, however, at the Chromosome Work¬
shop Cichon described a follow-up investigation by the
group of Schulte-Korne et al. in nine additional Ger¬
man pedigrees in which no evidence for linkage was
found to the spelling disability phenotype [update of
Schulte-Korne et al., 1998b], The current status of
these linkage findings, though interesting, is unclear.
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CONCLUSION

Based on the workshop held at the Sixth World Con¬
gress of Psychiatric Genetics in Bonn we provide an
outline of linkage data relevant to chromosomes 11,14,
and 15 for a variety of psychiatric phenotypes. The
most promising region currently appears to be 15ql3-
ql5 in the region of the alpha 7 nicotinic receptor for
the phenotype of schizophrenia (and, perhaps, more
generally for functional psychosis). Additionally,
15qll-ql3 in the region of GABRB3 holds interest as a
potential site of a susceptibility gene for autism. Two
regions on chromosome 11, llpl5 in the region of ty¬
rosine hydroxylase gene and Ilq22-q23 in the region of
DRD2, continue to retain some interest for functional
psychosis.
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Tyrosine hydroxylase (TH) is the rate-
limiting enzyme in the synthesis of dopa¬
mine and noradrenaline. While positive as¬
sociations between TH and bipolar affective
disorder have been found in several studies,
many studies have failed to reproduce these
results. In order to clarify this situation, as¬
sociation studies of bipolar and unipolar af¬
fective disorder groups and metaanalyses of
published data on the TH tetranucleotide
repeat polymorphism were done. The asso¬
ciation studies used the TH tetranucleotide
repeat polymorphism in intron 1 and a Pstl
polymorphism at the 3' end of the gene. The
study comprised 124 unrelated bipolar pa¬
tients, 126 unipolar patients, and 242 con¬
trols. There was no significant association
of either bipolar or unipolar affective disor¬
der with the TH tetranucleotide repeat poly¬
morphism. However, a weak association (x2
= 3.946,1 df, P = 0.047; odds ratio, allele 2 vs.
allele 1 = 0.71 (95% CI, 0.51-0.996)) was ob¬
served in the unipolar sample with the TH-
Pstl polymorphism. Three metaanalyses of
published data on the TH tetranucleotide
repeat polymorphism in major affective dis¬
order were performed: bipolar I + II vs. con¬
trol using 583 cases and 745 controls; unipo¬
lar vs. control using 204 cases and 359 con¬
trols; and bipolar + unipolar vs. control
using 846 cases and 823 controls. In each
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analysis there was no association of the TH
tetranucleotide repeat polymorphism and
affective disorder. These results do not sup¬
port the tyrosine hydroxylase gene having a
major role in the etiology of bipolar affec¬
tive disorder. However, our data suggest
that this locus should be examined in larger
samples of unipolar affective disorder. Am.
J. Med. Genet. (Neuropsychiatr. Genet.) 88:
88-94, 1999. © 1999 Wiley-Liss, Inc.

KEY WORDS: tyrosine hydroxylase gene;
stratified analysis; bipolar af¬
fective disorder; unipolar af¬
fective disorder

INTRODUCTION

Bipolar affective disorder (or manic-depression) and
unipolar affective disorder are common disorders char¬
acterized by a disturbance of mood. Twin, family, and
adoption studies provide strong support for genetic fac¬
tors in the pathogenesis of both disorders. As first-
degree relatives of bipolar probands appear to have in¬
creased risks for both bipolar and unipolar affective
disorders, there may be some factors that are common
to both disorders [McGuffin and Katz, 1989; Gershon,
1990],

Tyrosine hydroxylase (TH) catalyzes the rate-
limiting step in the synthesis of dopamine and nor¬
adrenaline, by converting tyrosine to DOPA (3,4-
dihydroxyphenylalanine). Together with the serotoner¬
gic system, both the dopaminergic and noradrenergic
systems have been implicated in the etiology of mood
disorders [Willner, 1995]. In addition, dopamine an¬
tagonists may be effective in reducing manic symp¬
toms, while dopaminergic drugs such as amphetamine
can provoke manic behavior. The human TH gene is
localized on chromosome llpl5.5 and spans approxi¬
mately 8 kb. It consists of 13 primary exons plus two
other alternatively spliced exons 5' to "primary" exon 1

© 1999 Wiley-Liss, Inc.
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[O'Malley et al., 1987]. Polymorphisms associated with
the TH gene include Rsal and Taql restriction frag¬
ment length polymorphisms (RFLPs) located in the 5'
untranslated region [O'Malley and Rotwein, 1988],
Bglll and Ps£l RFLPs located towards the 3' end of the
gene [O'Malley and Rotwein, 1988], and a tetranucleo-
tide repeat within intron 1 [Polymeropoulos et al.,
1991],

Several studies using either RFLPs or the tetra-
nucleotide repeat polymorphism have reported a posi¬
tive association between bipolar affective disorder and
tyrosine hydroxylase [Leboyer et al., 1990; Meloni et
al., 1995; Perez de Castro et al., 1995; Malafosse et al.,
1997], but others have been unable to show any asso¬
ciation [Todd and O'Malley, 1989; Korner et al., 1990,
1994; Nothen et al., 1990; Gill et ah, 1991; Inayama et
al., 1993; Kawada et al., 1995; Souery et al., 1996a,b;
Todd et al., 1996; Oruc et al., 1997]. Recently, a
metaanalysis of eight studies showed no significant as¬
sociation of the tyrosine hydroxylase gene and bipolar
affective disorder. The polymorphisms examined in the
study were either the Taql or Pstl RFLPs, or the tet-
ranucleotide repeat polymorphism [Turecki et al.,
1997]. However, at least two of the polymorphisms
used in this metaanalysis, i.e., the Taql and Pstl
RFLPs, are not in complete linkage disequilibrium [Lo-
bos and Todd, 1997]. Since this metaanalysis compared
some studies which used only the Taql polymorphism
and one which used only the Ps£l RFLP, its power
would be reduced if only one of these polymorphisms
were associated with bipolar affective disorder. Here,
we describe association studies using the TH tetra-
nucleotide repeat and the 3' TH-Ps£l polymorphisms in
bipolar and unipolar affective disorders. In addition,
metaanalyses of published data on the TH tetranucleo-
tide repeat polymorphism in major affective disorder
were performed.

MATERIALS AND METHODS
Polymerase Chain Reaction

Polymerase chain reaction (PCR) of the TH tetra-
nucleotide repeat polymorphism [Polymeropoulos et
al., 1991] was performed using the primers TH-TETF
(5'CAG CTG CCC TAG TCA GCA C 3') and TH-TETR
(5' GOT TCC GAG TGC AGG TCA CA 3'). Approxi¬
mately 50-200 ng of DNA were amplified in a 10-pl
reaction volume containing 10 mM Tris-HCl, pH 8, 50
mM KC1, 1.5 mM MgCl2, 200 p,M of dGTP, dATP, and
dTTP, 40 p,M of dCTP, 0.75 p.Ci of a32P-dCTP, 50 ng of
each primer, and 0.5 units of Taq polymerase (GIBCO
BRL, Paisley, UK). PCR conditions were 94°C for 4.5
min, followed by 30 cycles of 94°C for 0.5 min, 58°C for
0.5 min, 72°C for 0.5 min, and 72°C for 5 min. Products
were electrophoresed on 6% sequencing gels and auto-
radiographed. Alleles were scored as alleles 1 (260 bp)
to 6 (240 bp).

Amplification of the TH Ps£l/PCR polymorphism (Ge¬
nome DataBase) was performed using the primers
TH.PstF (5' GCC TCG GAT GAG GAA ATT GAG AAG
C 3') and TH.Ps£R (5' GCT GTC CAG CAC GTC GAT
GGC C 3'); the 5' end of each primer corresponded to
positions 1091 and 1411 of the TH cDNA sequence

[Grima et al., 1987], respectively. Each 10-p.l reaction
contained 1 p.1 of DNA (50-200 ng), 10 mM Tris-HCl,
pH 8, 50 mM KC1, 1.5 mM MgCl2, 200 p,M of each
dNTP, 50 ng of each primer, and 0.5 units of Taq poly¬
merase. PCR conditions were an initial denaturation at
94°C for 4.5 min, followed by 30-35 cycles of 94°C for
0.5 min and 71°C for 1.5 min, and a final extension at
72°C for 5 min. Products were digested with 10 units of
Pstl at 37°C for 2 hr and electrophoresed on 1% agarose
gels stained with ethidium bromide. Bands sized ap¬
proximately 1.45 kb and 0.80/0.65 kb were scored as
alleles A and B, respectively.

The genotype frequency of either the TH tetranucleo-
tide repeat polymorphism or the TH Pstl polymor¬
phism in the control groups (see Tables II and III) did
not differ significantly from those expected from the
allele frequencies, on the basis of Hardy-Weinberg
equilibrium assumptions (TH tetranucleotide repeat
polymorphism x2 = 2.56, 14 df, P = 1.00 (rare geno¬
type 5 6 omitted from analysis); TH-Ps£l polymor¬
phism, Cambridge sample: x2 = 0.510, 2 df, P = 0.77;
Edinburgh sample: x2 = 0.324, 2 df, P = 0.85).

Power calculations for the TH tetranucleotide repeat
polymorphism show that with observed allele frequen¬
cies >0.2 in the control group, we should be able to
detect a gene with a relative risk of >2.0. For the TH-
Pstl polymorphism, power calculations show that, for a
significance level of 5% and 80% power and an ob¬
served allele frequency of approximately 0.5, in the
Cambridge control group a gene with a relative risk of
>2.0 should be detected [Breslow and Day, 1980].

Patients: Cambridge

One hundred and twenty-four unrelated bipolar pa¬
tients (56 male, 68 female) and 126 unipolar patients
(47 male, 79 female) were used in the study. Control
DNA comprising 242 anonymous unrelated individuals
(90 male and 132 female) from an East Anglian popu¬
lation was obtained from the Molecular Genetics Labo¬
ratory, Addenbrooke's Hospital DNA Bank. Referral
patterns to this laboratory suggest that at least 97% of
controls were Caucasian, about 80% had parents who
were East Anglian, and virtually all of the remainder
were from the UK. The surnames of controls were

screened in order to exclude individuals who were ob¬
viously of non-Caucasian origin. It is important to note
that this region of the UK includes a large rural catch¬
ment area and is not characterized by the ethnic varia¬
tion seen in many large cities. Ethical approval for ge¬
netic studies of bipolar and unipolar affective disorder
was obtained from local ethics committees. The bipolar
and unipolar patients were recruited from inpatient
and outpatient clinics in East Anglia and were English
Caucasian in origin, i.e., both parents were English.
The patients were assessed by trained clinicians using
the SADS-L interview [Endicott and Spitzer, 1978]
supplemented by case note review, meeting Research
Diagnostic Criteria for bipolar affective disorder I or
major affective disorder [Spitzer et al., 1978]. The in¬
clusion criteria for the unipolar sample comprised an
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TABLE I. Summary of Studies Used in Metaanalyses of Tyrosine Hydroxylase Tetranucleotide Repeat Polymorphism

Study Authors Ethnic origin Cases and controls Interview and diagnostic criteria; control group

1 Furlong et al., present
study

2 Oruc et al., 1997

3 Souery et al., 1996b

4 Meloni et al., 1995

5 Perez de Castro et al.,
1995

6 Korner et al., 1994
(Bonn)

7 Korner et al., 1994
(London)

8 Korner et al., 1994
(Cardiff)

9 Souery et al., 1996a

10 Cavazzoni et al., 1996

11 Todd et al., 1996

• English Caucasian

Croatian

Belgian

French

Spanish white

German

British

British

Belgian

Canadian Caucasian

North American white

120 bipolar I
125 unipolar
239 controls
42 bipolar I
44 unipolar
70 controls
66 bipolar
67 controls

47 bipolar I
17 bipolar II
64 controls
60 bipolar I + II
48 controls

64 bipolar
104 controls

53 bipolar
51 controls

66 bipolar
54 controls

70 bipolar
35 unipolar
50 controls
48 bipolar

6 unipolar
94 controls
49 bipolar

+ both parents

SADS-L using Research Diagnostic Criteria;
controls were unscreeded for affective disorders

SADS-L diagnosis, using Research Diagnostic
Criteria; controls interviewed using SADS-L

SADS-L diagnosis, using Research Diagnostic
Criteria; controls had no family or personal
history of affective disorders

French version of the Diagnostic Interview for
Genetic Studies Controls had no family or
personal history of affective disorders

DSM-III-R Research Diagnostic Criteria for bipolar
I and II; controls had no family history of
affective disorder.

SADS-L, using DSM-III-R Research Diagnostic
Criteria; controls were unscreened for affective
disorders.

SADS-L, using DSM-III-R Research Diagnostic
Criteria; controls were unscreened for affective
disorders.

SADS-L, using DSM-III-R Research Diagnostic
Criteria; controls were unscreened for affective
disorders.

SADS-LA, using Research Diagnostic Criteria;
controls interviewed using SADS-LA

Research Diagnostic Criteria for major affective
disorder, bipolar or recurrent unipolar subtype;
controls were unscreened for affective disorders.

Meeting DSM-III-R diagnostic criteria Haplotype
relative risk nontransmitted alleles of the

parents were considered as "control" alleles

age of onset of the first episode of depression between
18-65 years, at least two episodes of unipolar major
depression, and at least one inpatient admission for the
treatment of depression.

Patients: Edinburgh

Eighty-nine unipolar cases (36 male, 53 female) and
206 anonymous control subjects were used in the
study. All patients and controls were Caucasian and
were domiciled in Scotland. Patients were assessed us¬

ing the SADS-L interview and case note review, and
met Research Diagnostic Criteria for major depressive
disorder. All had two or more episodes of illness. All
control samples (age range, 18-60) were collected from
the Edinburgh Blood Transfusion Service within the
same catchment area as the patient sample. They were
screened to exclude anyone taking any sort of medica¬
tion. In addition, donors answered a screening ques¬
tionnaire that would result in exclusion of major men¬
tal illness, though in many cases that would probably
not exclude past episodes of unipolar depression or
those with a family history of affective disorders.

Metaanalyses
Studies of the TH tetranucleotide repeat and affec¬

tive disorder were considered for inclusion in metaan¬
alyses following a Bath Information and Data Services
(BIDS) literature search on March 26, 1998 (Release
7.1.00, previously updated on March 25, 1998). Twelve

studies were identified: the present study, Oruc et al.
[1997], Cavazzoni et al. [1996], Souery et al. [1996a,b],
Todd et al. [1996], Kawada et al. [1995], Meloni et al.
[1995], Perez de Castro et al. [1995], and the Bonn,
London, and Cardiff studies published in Korner et al.
[1994]. The Japanese study ofKawada et al. [1995] was
omitted from the analyses, as it is unclear which of the
six alleles detected in that study correspond to the five
common alleles found elsewhere. The study of Todd et
al. [1996] used the haplotype relative-risk method. Al¬
leles transmitted to affected cases were considered "bi¬
polar" alleles, while the nontransmitted alleles in the

TABLE II. Tyrosine Hydroxylase Tetranucleotide Repeat
Polymorphism in Cambridge Control, Bipolar, Unipolar, and

Bipolar + Unipolar Affective Disorder Groups*

Bipolar +
Tetranucleotide Control Bipolar Unipolar unipolar
repeat (%) (%) (%) (%)

Allele 1 162 (33.9) 62 (25.8) 101 (40.4) 163 (33.3)
Allele 2 68 (14.2) 36 (15.0) 33(13.2) 69(14.1)
Allele 3 52(10.9) 33(13.8) 25 (10.0) 58(11.8)
Allele 4 88 (18.4) 52 (21.7) 47(18.8) 99 (20.2)
Allele 5 107 (22.4) 57 (23.8) 43(17.2) 100 (20.4)
Allele 6 1 (0.2) 0 (0.0) 1 (0.4) 1 (0.2)
Total 478 240 250 490

*For bipolar vs. control: alleles, x2 = 5.50, 4 df, P = 0.24; genotypes, x2 =
17.08, 14 df, P = 0.25; for unipolar vs. control: alleles, x2 = 4.33, 4 df, P =

0.36; genotypes, x2 = 17.69, 14 df, P = 0.22; for bipolar + unipolar vs.
control: alleles, x2 = 1-07, 4 df, P = 0.90; genotypes, x2 = 12.54, 14 df, P
= 0.56.
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TABLE Ilia. Tyrosine Hydroxylase Pstl Polymorphism in Cambridge Control, Bipolar, Unipolar, and Bipolar + Unipolar Affective
Disorder Groups, and Edinburgh Control and Unipolar Groups*

Cambridge sample (%) Bipolar +
unipolar (%)

Edinburgh sample (%)

TH Pstl Control (%) Bipolar Unipolar Control Unipolar
Allele A
Allele B
Total
Genotype AA
Genotype AB
Genotype BB
Total

195 (49.2) 109 (46.6)
201 (50.8) 125 (53.4)
396 234

53 (26.8) 27 (23.1)
89 (44.9) 55 (47.0)
56 (28.3) 35 (29.9)

198 117

119 (57.8)
87 (42.2)

206
34 (33.0)
51 (49.5)
18 (17.5)

103

228 (51.8)
212 (48.2)
440

61 (27.7)
106 (48.2)

53 (24.1)
220

52 (54.2)
44 (45.8)
96
15 (31.3)
22 (45.8)
11 (22.9)
48

40 (60.6)
26 (39.4)
66
15 (45.4)
10 (30.3)

8 (24.2)
33

TH Pstl

Cambridge
bipolar vs. control,

odds ratios (95% CI)

Cambridge
unipolar vs. control,
odds ratios (95% CI)

Cambridge
bipolar + unipolar Edinburgh

vs. control, unipolar vs. control,
odds ratios (95% CI) odds ratios (95% CI)

Alleles: B vs. A
Alleles: AB vs. AA
Alleles: BB vs. AA

1.11 (0.8-1.54)
1.22 (0.68-1.49)
1.22 (0.65-2.27)

0.71 (0.51-0.996)
0.89 (0.51-1.55)
0.50 (0.25-0.993)

0.90 (0.69-1.19)
1.03 (0.65-1.64)
0.82 (0.49-1.39)

0.77 (0.41-1.45)
0.45 (0.16-1.28)
0.73 (0.23-2.32)

*Statistically significant results are shown in boldface. For Cambridge bipolar vs. control: alleles, x2 = 0.417, 1 df, P = 0.52; genotypes, x2 = 0.530, 2
df, P = 0.77; for Cambridge unipolar vs. control: alleles, x2 = 3.946, 1 df, P = 0.047; genotypes, x2 = 4.436, 2 df, P = 0.11; for Cambridge bipolar +
unipolar vs. control: alleles, x2 = 0.553, 1 df, P = 0.46; genotypes, x2 = 0.971, 2 df, P = 0.62; for Edinburgh unipolar vs. control: alleles, x2 - 0.661, 1
df, P = 0.42; genotypes, x2 = 2.274, 2 df, P = 0.32.

parents were considered "control." The rare allele 6 (al¬
lele F) reported in the present study and by the study
of Todd et al. [1996] was omitted from analyses. A sum¬
mary of the details of each study included in metaan¬
alyses is shown in Table I. Three analyses were per¬
formed.

Analysis 1: Bipolar I and II vs. Control. Studies
included: the present study, Oruc et al. [1997], Souery
et al. [1996b], Todd et al. [1996], Meloni et al. [1995],
Perez de Castro et al. [1995], and the Bonn, London,
and Cardiff studies in Korner et al. [1994].

Analysis 2: Unipolar vs. Control. Studies in¬
cluded: the present study, Oruc et al. [1997], and
Souery et al. [1996a].

Analysis 3: Bipolar + Unipolar vs. Control.
Studies included: the present study, Oruc et al. [1997],
Cavazzoni et al. [1996], Todd et al. [1996], Souery et al.
[1996a], Meloni et al. [1995], Perez de Castro et al.
[1995], and the Bonn, London, and Cardiff studies in
Korner et al. [1994], Study 9 [Souery et al., 1996a],
which included patients with both bipolar and unipolar
disorder, was included in this analysis in preference to
study 3 [Souery et al., 1996b], which reported results
with bipolar cases alone: it is likely that some of the
cases and controls were common to both studies.

Information concerning TH tetranucleotide geno¬
types in the selected studies was incomplete, and thus
was not analyzed.

Statistical Analysis

Metaanalyses and calculation of odds ratios with
95% confidence intervals were determined using un¬
conditional logistic regression, with the general log-
linear analysis option of the SPSS version 6.0 software
package (SPSS, Inc., Chicago, IL). This form of analysis
is robust to differences in control allele frequencies in
different studies.

RESULTS

Tyrosine Hydroxylase Tetranucleotide Repeat
Polymorphism: Cambridge Data

Six TH tetranucleotide repeat alleles were detected
(Table II). The rare allele 6 was omitted from subse¬
quent analyses. No significant differences were found
when the control allele or genotype frequencies were
compared to those in the bipolar (alleles: x2 = 5.499, 4
df, P = 0.24; genotypes: x2 = 17.079, 14 df, P = 0.25),
unipolar (alleles: x2 = 4.326, 4 df, P = 0.36; genotypes:
X2 = 17.691, 14 df, P = 0.22), or combined bipolar +
unipolar (alleles: x2 = 1.073,4 df, P = 0.90; genotypes:
X2 = 12.535, 14 df, P = 0.56) groups.

Tyrosine Hydroxylase Pstl polymorphism
For the TH-Psfl polymorphism, 117 bipolar patients,

103 unipolar patients, and 198 controls were success¬
fully genotyped from the Cambridge sample, while re¬
sults were obtained with 48 controls and 33 unipolar
patients from the Edinburgh sample (Table III). In the
Cambridge sample there were no significant differ¬
ences when the control allele or genotype frequencies

TABLE Illb. Tyrosine Hydroxylase Pstl Polymorphism:
Stratified Analysis of Cambridge + Edinburgh

Unipolar Samples*

Unipolar vs. control
TH Pstl df

Alleles
Test of heterogeneity between studies 0.047 1 0.83
Test of association 4.621 1 <0.05
Alleles: B.S. vs. A, odds ratio (95% CI) 0.72 (0.54-0.97)
Genotypes
Test of heterogeneity between studies 2.660 2 0.27
Test of association 4.237 2 >0.20
Genotypes: AB vs. AA, odds ratio (95% CI) 0.78 (0.48-1.26)
Genotypes: BB vs. AA, odds ratio (95% CI) 0.55 (0.30-0.98)

*Statistically significant results are shown in boldface.
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were compared to those in the bipolar (alleles: x2 =
0.417, 1 df, P = 0.52; genotypes: x2 = 0.530, 2 df, P -

0.77) or combined bipolar + unipolar (alleles: x2 =
0.553, 1 df, P = 0.46; genotypes: x2 = 0.971, 2 df, P =
0.62) groups. However, a statistically significant result
was obtained when unipolar and control allele frequen¬
cies were compared (x2 = 3.946, 1 df, P = 0.047), giv¬
ing an odds ratio of 0.71 (95% CI = 0.51-0.996) for
allele B vs. allele A. Comparison ofunipolar and control
genotypes (x2 = 4.436, 2 df, P = 0.11) gave an odds
ratio of 0.50 (95% CI = 0.25-0.993) for genotype BB vs.
genotype AA. Although this result is not significant,
after correction for multiple testing, we sought to ex¬
amine this phenomenon further in an independent set
of cases and controls from Edinburgh. No appreciable
differences were found in the Edinburgh unipolar and
control groups (alleles: x2 = 0.661, 1 df, P = 0.42;
genotypes: x2 = 2.274, 2 df, P = 0.32), although the
sample size (33 cases and 48 controls) had insufficient
power to detect the subtle effect we were aiming to
replicate. Thus we pooled the Cambridge and Edin¬
burgh samples using a stratified analysis. This gave a
significant test of association (P < 0.05), with estimated
odds ratios of 0.72 (95% CI = 0.54^0.97) for allele B vs.
allele A, and 0.55 (95% CI = 0.25-0.993) for genotype
BB vs. genotype AA.

Metaanalyses of the Tyrosine Hydroxylase
Tetranucleotide Repeat Polymorphism

Three analyses were performed: bipolar (I and II) vs.
control using allele frequencies from nine studies com¬
prising 583 bipolar I and II patients and 745 controls;
unipolar vs. control using results from three studies
comprising 204 unipolar cases and 359 controls; and

bipolar + unipolar vs. control, using data from 10 stud¬
ies comprising 846 cases and 823 controls.

The data from each study are summarized in Tables
II (Cambridge data) and IV. The results of the metaan¬
alyses (Table V) show that there was no significant
association of TH tetranucleotide alleles with bipolar,
unipolar, or bipolar + unipolar affective disorder groups.

DISCUSSION

Several studies have implicated tyrosine hydroxy¬
lase in the pathogenesis of affective disorders. Initially,
following linkage of Old Order Amish pedigrees with
bipolar affective disorder to markers on chromosome
llpl5.5, TH was proposed as a possible candidate
[Egeland et al., 1987]. However, rediagnosis of key in¬
dividuals and further investigation of additional mem¬
bers of the kindred failed to support the original study
[Kelsoe et al., 1989], In a French study, Leboyer et al.
[1990] showed a positive association ofbipolar affective
disorder with the TH Taql and Bglll RFLPs, which are
located 5' and 3' to coding sequences of the TH gene,
respectively, a distance of approximately 9 kb
[O'Malley et al., 1987; O'Malley and Rotwein, 1988]. In
an extended study of 100 cases and 100 controls by the
same group using the same RFLPs, Malafosse et al.
[1997] found significantly different allele frequencies
between the two groups. However, an association of
bipolar affective disorder with these and other TH
RFLPs has not been supported by other groups [Todd
and O'Malley, 1989; Korner et al., 1990; Nothen et al.,
1990; Gill et al., 1991; Inayama et al., 1993; Todd et al.,
1996]. Meloni et al. [1995] reported, in their study of
the TH tetranucleotide repeat polymorphism, that the
BE genotype (corresponding to the 2,5 genotype of this
study) was significantly overrepresented in their

TABLE IV. Data for Stratifed Analyses of Tyrosine Hydroxylase Tetranucleotide Repeat Polymorphism*

Ethnic Allele 1 Allele 2 Allele 3 Allele 4 Allele 5
Study Author origin (%) (%) (%) (%) (%)

2 Oruc et al., 1997 Croatian Control 43 (31) 33 (24) 13 (9) 14(10) 37 (26)
Bipolar 24 (29) 16 (19) 11(13) 12 (14) 21 (25)
Unipolar 28 (32) 15 (17) 10(11) 8(9) 27 (31)
Bipolar + unipolar 52 (30) 31 (18) 21(12) 20 (12) 48 (28)

3 Souery et al., 1996b Belgian Control 45 (34) 17 (13) 16 (12) 15 (11) 41(31)
Bipolar 34 (26) 27 (21) 17(13) 25 (19) 29 (22)

4 Meloni et al., 1995 French Control 29 (23) 18 (14) 19(15) 21(16) 41 (32)
Bipolar 33 (26) 26 (20) 9(7) 16 (13) 44 (34)

5 Perez de Castro et al., 1995 Spanish white Control 20 (21) 23 (24) 18(19) 11(11) 24 (25)
Bipolar 43 (36) 18 (15) 12 (10) 13(11) 34 (28)

6 Korner et al., 1994 (Bonn) German Control 67 (32) 28(13) 20 (10) 43 (21) 50 (24)
Bipolar 38 (30) 22 (17) 23 (18) 18 (14) 27 (21)

7 Korner et al., 1994 (London) British Control 30 (29) 22 (22) 9(7) 24 (23) 17(17)
Bipolar 31(29) 17 (16) 14 (13) 25 (24) 19 (18)

8 Korner et al., 1994 (Cardiff) British Control 40 (37) 16(15) 12(11) 18 (17) 22 (20)
Bipolar 46 (35) 21 (16) 9(9) 28 (21) 28 (21)

9 Souery et al., 1996a Belgian Control 37 (37) 9(9) 13(13) 8(8) 35 (35)
Bipolar 38 (27) 22 (16) 17 (12) 26 (19) 37 (26)
Unipolar 22 (31) 12 (17) 8(11) 11 (16) 17 (24)
Bipolar + unipolar 60 (29) 34 (16) 25 (12) 37 (18) 54 (26)

10 Cavazzoni et al., 1996 Canadian Caucasian Control 55 (29) 35 (19) 26 (14) 25 (13) 47 (25)
Bipolar + unipolar 32 (30) 22 (20) 7(7) 25 (23) 22 (20)

11 Todd et al., 1996 North American white Control 27 20 12 15 24

Bipolar 37 12 14 14 20

*Data for study 1 are shown in Table II.
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French sample of bipolar patients when compared to
controls. In the Cambridge data there was no such dif¬
ference in this genotype in bipolar cases (8 out of 120)
and controls (12 out of 239 genotypes). These results
are similar to those reported by Todd et al. [1996] in
their North American white population. In the other
report of a positive association with the TH tetra-
nucleotide repeat polymorphism, Perez de Castro et al.
[1995] reported an excess of the thlO allele (allele 1) in
their Spanish sample of bipolar cases vs. controls. Both
studies were included in the metaanalysis ofbipolar I +
II cases and controls which comprised over 1,300 indi¬
viduals. The absence of any association in this analysis
suggests that this polymorphism is not in strong link¬
age disequilibrium with any putative functional vari¬
ant which increases the risk of bipolar affective disor¬
der.

Metaanalyses of combined bipolar and unipolar
groups or the unipolar group alone also failed to dem¬
onstrate an association with the TH tetranucleotide re¬

peat polymorphism. However, a weak association of the
TH-Psfl polymorphism with the unipolar sample was
observed in the Cambridge sample, and this was main¬
tained in the stratified analysis of Cambridge and Ed¬
inburgh samples. As our controls were unscreened, a
proportion may have had sufficiently severe depression
to be considered affected, resulting in a decrease in the
power of our analysis. Since >97% of the controls are
expected to be of UK Caucasian origin (see Materials
and Methods), this study is unlikely to be confounded
by population stratification.

In a German study of 33 unipolar and 99 controls
using the BglW RFLP which is 3' to coding sequences,
no significant differences were found [Korner et al.,
1990], but Souery et al. [1996a] reported an excess of
the 2-2 genotype in unipolar but not bipolar patients or
controls using the 5' TH-TaqI RFLP in a Belgian study.
The failure to detect an effect in the Bglll study may be
a function of its limited power, or of different degrees of
linkage disequilibria with putative functional variants.
Alternatively, the effect may be restricted to more se-

TABLE V. Stratified Analyses of Tyrosine Hydroxylase
Tetranucleotide Repeat Polymorphism, Showing Odds Ratios

With 95% Confidence Intervals (95% CI) for Each Allele*

X2 df P

Bipolar vs. control
Test of association 1.16 4 >0.80
Test of heterogeneity between studies 46.10 32 0.051
Unipolar vs. control
Test of association 3.17 4 >0.50
Test of heterogeneity between studies 9.29 8 0.32
Bipolar + unipolar vs. control
Test of association 2.377 4 >0.50
Test of heterogeneity between studies 51.033 36 0.05

*Odds ratios (OR) in all analyses are compared to allele 1. Bipolar vs.
control (studies 1-8 and 11): for allele 2, OR = 1.04 (95% CI = 0.82-1.32);
for allele 3, OR = 1.11 (95% CI = 0.85-1.45); for allele 4, OR = 1.11 (95%
CI = 0.87-1.40); for allele 5, OR = 1.01 (95% CI = 0.82-1.25). Unipolar vs
control (studies 1, 2, and 9): for allele 2, OR = 0.86 (95% CI = 0.59-1.26);
for allele 3, OR = 0.88 (95% CI = 0.57-1.34); for allele 4, OR = 0.99 (95%
CI = 0.68-1.42); for allele 5, OR = 0.76 (95% CI = 0.55-1.05). Bipolar +
unipolar vs. control (studies 1,2, and 4-11): for allele 2, OR = 0.96 (95% CI
= 0.78-1.19); for allele 3, OR = 0.95 (95% CI = 0.75-1.20); for allele 4, OR
= 1.08 (95% CI = 0.88-1.33); for allele 5, OR = 0.92 (95% CI = 0.76-1.11).

vere recurrent unipolar cases, as defined by the inclu¬
sion criteria of the Cambridge sample. While the asso¬
ciation of the TH-Psf I polymorphism with the unipolar
sample does not remain significant after correcting for
multiple testing, we believe that this finding needs to
be replicated in a large powerful study.
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Chromosomal abnormalities that co-occur with psychiatric disorders can be useful direct pointers to the locus of
susceptibility genes. Two families with pericentric inversions of chromosome 18, inv 18(pll.3 q21.1) and psychiatric illness
have previously been described. We have fine mapped the chromosomal breakpoints of the rearrangement in a clinically
well, inversion carrier from one of these families where other inversion carriers suffered from chronic schizophrenia or
severe learning disability. Yeast artificial chromosomes (YACs) from the Whitehead/MIT physical maps of human
chromosome 18 have been positioned relative to the chromosomal breakpoints and a number of YACs that span these
breakpoints have been identified. Linkage and association studies have previously suggested these regions of chromosome
18q and 18p as candidate loci harbouring genes involved in bipolar disorder and schizophrenia. © 1999 Lippincott
Williams & Wilkins.

Keywords: schizophrenia, YACs, FISH, inversion (18), chromosome abnormality

INTRODUCTION

Several regions of chromosome 18 have been
suggested by linkage analysis and genetic association
studies to contain susceptibility genes implicated in
the development of bipolar disorder and schizophre¬
nia (Van Broeckhoven and Verheyen, 1998). How¬
ever, current linkage and association tests are limited
in power by non-Mendelian inheritance patterns
often seen in families with schizophrenia and bipolar
disorder, and by possible genetic heterogeneity. One
example of this is illustrated by a parent-of-origin
effect suggested for bipolar affective disorder on
chromosome 18 (Stine et al., 1995). Combining
cytogenetic with physical mapping approaches may
help to bypass some of the limitations of linkage
analysis methods by directly homing in on the critical
regions on the chromosomes.

Here we present a study to map the chromosomal
breakpoints in a previously described family with an
inherited inv 18(pll.3 q21.1) in three siblings (Mors
et al., 1997).

0955-8829 © 1999 Lippincott Williams & Wilkins

MATERIALS AND METHODS

Family history
One deceased male suffered from psychiatric illness
with a clinical diagnosis of chronic schizophrenia
based on case note review. He was an inpatient
continuously for over 20 years. Another sibling
suffered from severe learning disability. A third
sibling who also carries the inversion has now passed
the age of maximum risk for schizophrenia and has
no evidence of psychiatric illness. The parents of the
carriers died before karyotype was established. As
one or other breakpoint might lie within or near a
gene predisposing to major mental illness, we have
further characterized the breakpoints by fluorescence
in situ hybridization (FISH) as a first step towards the
identification of candidate genes.

Cytogenetic analysis
One member of the family was initially identified in a
survey of learning disability institutions over 25 years
ago. Other members of the family were also
karyotyped at that time. For the present study, a
sample was obtained from the clinically well indivi-

Psychiatric Genetics 1999, Vol 9 No 3 161
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dual who has no psychiatric illness or learning
disability. For high resolution chromosome analysis,
whole blood lymphocyte cultures were stimulated by
phytohaemoglutinin and synchronized with metho¬
trexate by means of standard protocols. Metaphase
chromosomes were routinely analysed by a standard
trypsin giemsa (GTG) method.

Alu PCR

YAC clones were selected from the Whitehead/MIT
map of chromosome 18 in the interval within which
the breakpoints were adjudged to lie. DNA was
prepared from these YAC clones by standard
methods and amplified by polymerase chain reaction
(PCR) using primers designed to the consensus
sequence elements within the Alu repeat sequence
(Breen et al., 1992). PCR was performed with four
individual Alu primers using the 'expand long
template PCR kit' (Boehringer Mannheim) to gen¬
erate PCR products up to 12 kb in length. The
products from each primer were then pooled.

FISH analysis
Pooled Alu PCR products were labelled by nick
translation with biotin or digoxigenin and hybridized
to metaphase spreads by standard methods. Biotin
hybridization signals were detected by successive
layers of fluorescein avidin DCS, biotinylated goat
anti-avidin, and fluorescein avidin DCS (Vector
Laboratories). Dual detection of biotin and digox¬
igenin hybridization signals was performed with
successive layers of FITC-conjugated sheep anti-
digoxygenin (Boehringer Mannheim), FITC-conju-
gated rabbit anti-sheep antibody plus avidin-Texas
red, biotinylated goat anti-avidin, and avidin Texas
red (Vector Laboratories) according to standard
protocols (Fantes eta/., 1995). Slides were mounted
by a fluorescent anti-fade solution, Vectashield
(Vector Laboratories) containing DAPI. Chromo¬
some preparations were examined under a Zeiss
Axioskop fluorescence microscope with a chroma
number 81000 multi-spectral filter set. Images were
captured using Vysis smart capture extension soft¬
ware running within IP Lab spectrum software.

RESULTS

FISH analysis
For higher resolution mapping of the breakpoints
than is possible by standard G-banding, fluorescence
in situ hybridization (FISH) techniques were used.
Initial results positioned the chromosomal break¬
points relative to those YAC clones selected for first
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round mapping. Further clones were then selected
from within the determined critical interval and also

mapped by FISH, thereby successively narrowing the
interval. One YAC clone from the short arm of the
normal chromosome 18 and one from the long arm
were found to hybridize to both arms of the derived
chromosome 18, indicating that these two YACs span
the chromosomal breakpoints (Fig. 1). Further over¬
lapping YAC clones were subsequently mapped to
corroborate these results, thus confirming the map¬
ping of both breakpoints in this patient.

DISCUSSION

In this family the phenotype of the three carriers of
the chromosome 18 inversion is markedly different in
each case. It is widely thought that the basis of
bipolar disorder, schizophrenia and learning disabil¬
ity lies in some form of inherited brain pathology
(Doody eta/., 1998). The prevalence of schizophrenia
in people with learning disability is three times higher
(approximately 3%) than the general population
(1%) (Turner, 1989). This may suggest a common
underlying pathology, with the phenotype of the
patients largely determined by other modifying factor
which may be genetic or environmental. It is not
surprising that one individual with the inversion has
no symptoms because penetrance in schizophrenia
often appears low.

There is considerable evidence for linkage of
bipolar illness to chromosome 18 and significant
association between markers on 18p and schizophre¬
nia has been reported. (Schwab et al., 1998; Van
Broeckhoven and Verheyen, 1998). The co-occur¬
rence of a pericentric inversion, invl8(pll.3 q21.1)
with schizophrenia and separately learning disability
in this family, and with bipolar disorder in another
(Mors et al., 1997) suggests the possibility that the
one of these breaks in the chromosome may have
disrupted the structure or function of a gene which
plays a role in the normal brain development or
function, thus predisposing the carrier to develop
psychosis. This hypothesis is strengthened by the fact
that the breakpoints map to the cytogenetic regions
previously shown to be linked to schizophrenia and
bipolar illness (Berrettini et al., 1994, 1997; Stine et
al., 1995; Schwab eta!., 1998; Van Broeckhoven and
Verheyen, 1998). However the breakpoint on the
short arm maps far enough away from the candidate
gene G(olf) to exclude it as a candidate for
involvement in the psychosis in this family. This
would suggest that other unidentified genes on either
arm of chromosome 18 may be responsible for the
predisposition to psychiatric illness in this family. By
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FIGURE 1. FISH mapping of YACs across the breakpoints of
the pericentric inversion of chromosome 18. (a) This biotiny-
lated YAC detected with fluorecsein avidin DCS maps to the
short arm of the normal chromosome 18 and to both arms of
the inverted chromosome 18. (b) This biotinylated YAC de¬
tected with avidin Texas red maps to the long arm of the nor¬
mal chromosome 18 and to both arms of the inverted
chromosome 18, green signal is a digoxygenin-labelled YAC
detected with fluorescein avidin DCS which maps to the long
arm telomere of chromosome 18.

FISH analysis we have been able to map the
breakpoints of this pericentric inversion to two very
narrow intervals; the isolation of genes neighbouring
these breakpoints may expedite the identification of
genes involved in the schizophrenia phenotype.
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Tyrosine hydroxylase (TH), the rate-
limiting enzyme in the metabolism of cate¬
cholamines, is considered a candidate gene
in bipolar affective disorder (BPAD) and
has been the subject of numerous linkage
and association studies. Taken together,
most results do not support a major gene ef¬
fect for the TH gene in BPAD. Genetic and
phenotypic heterogeneity may partially ex¬
plain the difficulty of confirming the exact
role of this gene using both association and
linkage methods. Four hundred one BPAD
patients and 401 unrelated matched con-
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trols were recruited within a European col¬
laborative project (BIOMED1 project in the
area of brain research, European Commu¬
nity grant number CT 92-1217, project
leader: J. Mendlewicz) involving 14 centers
for a case-control association study with a
tetranucleotide polymorphism in the TH
gene. Patients and controls were carefully
matched for geographical origin. Pheno¬
typic heterogeneity was considered and
subgroup analyses were performed with rel¬
evant variables: age at onset, family history,
and diagnostic stability. No association was
observed in the total sample or for sub¬
groups according to age at onset (re=172),
family history alone (n=159), or high degree
of diagnostic stability and a positive family
history (n=131). The results of this associa¬
tion study do not confirm the possible impli¬
cation of TH polymorphism in the suscepti¬
bility to BPAD. Am. J. Med. Genet. (Neuro-
psychiatr. Genet.) 88:527-532, 1999.
© 1999 Wiley-Liss, Inc.

© 1999 Wiley-Liss, Inc.
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INTRODUCTION

Bipolar affective disorders (BPAD) have been the
subject of numerous linkage studies using molecular
genetics, covering a significant part of the genome.
Most recent work suggests that several chromosomal
regions may play a role in the etiology of BPAD. These
regions of interest include genes on chromosomes 18,
21, 4, 5, 11, and X [Souery et al., 1996a for review] but
have not yet been finally confirmed. Since the gene(s) of
minor effect may be involved in affective disorders, the
association method testing candidate genes is an inter¬
esting alternative approach to linkage [Ndthen et al.,
1993]. Given that genetic heterogeneity is probably
present, one of the principal limitations of association
studies to detect the gene(s) of minor effect is the sta¬
tistical power generated by small samples. Large
samples are needed to lessen this type of limitation.
This consideration has been properly taken into ac¬
count within the European Collaborative Project on Af¬
fective Disorders (ECPAD): interactions between ge¬
netic and psychosocial vulnerability factors [Souery et
al., 1998]. This project (BIOMED1 project in the area of
Brain Research, European Community grant number
CT 92-1217, project leader: J. Mendlewicz) includes 14
centers and has as its major objective the complemen¬
tary approach, using both linkage and association
strategies, in large samples of patients and families
representing a powerful tool to cope with complex
traits. Moreover, the objectives also include the study
of other susceptibility factors such as psychosocial and
environmental variables.

Being the rate limiting enzyme in the metabolism of
catecholamines, tyrosine hydroxylase (TH) has been
considered a possible candidate gene in BPAD. Indeed,
a dysfunction of the catecholaminergic system is likely
to be implicated in the pathogenesis of affective disor¬
ders [Schatzberg & Schildkraut, 1995 for review). The
TH gene is located on the short arm of chromosome 11
(llpl5) [O'Malley & Rotwein, 1988], Among the candi¬
date genes selected for association studies within the
project, TH was first tested in light of contradictory
findings previously reported in smaller samples [Gill et
al., 1991; Inayama et al., 1993; Korner et al., 1990,
1994; Kunugi et al., 1996; Leboyer et al., 1990; Meloni
et al., 1995; Nothen et al., 1990; Oruc et al., 1997; Riet-
schel et al., 1995; Serretti et al., 1998a, 1998b; Souery
et al., 1996b; Todd & O'Malley, 1989; Todd et al., 1996],
A recent meta-analysis including reports published up
to January 1996 (a total of eight association studies)
indicated that there was no overall association between
BPAD and TH [Turecki et al., 1997]. The authors con¬
cluded, however, that there is a need to increase the
power of association studies with this gene and to as¬
sess important covariates that may influence study
outcomes. Linkage with TH was also tested in different
sets of BPAD families. Most reports significantly ex¬

cluded linkage between the TH gene and BPAD [Coon
et al., 1993; De bruyn et al., 1994; Detera-Wadleigh et
al., 1994; Ewald et al., 1994; Mendlewicz et al., 1991;
Mitchell et al., 1991; Pauls et al., 1991]. However, in
some families linkage of BPAD to TH could not be ex¬
cluded [Byerley et ah, 1992; Lim et al., 1993; Pakstis et
al., 1991; Sidenberg et al., 1994], Nevertheless, taken
together, these results do not support a major gene
effect for the TH gene in BPAD. Genetic and pheno-
typic heterogeneity of BPAD may partially explain the
difficulty of confirming the exact role of this marker
using both association and linkage methodologies.

Efforts have been made to partially overcome diag¬
nostic ambiguities in psychiatric genetics. These in¬
clude the use of new diagnostic approaches leading to
better diagnostic reliability [Williams & McGuffin,
1996]. However, despite diagnostic reliability, it re¬
mains difficult in psychiatric genetic studies to differ¬
entiate between true genetic cases and phenocopies.
For affective disorders, Rice and colleagues [1992] de¬
scribed a model using temporal stability of diagnosis in
familial cases to evaluate the probability ofbeing a true
case. Diagnostic stability is calculated for each patient
according to number of episodes, number of symptoms
during worst episode, and treatment modalities. This
model defines a quantitative index of caseness based on
the diagnostic stability over time, expressed in percent¬
ages. The authors propose to use this model to estimate
underlying genetic parameters. This approach should
be validated using familial evidence and may be useful
in psychiatric genetic studies to take into account di¬
agnostic error and certainty of being a case. In this
sense, the model may also be useful in case-control as¬
sociation studies to select more homogeneous sub¬
groups of patients having a higher probability of being
genetic cases and to reduce the limitation due to phe-
notypic heterogeneity.

This paper presents the results of a large multicenter
association study between TH tetranucleotide polymor¬
phism (TH4) and BPAD, taking into account pheno-
typic heterogeneity. Subgroups of patients have been
analysed according to age at onset, family history (FH),
and other clinical variables. Selection of relevant clini¬
cal variables was done in accordance with the hypoth¬
esis described by Rice et al. [1992],

MATERIALS AND METHODS
Description of the Sample

A total of 1,278 subjects (603 BPAD and 675 healthy
controls) were consecutively recruited with DNA avail¬
able. All these subjects were diagnosed using the
Schedule for Affective Disorders and Schizophrenia—
Lifetime Version (SADS-LA) or the Schedules for Clini¬
cal Assessment of Neuropsychiatry (SCAN), except for
Finnish subjects for whom diagnoses were based on
life-time medical records. All the patients met the di¬
agnosis of BPAD according to Research Diagnostic Cri¬
teria and Diagnostic and Statistical Manual ofMental
Disorders (DSM-III-R and DSM-IV) classification sys¬
tems. Within the control group, subjects with a positive
personal and familial history (assessed by the Family
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History, Research Diagnostic Criteria) of major or mi¬
nor affective disorder were not included. Specific clini¬
cal characteristics were included in the central data¬
base (age at onset, number of major depressed epi¬
sodes, number of manic or hypomanic episodes,
number of symptoms during worst affective episode,
and treatment modalities). Each patient was assigned
a diagnostic stability score [Rice et ah, 1992] according
to clinical information (see data analysis). Part of this
sample (Italian subjects, 88 BPAD and 84 controls) was
published by Serretti et al. [1998a],

Statistical Analysis

The analysis of allelic association consisted of com¬
parison of allele and genotype frequencies for the
marker investigated between patients and controls
with genotypes for TH4 available. The homozygote-
heterozygote distribution was also evaluated. Chi-
square statistics were applied. Comparisons were per¬
formed with the use of Fisher's exact test when the
conditions of application for the chi-square test were
not met. Fisher's exact test is traditionally associated
with the single 2x2 contingency table. Its extension to
unordered r x c tables was proposed by Freeman and
Halton [Freeman & Halton, 1951], It is also known as
the Freeman and Halton test. As the asymptotic con¬
ditions are not always satisfied, conclusions of statisti¬
cal tests were based on the calculation of an exact p-
value (StatXact3 for Windows™, 1995) instead of a
classical asymptotic one. A major bias affecting asso¬
ciation studies performed using contingency tables is
the increase in type I error due to doubling the sample
number for the allele analysis, while the genotype
analysis may not be specific for an allele effect. To cir¬
cumvent this problem an algorithm was developed by
Terwilliger and Ott [1994] that tests marker-disease
allelic association deriving allelic frequencies from
haplotypes (EH program: Estimate Haplotypes fre¬
quencies). The EH program for case-control association
studies [Terwilliger & Ott, 1994] was also applied for
the marker tested in this study. Allele and haplotype
frequencies between disease and marker alleles were
calculated by the EH program under specified param¬
eters for disease gene frequency of 0.01 and dominant
model of inheritance with noncarrier penetrance of
0.001 and carriers of 0.8 for bipolar disorder, while for
unipolar disorder allele frequency was 0.05 [Straub et
al., 1994]. Deviation from linkage equilibrium between
alleles at disease and markers loci was quantified from
chi-square values calculated by the program. A Bonfer-
roni correction was made for multiple analyses.

Phenotypic heterogeneity was taken into consider¬
ation; age at onset, FH, and diagnostic stability were
used as clinical variables to stratify patients in sub¬
groups. The threshold of 25 years was used for age at
onset subgroups. FH is defined has having at least one
first degree relative affected for BPAD or UPAD (re¬
current major depression). Diagnostic stability and FH
are analysed to test the hypothesis that patients hav¬
ing a high degree of diagnostic stability and a positive
FH for affective disorders may be true genetic cases
[Rice et al., 1992], Diagnostic stability is calculated for

each patient according to number of episodes, number
of symptoms during worst episode, and treatment mo¬
dalities (all this information is included in the SADS-L
and the SCAN). This model defines a quantitative in¬
dex of caseness based on the diagnostic stability over
time, expressed in percentage. In our sample and on
this basis, a selection of patients having a high score of
diagnostic stability (>90%) and a positive FH was made
for subgroup analysis.

Special effort was made in the final analysis to care¬
fully match patients and controls for geographical ori¬
gin to reduce stratification bias. Analyses were per¬
formed on pairwise samples of patients and controls
according to geographical origin, leaving for the overall
sample analysed 401 bipolar and 401 controls matched,
with genetic information available for TH (description
of the sample is provided in Table I). The number of
matched patients and controls selected for the study for
each center is provided in Table II.

DNA Analysis

Genomic DNA was isolated from heparinized blood
using a standardized extraction method. Standard
polymerase chain reaction (PCR) was done in a 25 p,L
volume containing 100 ng genomic DNA, 200 (M of
dNTP, and 30 pmol of each primer (5'-CAGCTGCC-
CTAGTCAGCAG-3', and 5' -GCTTCCGAGTGCAGGT-
CACA-3'). One primer was end-labeled before PCR
with T4 polynucleotide kinase and [y32P] ATP. The
mixture was denaturated at 94"C for 5 min, followed by
22 cycles consisting of denaturation at 94°C for 1 min,
annealing at the appropriate temperature for 1.5 min
and extension at 72°C for 1 min. The final elongation
step was performed at 72°C for 5 min. The polymor¬
phism at TH was detected by separating the PCR prod¬
ucts on a polyacrylamide gel and exposure to X-ray
film. Five alleles were identified, with allele sizes of
260, 256, 252, 248, and 244 base pairs as described in
the literature [Polymeropoulos et al., 1991].

Genotyping conditions have been provided by the ref¬
erence laboratory (Laboratory of Neurogenetics, Born

TABLE I. Bipolar Affective Disorder (BPAD) Association
Study: Sample Characteristics*

n

BPAD
401

Controls
n = 401

Age
Sexa M (n = 349)

F (n = 432)
Age at onset
Manic Episodes
Depressive Episodes
Manic Symptomsb
Depressive Symptoms"

47.14 ±13.77
177
224

28.49 ± 9.61
4.7 ± 4.6

5.08 ± 4.65
5.72 ± 1.3
4.7 ± 1.42

46.72 ± 13.8
172
208

*Means ± s.d. Number manic episodes, number depressive episodes, num¬
ber manic symptoms, and number depressive symptoms for each patients
are directly derived from the SADS-L and the SCAN. The number of manic
and depressive symptoms are the ones observed during the worst episode
of depression and/or mania.
"Sex information missing for 21 subjects.
bNot including 20 subjects with number of episodes of depression = 99,
signifying "too many to count".
"Not including 14 subjects with number manic episodes = 99, signifying
"too many to count".
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TABLE II. Number of Patients and Controls Selected for
Each Country

Country
Bipolar

affective disorder Controls

Austria 19 19

Belgium 63 63

Bulgaria 50 50

Croatia 34 34

Denmark 27 27

Finland 24 24

Germany 13 13

Greece 46 46

Israel 9 9

Italy 68 68

Luxemburg 5 5

Sweden 37 37

United Kingdom 6 6

Total 401 401

Bunge Foundation, Antwerp; C. Van Broeckhoven). An
error-checking procedure was set up for genotyping
standardisation. Two DNA samples from each partici¬
pating center were analysed together with the two
CEPH references in the reference laboratory. The
scored alleles were used as reference alleles for the
remaining samples in each center.

RESULTS

Genotypic frequencies are in Hardy-Weinberg equi¬
librium in the control and patient populations for each
country.

In the overall sample of 401 BPAD patients and 401
normal controls (Table III) with TH4 genotypes avail¬
able, no association was found between BPAD pheno-
type and TH4 allele frequency (p = 0.578), genotype
counts (p = 0.569), and homozygote-heterozygote distri¬
bution (p = 0.796). No linkage disequilibrium between
alleles of this marker and BPAD disorder was observed
in the total sample. The power was calculated for the
overall sample (i.e., the probability to detect gene effect
regarding the available sample). The power to detect a
difference at the 0.05 (two-tailed) level was evaluated
at more than 99%, given our sample size of 401 pa¬
tients and 401 controls and estimating a true frequency
of a disease allele at 10% in the patient population and
2% in the control population [Cohen, 1977; Walsh et al.,
1992],

Age at onset, FH, and probability of diagnostic sta¬
bility were used in subgroup analyses of BPAD pa¬
tients. In the subgroup analyses, stratification of the
sample according to age at onset did not reveal any
significant difference between BPAD patients having
an age at onset less than 26 (n = 172) and normal con¬
trols (n = 172) for TH4 allele frequency (p = 0.703),
genotypes (p = 0.524) and homozygote-heterozygotes
(p =0.108). The variable "positive FH" alone was also
used to select a subgroup of patients, but no association
was observed (159 BPAD patients having a positive FH
compared with 159 normal controls): allele frequency
(p = 0.333), genotypes (p = 0.845), homozygotes-
heterozygotes (p = 0.412). Looking at the 131 patients
with a high degree of diagnostic stability (>90%) and a
positive FH for affective disorders, no association was

TABLE III. Allele Frequencies, Genotype Counts, and
Homozygote-Heterozygote Distribution for the Tyrosine

Hydroxylase Polymorphism in Bipolar Patients (BPAD) and
Control Subjects*

BPAD
n = 401 (%)

Controls
n = 401 (%)

Allele0
1 225 (28.1) 236 (29.4)
2 141 (17.6) 124 (15.5)
3 107 (13.3) 97 (12.1)
4 131 (16.3) 148 (18.5)
5 198 (24.7) 197 (24.6)

Genotypesb
1-1 26 (6.5) 28 (7.0)
1-2 40 (10.0) 31 (7.7)
1-3 27 (3.4) 34 (8.5)
1-4 45 (11.2) 40 (10.0)
1-5 61 (15.2) 75 (18.7)
2-2 14 (3.5) 8 (2.0)
2-3 21 (5.2) 16 (4.0)
2-4 23 (5.7) 31 (7.7)
2-5 29 (7.2) 30 (7.5)
3-3 6 (1.5) 6(1.5)
3-4 18 (4.5) 12 (3.0)
3-5 29 (7.2) 23 (5.7)
4-4 12 (3.0) 20 (5.0)
4-5 21 (5.2) 25 (6.2)
5-5 29 (7.2) 22 (5.5)

Homo-heteroc
Homo 87 (21.7) 84 (21.7)
Hetero 314 (78.3) 317 (79.1)

*Frequencies expressed in (%) for alleles, genotypes, and homozygotes-
heterozygotes distribution. Number for each allele represents a total num¬
ber of times the allele was observed (n x 2); frequencies are given in pa¬
rentheses.
°x2 = 2.882; p = 0.578.
V = 12.469; p = 0.569.
°x2 = 0.067; p = 0.796.

found for TH4 allele, genotype, and homozygote-
heterozygote frequencies and BPAD (p = 0.301;
p = 0.911, and p = 0.763).

DISCUSSION

A systematic review of linkage and association re¬
ports with TH polymorphisms in BPAD reveals dis¬
crepancies in results between studies. While most re¬
ports significantly excluded linkage between the TH
gene and BPAD [Coon et al., 1993; De bruyn et al.,
1994; Detera-Wadleigh et al., 1994; Ewald et al., 1994;
Mendlewicz et al., 1991; Mitchell et al., 1991; Pauls et
al., 1991], some association findings suggest the impli¬
cation of this marker [Kunugi et al., 1996; Leboyer et
al., 1990; Meloni et al., 1995; Oruc et al., 1997; Serretti
et al., 1998a, 1998b]. It is therefore difficult to conclude
the exact role of this marker in BPAD patients. Phe-
notypic heterogeneity and the possible minor gene ef¬
fect of this marker in affective disorders are probably
responsible for the discrepancies reported in the litera¬
ture, in particular for the differences of findings origi¬
nating from linkage and association methods. These
sources ofdisparity can be partially limited using more
homogeneous subgroups of patients having a higher
probability of being genetic cases in regard to some
phenotypic traits. For affective disorders, the model
proposed by Rice and colleagues [1992] can be applied
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to limit possible bias due to the presence of phenocop-
ies. This model defines a quantitative index of cases
based on the diagnostic stability over time and is pro¬
posed to estimate underlying genetic parameters. An¬
other source of problems in interpreting association
findings is the lack of statistical power of limited
samples [Owen, 1997].

To address the above limitations, we performed an
association study between the TH polymorphism and
BPAD in a large case-control sample, taking into ac¬
count phenotypic heterogeneity. The large sample size
provided by the multicenter approach allowed the
study to reach high statistical power. The power to de¬
tect a difference at the 0.05 (two-tailed) level was
evaluated at more than 99%, given our sample size of
401 patients and 401 controls and estimating a true
frequency of a disease allele at 10% in the patient popu¬
lation and 2% in the control population [Cohen, 1977;
Walsh et al., 1992], In addition to the currently re¬
ported case-control association study, we intend to use
nonparametric tests in family samples in the context of
ECPAD; this type of analysis for the TH polymorphism
is the subject of another report [Serretti et al., personal
communication].

No association has been observed between TH4 poly¬
morphism and BPAD patients in the total sample of
401 patients and 401 controls. Stratification of the
sample according to age at onset (n = 172), FH of affec¬
tive disorders (n = 159) and the degree of diagnostic
stability (n = 131) did not reveal any significant differ¬
ence between BPAD patients and normal controls.

However, it is interesting to mention that in a pilot
analysis, realised before the exact matching of patients
and controls for geographical origin, the stratification
approach revealed an allelic association (p = 0.0069) be¬
tween the TH4 polymorphism and BPAD patients hav¬
ing a high probability of diagnostic stability (>90%) and
a positive FH for affective disorders (n = 142) compared
with normal controls (n = 128). The association was
even confirmed using the EH program for linkage dis¬
equilibrium (p = 0.0026). Allele 3 was more frequently
observed in the patient group (p = 0.0007). No associa¬
tion was found on the overall sample. This observation
stresses the importance of carefully taking into account
population stratification in case-control association
studies. This source of spurious findings was consid¬
ered in this study, in which each patient was indeed
matched with an unrelated control of the same geo¬
graphical origin. Though this matching should help
minimize potential population stratification, it cannot
directly test for it. After each case was carefully
matched to an unrelated control, samples from the dif¬
ferent centers were comparable for genotype frequency,
however, indicating no significant heterogeneity by
geographic origin of the samples for this marker.

Some of the authors previously reported an associa¬
tion between TH and BPAD using part of the present
sample [Italian subjects, Serretti et al., 1998a]. Geo¬
graphic heterogeneity may explain discrepant results,
as well as the fact that the sample included more se¬
verely affected subjects (all tertiary setting inpatients,
number of depressive symptoms 6.8 versus 4.7). Symp¬
tomatology could therefore constitute a stratification

bias, with less severe subjects carrying a reduced ge¬
netic contribution [Tsuang & Faraone, 1990]. Indeed,
in part of the same sample, depressive symptomatology
among affecteds was associated with TH variants
[Serretti et al.,1998b].

Our current study does not replicate promising re¬
sults from previous case-control association studies
with this marker in BPAD. The association between a

TH polymorphism and BPAD patients having a high
degree of diagnostic stability and among those having a
positive FH for affective disorders found in a pilot
analysis in a sample not completely matched for geo¬
graphical origin highlights the importance of popula¬
tion stratification in association studies for affective
disorders.
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The objective of this study was to use a robust variance component method to analyse unipolar and bipolar disorder in a
large Scottish extended family (n =168) in which linkage between markers and disease has been previously reported on the
short arm of chromosome 4. Data consisted of diagnosed clinical uni- or bipolar disorder on 143 individuals, with
microsatellite marker information on 109 of these individuals. The incidence of unipolar and bipolar disorder in the family
was 17/143, and 11/143, respectively. Eleven linked markers on chromosome 4, spanning a region of approximately 26 cM,
were used in the analysis. The statistical analysis was performed in two steps. First, pairwise identify-by-descent (IBD)
coefficients for all individuals in the pedigree were calculated at I cM intervals, using all marker data simultaneously, with
a Monte Carlo Markov Chain algorithm. Second, the variance in the trait of interest was partitioned using residual
maximum likelihood (REML). Three components of variance were estimated: (i) a genetic component associated with the
average relationship between individuals using the numerator relationship matrix, (ii) a genetic component associated with
a chromosome location using the estimated IBD coefficients, and (iii) a residual component. The test statistic (LOD score)
was calculated from the maximum likelihood of the full model, fitting all three variance components, and the maximum
likelihood value from the reduced model, fitting a polygenic and residual component. The largest LOD scores (maximum
LOD = 5.9), were found in a region spanning about 10 cM, when the trait was defined as the occurrence of either uni- or
bipolar disorder. The putative QTL explained about 25% of the total variation in the trait. <' 1999 Lippincott Williams &
Wilkins.

Keywords: unipolar disorder, bipolar disorder, genetics, maximum likelihood, quantitative trait locus

INTRODUCTION

Most psychiatric disorders fall into the category of
'complex traits', i.e. traits which are influenced by
multiple genetic loci and by non-genetic environ¬
mental factors, when we seek to understand the
incidence and variation of disorders between and
within populations. Understanding the underlying
genetics of complex traits is difficult because there is
no direct correspondence between genotype and
phenotype, and so individuals cannot be divided into
genotypic classes. However, with a large enough
number of individuals with phenotypic records and
pedigree information, the genetic contribution to
individual variation can be estimated. With the
addition of genetic marker information, linkage
analyses can be employed to search for genome
regions which are co-segregating with disorders in
families. However, published results from genome

11955-8829 <' 1999 Lippincott Williams & Wilkins

scans have been somewhat controversial, because of
the lack of confirmation of putative genome regions
affecting disorders in other populations (Risch and
Botstein, 1996). It was suggested by these authors
that the lack of success of finding trait loci for
psychiatric disorders was due to the publication of
results with large false positive rates, because of the
methodology used to detect linkage, and the inher¬
ently complex nature of psychiatric disorders.

For complex traits, results from linkage analysis
are not robust to violations of assumptions regarding
the putative genetic model (e.g. dominant, recessive,
or additive loci) and the specification of the
penetrance function (Almasy and Blangero, 1998).
Recently, there has been a renewed interest in
variance-based methods to detect quantitative trait
loci (QTLs) for complex (quantitative) traits in
outbred populations (Amos el al., 1990; Xu and
Atchley, 1995; Comuzzie et al., 1997; Duggilari el al..
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1996; Grignola el al., 1996; Almasy and Blangero,
1998). These methods do not specify any particular
genetic model (in terms of gene action or number of
loci influencing trait variation) for the trait under
consideration, but look for regions of the genome
which explain a significant amount of the phenotypic
variation in the trait. The locations on a chromosome
(or genome) which explain a significant amount of
variation are then our best estimates for the locations
of QTL. Variance-based methods, like regression-
based sib-pair methods, are generally robust to
violations of assumptions (e.g. Almasy and Blangero,
1998). The objective of this study was to analyse data
on unipolar and bipolar disorder in a large Scottish
extended family (// = 168) in which linkage between
markers and disease has been previously reported on
the short arm of chromosome 4 (Blackwood el al.,
1996), using a variance component method. In the
previous analysis, which assumed that any genetic
component was due to a single locus with incomplete
penetrance, a two-point LOD score of 4.1 was
reported for marker D4S394 (Blackwood el al., 1996).

METHODS

Data

Phenotypic data (absence or presence of uni- or
bipolar disorder) on a large family was used,
consisting of 143 records and 168 individuals in the
pedigree. The incidence of the disorder was 17/143
(unipolar), 11/143 (bipolar), and 28/143 (uni- or
bipolar).

A linkage group of 11 markers, spanning 26 cM,
was used to calculate multipoint pairwise identity-by-
descent (IBD) coefficients. These markers were a
subset of those used by Blackwood el al. (1996), and
were chosen because of strong support for their order
using the linkage package CRI-MAP (Lander and
Green, 1987). In addition to the marker genotype
validation carried out by Blackwood el al. (1996),
marker genotypes were checked for unlikely double
crossovers using CRI-MAP, and set to 'unknown' if
these occurred. The set of ordered markers and their
relative distances are shown in Table 1.

Model
A simple linear model was assumed for all traits
investigated. Traits were scored as 0 or 1 (absence or

presence, respectively), and defined as (i) absence/
presence of unipolar disorder, (ii) absence/presence
of bipolar disorder, and (iii) absence/presence of uni-
or bipolar disorder. All subjects diagnosed with
bipolar disorder also met criteria for major depres¬
sive disorder and this combined trait allows for the
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TABLE 1. Linkage map used to calculate IBD coefficients

Marker Distance (cM) Location (cM)

d4s431
1

0

d4s2366
1

1

d4s3007
2

2

d4s394
8

4

d4s1582
1

12

d4s1599
1

13

d4s1605
3

14

d4s1602
1

17

d4s403
4

18

d4s1567
4

22

d4s419 26

possibility that bipolar and unipolar illness in this
family are presentations of the same disorder.

The aim of variance component analyses is to
partition the observed variation in the trait into
causes of variation. These causes can be of an

environmental or genetic nature. The variance
estimation method used was restricted maximum
likelihood (REML: Patterson and Thompson, 1971;
Lynch and Walsh, 1998). This method is very similar
to maximum likelihood (ML), but takes account of
the loss in degrees of freedom due to fitted fixed
effects when estimating variance components. (In
essence, it divides a sum of squares by [N— 1 ] if only a
mean is fitted, and not by [/V] as ML would do.) The
difference in variance estimates between ML and
REML is small if few fixed effects are fitted in the
model, relative to the total number of observations.
All analyses were done on the 0/1 data, because there
is little evidence that fitting a generalized linear
model (rather than a simple linear model) improves
precision or power (e.g. Visscher el al., 1996). For all
analyses, the maximum likelihood value was itera-
tively obtained using a direct search method.

Three different analyses were carried out for each
of the three traits. In each model, the only fixed effect
fitted was that of sex.

Polygenic model
This model allows us to determine the strength of
evidence for genetic variation for the trait within the
pedigree. Marker information is not required to fit
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this model. Formally, we are assuming that the trait is
affected by a large number of independent loci of
small effect. However, this model is relatively robust
to the assumption concerning the number of loci and,
with sufficient data, should provide a good estimate
of the genetic contribution to variation even if only a
single locus is responsible. It is important to fit this
particular model, because the strength of evidence
for a QTL should be relative to it, i.e. does a QTL
explain a significant amount of variance over and
above the amount of variance explained by fitting a
polygenic model?

In matrix notation, the first model is:

For genomic location /, the following model was
fitted:

y = Xb + Zq + e (2)

y = Xb + Zu + e (1)

where y is the vector of observations, b is the vector
of fixed effects, X is the incidence matrix linking
observations to the fixed effects, Z is the matrix
linking observations to polygenic effects, u is the
vector of random polygenic effect and e is the vector
of random environmental effect. The assumed mean

and variance structure of the observation is:

E{y) = Xb

var(y) = V = ZAZV2 + Ia;

with A the numerator relationship matrix (e.g. Lynch
and Walsh, 1998). In a non-inbred population, the
elements of matrix A are the expected proportion of
alleles that two individuals share IBD. Typical entries
in this matrix are 0.5 (parents and progeny, fullsibs),
0.25 (halfsibs), and 0.125 (first cousins). This model
fits the average genomic relationship between in¬
dividuals, ignoring marker information. All relation¬
ships between individuals in the pedigree are used in
the analysis, by fitting the numerator relationship
matrix.

The results from this model are an estimate of the

heritability of the trait (h2 = + <t2)), and the
corresponding value of the maximum likelihood.
Note that this is an estimate of the heritability within
the pedigree or pedigrees analysed, not in the
population as a whole.

QTL model

In this model, we use marker information to
determine the strength of evidence that particular
genetic locations influence trait variation. The model
assumes that any genetic variation is solely due to the
location being examined (i.e. no loci elsewhere
influence the trait). However, the model makes no
assumption about the relative contribution of this
genetic effect and environmental influences.

where q is the vector of random QTL effects, with
variance and var(q) = Qirr2. The matrix Qi was
estimated separately from the marker data. In this
model, the 'realized' relationship matrix at a parti¬
cular location in the genome is fitted by using the
proportion of alleles which are identical-by-descent
(IBD) between any pair of individuals. For fully
informative markers and no missing information,
IBD coefficients are 0, 0.5, or 1. For example,
consider a small nuclear family, in which the father
has marker genotype 1/2 and the mother 3/4, with two
fullsibs also genotyped. If the sibs are 1/3 and 1/3,
then they share both alleles IBD, and their coefficient
in the matrix is 1. However, if one sib is 1/3 and the
other 2/4, their coefficient is 0. With missing data and
markers which are not fully informative, the elements
in the IBD matrix are estimates of the proportion of
alleles shared IBD between two individuals.

To estimate the IBD matrix using data from
multiple markers, both SIMWALK (Sobel and
Lange, 1996) and software based on Heath (1998)
and Heath and Thompson (1997) were used. These
programmes use Monte Carlo Markov Chain meth¬
ods to estimate the IBD matrix conditional on all
marker information, and take by far the most
computing time for these analyses. Results from
using either package to calculate IBD coefficients
were similar (results not shown), and only those
pertaining to the software by Heath (1998) are
presented. Marker allele frequencies are necessary
to distinguish between markers that are IBD and
identical-by-state (IBS), and that were determined by
considering only founders with marker genotypes.
For this estimation, founders were defined as

individuals having one or two parents with missing
marker genotypes. This approach is likely to over¬
estimate the population frequencies of the marker
alleles found in affected individuals. Estimating
marker allele frequencies in this way could reduce
the statistical power slightly, by increasing the
probability that genome segments shared by affected
individuals arc IBS, rather than IBD. IBD coeffi¬
cients were also calculated assuming that all alleles at
any marker were at equal frequencies.

The results from this model are a 'QTL heritability'
(h2 = (T2/(a2 + rr;)), i.e. the amount of variance within
the pedigree explained by a location on chromosome
4, and the corresponding maximum likelihood value.
Results from this analysis should be closest to those
from the published linkage analysis by Blackwood el
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at. (1996). Estimation of variance components was
performed at 1 cM intervals.

Polygenic and QTL model
This model assumes that the genetic contribution to
the trait is due to the genomic region under
examination plus an unlinked polygenic effect. All
random components are fitted in the model, hence:

y = Xb + Zu 4-Zq + e (3)

For this analysis, both an average relationship matrix
and an IBD matrix were fitted. Estimates of the

polygenic heritability and QTL heritability, and the
overall maximum likelihood value, are results from
this analysis.

Statistical tests

Since we obtain the maximum likelihood value for
each model, we can calculate a LOD score to test for
the presence of polygenic and QTL variation.
Corresponding to the three different models, we
used three different statistical tests: (1) test for
polygenic variation, by comparing the maximum
likelihood for the best estimate of the polygenic
heritability with the likelihood for h: = 0; (2) test for
QTL variation (h2 vs h2 = 0), and (3) test for QTL
variation over and above polygenic variation. Hence
we compared the likelihoods for a model with h2 and
h2 (i.e. model 3) with a model fitting only h2 (i.e.

model 2). This is the most appropriate test for QTL
presence. For a single test at a particular genomic
location, the likelihood ratio test statistic (LRT) for
testing variance components is approximately dis¬
tributed as a 50:50 mixture of a \2 variable with 1
degree of freedom and a point mass at zero, under
the null hypothesis of a zero component (e.g. Almasy
and Blangero, 1998). The LOD score is calculated
from the LRT as LOD = LRT/4.6.

RESULTS

Figures 1-3 and Table 2 summarize the findings.
There is strong evidence for genetic variation for
unipolar disorder and uni- or bipolar disorder, with
(polygenic) heritabilities of 0.28 and 0.37, respec¬
tively. These values are significantly different from
zero. There appears no evidence for polygenic
variance for bipolar disorder (h2 = 0.06).

There is very strong evidence for a QTL on
chromosome 4 affecting uni- or bipolar disorder.
The LOD of 6.6 is larger than the values published
previously (Blackwood et al„ 1996) for testing a QTL
variance vs no genetic variance. Even when testing
the QTL variance relative to polygenic variance (test
3), the LOD is still 3.7, pointing to significant QTL
variation, even after taking out polygenic variation.
The QTL variance explains —30% of the total
variance, whether fitting a polygenic component or
not.

Unipolar

-*-QTL vs. no QTL

-♦-QTL+polygertc vs. pofypsnte

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

cM

FIGURE 1. LOD scores for testing QTL variation for unipolar disorder on chromosome 4p.
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Bipolar

-QTLvi-noQTL

-QTL-fpolyQeric vt. polygenic

FIGURE 2. LOD scores for testing QTL variation for bipolar disorder on chromosome 4p.

There is less evidence for QTL variation for the
individual (unipolar, bipolar) traits. It appears that
the LOD of 2.8 for QTL variance (test 2) for unipolar
disorder may be partially due to the polygenic
component, since there is no significant evidence
for QTL variance when a polygenic variance is fitted
simultaneously. The situation for bipolar disorder is

the reverse: the LOD score when fitting a QTL is
hardly affected by fitting a polygenic component.

The evidence for QTL activity for uni- or bipolar
disorder on chromosome 4 was stronger when it was
assumed that marker alleles were at equal frequen¬
cies (Table 3, and Figures 4-6). There is little
evidence for a QTL affecting unipolar disorder (test

Unl or Bipolar

-QTL v». no QTL

-QTL+potyg*rtc vn. polygenic

FIGURE 3. LOD scores for testing QTL variation for unipolar or bipolar disorder on chromosome 4p.
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TABLE 2. Parameter estimates from the variance component
analyses

Trait Analysis3 h2b hr LOD Test

Unipolar 1 0.28 1.6 h2 = 0

disorder II 0.19 2.1 h2 = 0

III 0.12 0.16 0.6 h2 = 0

Bipolar 1 0.06 0 h2 = 0
disorder II 0.14 1.6 h2 = 0

III 0.00 0.14 1.5 h? = 0

Uni- or 1 0.37 3.0 h2 = 0

bipolar II 0.30 6.6 h2 = 0
disorder Q

III 0.00 0.29 3.7 h2=0

al: Fitting polygenic component only; II: fitting QTL compo¬
nent only; III: fitting both polygenic and QTL component.
bPolygenic heritability.
cHeritability due to QTL.

3, LOD=1.3), but stronger evidence for a QTL
affecting bipolar disorder (LOD = 2.3) and very
strong evidence for a QTL affecting either uni- or
bipolar disorder (LOD = 5.9).

DISCUSSION

Significant evidence for QTL activity was detected,
using a very different approach from the linkage

TABLE 3. Parameter estimates from the variance component
analyses, when equal frequencies for alleles for a marker are
used to estimate IBD coefficients

Trait Analysis3 h2b hr LOD Test

Unipolar I 0.28 1.6 h2 = 0
disorder II 0.17 2.8 hp = 0

III 0.08 0.16 1.3 hq = 0

Bipolar I 0.06 0 h2 = 0
disorder II 0.12 2.4 h2 = 0

III 0.00 0.11 2.3 h2 = 0

Uni- or I 0.37 3.0 OII
CM.c

bipolar II 0.26 8.7 h2 = 0
disorder

0.00
Q

III 0.26 5.9 h2 = 0

al: Fitting polygenic component only; II: fitting QTL compo¬
nent only; III: fitting both polygenic and QTL component.
bPolygenic heritability.
cHeritability due to QTL.

analysis used previously (Blackwood et al., 1996).
This is encouraging, since the method used is more
robust and makes fewer assumptions about the
genetic aetiology of the trait. The advantage of a
variance component method is first that no genetic
model is assumed prior to the statistical analysis, and
second that the correct test for the presence of a QTL

Unipolar. Uting equal marker allele frequencies

3

—QTLv*. no QTL
-*-QTL ♦ polygenic v«, polygenic

0

0 1 2 ' < ' 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

cM

4' Sif°m6? ,0< ,estin9 9TL variation for unipolar disorder, when the IBD coefficients are estimated,assuming that all alleles for a marker have the same frequency on chromosome 4p
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—QTL V». no QTL

-•-QTL+potygenlc v«. polygenic

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

cM

FIGURE 5. LOD scores for testing QTL variation for bipolar disorder, when the IBD coefficients are estimated,
assuming that all alleles for a marker have the same frequency on chromosome 4p.

can be performed, i.e. testing whether a chromosome
region explains variation in addition to the variation
which is associated with the average relationships
between individuals in the pedigree. Hence, the
variance component method can easily distinguish
between single gene effects and polygenic variation,

whereas this is not possible with a standard linkage
approach. Variance component methods have been
successfully used in detecting QTLs for obesity-
related traits in man (Duggirala el al., 1996;
Comuzzie el al., 1997), and milk production traits in
dairy cattle (Zhang et al., 1998). Variance component

Bipolar. Using equal marker allele frequencies

Unl or Bipolar. Using oquai marksr allala fraquandas

-*r-QTL v* no QTL

-a-QTL + polygenic v». polygenic

0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 16 17 18 19 20 21 22 23 24 25 26

cM

FIGURE 6. LOD scores for testing QTL variation for unipolar or bipolar disorder, when the IBD coefficients are
estimated, assuming that all alleles for a marker have the same frequency on chromosome 4p.
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models can easily include covariates and fixed effects,
such as age at onset and a cohort effect. Extension of
the methodology to multiple QTLs is relatively
straightforward (Almasy and Blangero, 1998).

Other random effects can also easily be incorpo¬
rated into the linear model when using the variance
component method. For example, we fitted the
random effect of a common environment of fullsibs
in addition to fitting the polygenic effect. However,
the variance component for the common fullsib effect
was zero for all three traits. We also fitted a polygenic
effect after fitting the common environmental effect,
and that resulted in significant LOD scores for the
polygenic heritability (h~) for unipolar disorder
(LOD = 3.9) and for uni- or bipolar disorder
(LOD = 9.7). These results indicate that there is no
evidence to suggest that the variation between
nuclear families within this large pedigree is due to
common environmental or within-family effects.

We have not produced any P-values to denote
significance of the statistical tests, because the data
(phenotypic and genotypic) used in our analyses are
very similar to that previously published (Blackwood
el cii, 1996), so that we had prior information that the
region of chromosome 4 contained QTL activity. We
performed many multiple tests in our analyses: three
traits were tested for three models at 26 locations.
However the three traits are correlated, one of the
tests (that for polygenic variation) is independent of
location, and tests on different chromosome locations
are highly correlated, so that the total number of
"independent" tests from our analyses is likely to be
less than 10 (say, two uncorrelated traits x two
statistical tests x two independent locations). In
practice, multiple tests need to be taken into account
when declaring significant QTLs, because otherwise
too many false positives would be reported (e.g.
Lander and Kruglyak, 1995). However, even for
complete genome scans the genome-wide threshold is
unlikely to be larger than a LOD of 4.0, so that our

reported results would be significant had they been
selected from a genome scan. When performing a
single test for the significance of a variance compo¬
nent, a LOD of 3.0 is approximately significant at the
0.0001 level, and a LOD of 5.9 approximately at the
10 7 level. If bipolar disorder is a more severe form
of unipolar disorder, the power to detect QTLs
should be larger if individuals are coded 'affected' if
they suffer from either uni- or bipolar disorder. In
our analyses, there was much stronger evidence for
QTL activity for this combined trait than for unipolar
or bipolar disorder separately. Blackwood el al.
(1996) reported the highest LOD score (4.1) for
linkage with bipolar disorder (using their narrow
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definition), although the broader definition used in
their analysis (unipolar or bipolar disorder) produced
a similar LOD score of 4.0 at the same marker. It is
not clear why Blackwood el til. (1996) detected a
chromosome location affecting bipolar disorder,
when in the present analysis we find little evidence
of genetic variation for the narrow definition of
bipolar disorder. The difference may be that Black¬
wood el cil. (1996) coded unipolar disorder (and other
psychiatric diagnoses) as 'unknown' in their linkage
analysis of bipolar disorder, whereas we coded them
as 'zero' (i.e. absence of disorder) in our analysis. For
example, if two siblings, one affected with bipolar
disorder and one affected with unipolar disorder,
share a common haplotype, the evidence for linkage
would be stronger if unipolar was coded as 'unknown'
than if it was coded as 'absence of bipolar'. In effect,
coding unipolar as absence of bipolar disorder would
be interpreted as evidence against linkage. Other
possibilities for the differences in the strength of
evidence for a region affecting bipolar disorder
between the two analyses are the assumption regard¬
ing phenocopy rate and marker allele frequencies. To
test the hypothesis that bipolar disorder is a more
severe form of unipolar disorder, we also looked at
an analysis in which no disorder was coded as '()',
unipolar was coded as '1', and bipolar as '2'. The
results from this study were very similar to the
analysis of the trait 'presence of uni- or bipolar
disorder': a LOD score of 5.2 for test 2 (QTL vs no
QTL) and 3.5 for test 3 (OTL plus polygenic vs
polygenic).

In the method, we use recombinations between the
markers, and a putative linked QTL or major gene is
accounted for in estimating the IBD matrix. None¬
theless, any such recombination would result in part
of the variation caused by the major gene or QTL
being absorbed by the polygenic component. How¬
ever, the data is from a single extended family and we
concentrated on a small region of the genome with a
relatively high marker density. Hence, we would not
expect much recombination to occur in this pedigree
between a marker on chromosome 4p and a OTL for
bipolar disorder in that region. By looking for a single
QTL (or major gene), the variation caused by
another (unlinked) gene with large effect would be
partitioned into any of the three variance compo¬
nents (polygenic, OTL, residual), depending on the
IBD pattern of that gene versus the IBD pattern of
the chromosome 4 region versus the genome-wide
average IBD pattern. On average, we would expect
the variation of an unlinked QTL to be absorbed by
the polygenic variance.
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The region with the high LOD scores is relatively
large (> lOcM), and on the basis of these analysis
more information is needed before fine mapping or
candidate gene approaches are undertaken. More
meioses arc needed to fine-map the QTL on
chromosome 4. Additional markers would allow a

better estimation of IBD coefficients (by following
haplotypes through the pedigree), but are unlikely to
reduce the confidence interval around the QTL.

When analyses were performed assuming that
alleles were at equal frequencies, the pairwise IBD
coefficients between all affected individuals were

estimated as 0.5 (results not shown), i.e. they share a
common haplotype (as in Blackwood el al., 1996).
For bipolar disorder, the LOD scores increase by
nearly one unit when fitting a QTL component
(Figure 5), to a maximum value of about 2.4. The
reason that the LOD score does not increase further
is due to incomplete penetrance or recombination,
because the IBD coefficients are calculated between
both affected and unaffected individuals for haplo¬
type sharing. For the trait uni- or bipolar disorder,
the assumption of equal marker allele frequencies
means that the LOD scores are increased even

further (Figure 6). The LOD increases to a maximum
value of nearly 9.0 for the test of genetic variation in
the linkage group or elsewhere on the genome (test
2), and to a value of nearly 6.0 for the evidence of the
presence of a QTL in the chromosome 4 region
(Table 3).

The power of the analysis could be increased
substantially if more families and more marker data
were available. More marker information should

provide more precise estimates of IBD coefficients
between members of the pedigree, and more families
should increase the power to distinguish between
polygenic variance and QTL variance. If there is a
strong polygenic component, it could easily mask the
detection of a QTL in linkage studies, and the
variance-based methods may therefore yield addi¬
tional, previously undetected, QTL. Between-family
heterogeneity in genetic aetiology of a trait is less of a
concern in variance component analyses than it is in
linkage analyses. For a particular genomic region, the
addition of families which do not have causative

polymorphism in the region to one or more that does
may dilute the evidence for a gene, but does not add
evidence against the presence of a gene in that
region, as it can in linkage analyses. In addition, two
QTL models can easily be accommodated in the
analysis, by including a third random effect in the
model.

The calculation of maximum likelihood values for
several models allow the testing of several hypoth¬

eses. Although we have shown results from only three
statistical tests, we could perform others. For
example the difference between the sum of the
LOD scores for tests 1 and 3 and the LOD for test 2
is a test for genetic variation in addition to the
variation explained by the QTL. However, for the
present pedigree the values of this test are close to
zero (results not shown) and not significant at the
nominal 5% level, suggesting little remaining genetic
variation after fitting the QTL. This is perhaps not
surprising, since the estimate of a polygenic herit-
ability based upon a single extended family of size 168
is very imprecise, so that a likelihood ratio test is
unlikely to reveal a significant (small) variance
component. Information from multiple families
should improve the detection of a polygenic compo¬
nent of variance.

In conclusion, we have demonstrated that a robust
variance component method, which makes few
assumptions about the genetic model of uni- and
bipolar disorder, is appropriate to analyse data on
complex psychiatric traits in extended pedigrees. Wc
now plan to use this method to investigate QTL
activity throughout the genome, using information
from multiple families.
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Abstract

Background: It has been suggested that the dopaminergic system is involved in the pathophysiology of mood disorders.
We conducted a multicenter study of families with mood disorders, to investigate a possible linkage with genes coding for
dopamine receptor D2, dopamine receptor D3 and tyrosine hydroxylase (TH). Methods: Twenty three mood disorder
pedigrees collected within the framework of the European Collaborative Project on Affective Disorders were analyzed with
parametric and non-parametric linkage methods. Various potential phenotypes were considered, from a narrow (only bipolar
as affected) to a broad (bipolar + major depressive + schizoaffective disorders) definition of affection status. Results:
Parametric analyses excluded linkage for all the candidate genes, even though small positive LOD (Limit of Detection)
scores were observed for TH in three families. Non-parametric analyses yielded negative results for all markers. Conclusion'.
The D2 and D3 dopamine receptors were, therefore, not a major liability factor for mood disorders in our sample, whereas
TH may play a role in a subgroup of patients. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Family, twin and adoption studies have indicated
that genetic factors are involved in the etiology of
mood disorders (Mendlewicz and Rainer, 1977;
Smeraldi et al., 1977; Andreasen et al., 1987; Rice et
al., 1987; Tsuang and Faraone, 1990). Genes encod¬
ing for the dopaminergic system have been proposed
as potential candidates in the search for liability
factors (Willner, 1995). Indeed, it has often been
suggested that disturbances in Dopamine transmis¬
sion are involved in the pathophysiology of mood
disorders. For example, psychostimulants like am¬
phetamine and methylphenidate, which enhance the
activity of dopaminergic synapses, cause a transient
elevation of mood in depressed patients (Little,
1989) and, conversely, a depressive syndrome is
frequently encountered in subjects affected by Par¬
kinson's disease, where dopamine depletion is ob¬
served (Taylor and Saint-Cyr, 1990). Furthermore,
dopamine receptor antagonists have antimanic prop¬
erties and can induce depression through their bloc¬
kade of dopamine receptors D2 (DRD2) (Diehl and
Gershon, 1992; Willner, 1995). The DRD2 is the
target of many typical and atypical neuroleptic drugs,
and an increased density of D2 or D2-like receptors
in the caudate of bipolar patients with psychotic
symptoms has been reported, both as compared with
normal controls and with non-psychotic bipolar
patients (Pearlson et al., 1995). The DRD2 gene has
been localized at Ilq22.3-q23 (Grandy et al., 1989),
and a chromosomal translocation cosegregating with
bipolar disorder has been observed in the same

region (Smith et al., 1989). To date, however, both
linkage and association studies have failed to detect
any association with mood disorders (Byerley et al.,
1990; Holmes et al., 1991; Mitchell et al., 1992;
Nothen et al., 1992; De Bruyn et al., 1994; Nanko et
al., 1994a; Craddock et al., 1995; Oruc et al., 1996;
Souery et al., 1996; Stine et al., 1997), aside from an

unreplicated positive association in a Spanish sample
(Perez de Castro et al., 1995).

The dopamine 3 receptor (DRD3) gene on 3ql3.3
codes for both an autoreceptor and a postsynaptic
receptor. The latter is recognized by antipsychotics
and contains a polymorphic site in the first exon that
gives rise to a glycine to serine substitution in the
N-terminal extracellular domain (Le Conait et al.,

1991; Lannfelt et al., 1992). Most D3 receptor
expression is confined to a few limbic brain areas
and it shows a high affinity for dopamine (Schwartz
et al., 1993). Antipsychotic treatment has been
correlated with a reduction in D3 receptor density in
the ventral striatum and its output structures. Inter¬
estingly, D2/D3 postsynaptic responsiveness in¬
creases in the mesolimbic system following chronic
antidepressant treatment (Willner, 1995). Moreover,
DRD3 homo- and heterozygotic genotypes were
correlated with significantly different cerebrospinal
fluid (CSF) 5-hydroxyindoleacetic acid levels, a
further indication that specific DRD3 genotypes
participate in the overall regulation of monoamine
turnover in the central nervous system (Jonsson et
al., 1996). An increased frequency of DRD3*1 and
DRD3*1 containing genotypes in transmitted alleles
from bipolar families has been reported (Parsian et
al., 1995), but many other studies have not found this
to be the case (Mitchell et al., 1993; Rietschel et al.,
1993; Shaikh et al., 1993; Nanko et al., 1994b; De
Bruyn et al., 1996; Oruc et al., 1996; Souery et al.,
1996; Edenberg et al., 1997; Piccardi et al., 1997).

Tyrosine hydroxylase (TH, at llpl5.5) is the rate-
limiting enzyme in the synthesis of dopamine and
norephinephrine and it might, therefore, be involved
in the development of mood disorders. Moreover,
regulation of catecholamine levels by antidepressants
has been related to long-term changes in the phos¬
phorylation and expression of TH in the Locus
Coeruleus and other brain regions (Goldenstein,
1995).

Although an initial study reported tight linkage in
an Old Order Amish (OAA) multigenerational kin¬
dred (Egeland et al., 1987), any linkage between
manic depressive illness and TH was excluded in a

subsequent extended reanalysis of the OAA pedigree
(Detera-Wadleigh et al., 1987; Hodgkinson et al.,
1987; Kelsoe et al., 1989; Pauls et al., 1991), and in
Belgian Ashkenazi (Mendlewicz et al., 1991), Dan¬
ish (Ewald et al., 1994), Australian (Mitchell et al.,
1991) American (Byerley et al., 1992) and Japanese
families (Kawada et al., 1995). Other investigations
have provided inconclusive results (Gill et al., 1988;
De Bruyn et al., 1994). Nevertheless, positive results
have also been reported in both linkage and associa¬
tion studies: low to moderate positive LOD scores
(0.83 to 1.31 at 6 = 0) were detected in two of six
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Icelandic pedigrees (Lim et al., 1993): these results
survived a re-analysis and grew to 1.43 with an
extension of 17 British families (Smyth et al., 1996).
Byerley et al. (1992) reported a positive LOD score
in one pedigree, and recently Malafosse et al.
confirmed a positive LOD score of 3.68 (Malafosse
et al., 1997). As regards association studies, an initial
finding of a positive association with a sample of 50
bipolar French subjects (using Taq I and Bgl II
polymorphisms, Leboyer et al., 1990) was both
replicated (Meloni et al., 1995; Perez de Castro et
al., 1995; Souery et al., 1996; Serretti et al., 1998b)
and not replicated (Gill et al., 1991; Inayama et al.,
1993; Korner et al., 1994; Kunugi et al., 1996; Todd
et al., 1996; Oruc et al., 1997; Turecki et al., 1997).

Within the context of the European Collaborative
Project on Affective Disorders (ECPAD, Souery et
al., 1998), we performed a linkage study on 23
European families of patients with mood disorders,
using TH, DRD2 and DRD3 as candidate genes.

2. Methods

The ECPAD involves 14 European centers, all
experienced in clinical and genetic research on
affective disorders. The network has been established
within the framework of the European Commission
(BIOMED1 project). Details and methodological
issues have been discussed elsewhere (Souery et al.,
1998). Out of 14 centers, seven provided pedigrees
with genetic data (Table 1): two pedigrees from
Austria, two from Belgium, eight from Bulgaria, two
from Germany, three from Italy, four from the
United Kingdom and two from Greece. Families
from Italy, UK, Austria and Belgium have been

included also in the Molecular Neurobiology Pro¬
gram for Mental Illness - European Science Founda¬
tion. UK families have been separately published for
chromosome 4 makers (Blackwood et al., 1996) and
Austria families have been used for formal analyses
(Heiden et al., 1995).

2.1. Sample

The recruited pedigrees consist of nuclear or
multiplex unilineal families with at least two affected
members with probands diagnosed as Bipolar I or II.
All subjects were assessed by trained psychiatrists
and were interviewed with the Schedule for Affec¬
tive Disorders and Schizophrenia - Lifetime Version
(SADS-L, Endicott and Spitzer, 1978); for other
family members the Family History Method (FH,
Andreasen et al., 1977) was applied. When available,
clinical records were considered for the best estimate

diagnosis (Leckman et al., 1982).
Thus, in total we collected 23 families with 413

subjects (mean subjects = 17.95 SD = 16.88) of
which 162 proved to be affected. Eleven were
extended nuclear families with at least two affected
and 12 were trigenerational or quadrigenerational
with multiple affecteds. Of the 413 subjects, DNA
was available for 221 of which 112 were affected: 59
had a diagnosis of bipolar I and II, 39 major
depressive recurrent, four schizoaffective and eight
patients had another psychiatric diagnosis (e.g.,
major depressive single episode, cyclothymia,
dysthymia). TH typing was available for 215 sub¬
jects, DRD3 for 136 subjects and DRD2 for 116
subjects.

Phenotype definition is of crucial importance in
linkage analysis (Merikangas et al., 1989; Tsuang

Table 1

Participating ECPAD centers

Center Principal investigators

Antwerp (BE) C. Van Broeckhoven, P. Raeymaekers
Brussels (BE) J. Mendlewicz, D. Souery, 0. Lipp, B. Mahieu
Edinburgh (UK) D. Blackwood, S. Morris, W. Muir
Milan (IT) A. Serretti, E. Smeraldi, F. Macciardi, C. Cusin, E. Lattuada
Munich (DE) M. Ackenheil, S. Schwab, S. Fuchshuber
Sofia (BUL) A. Jablensky,V. Milanova, G. Onchev, A. Nikolova,V. Stoyanova, R. Kaneva
Vienna (AT) H.N. Aschauer, A.M. Heiden, E. Miller-Reiter, K. Fuchs, B. Saletu
Greece (GR) C.N. Stefanis, G.N. Papadimitriou, D.G. Dikeos
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and Faraone, 1990). Affection status was defined
according to the following hierarchical scheme,
moving from a narrow to a broad definition: (1)
bipolar disorder I and II (BP), (2) bipolar disorder I
and II + major depressive disorder recurrent (MD),
(3) bipolar disorder I and II + major depressive
disorder recurrent + schizoaffective disorder (SA).
Major depressive disorder single episode and other
axis I diagnoses were considered "phenotype un¬
known" (Gershon et al., 1982; McGuffin and Katz,
1986; Andreasen et al., 1987; Goodwin and Jamison,
1990 Taylor and Abrams, 1980; Winokur et al.,
1995).

2.2. Statistical analyses

First, to estimate the power of our sample in
detecting linkage, we performed simulations using
the SLINK package (Ott, 1989; Weeks et al., 1990).
Linkage analysis was then performed for each level
of affective status. LOD scores were computed using
the MLINK program from the FASTLINK package
(Lathrop et al., 1984; Cottingham et al., 1993). Both
dominant and recessive models were tested. For the
dominant model, an allele frequency of 0.01 was
considered, with a penetrance of 0.8 for carriers and
0.001 for non-carriers. For the recessive model, an
allele frequency of 0.2 was specified, with a pene¬
trance of 0.8 for carriers and 0.001 for phenocopies;
these values are generally accepted for BP linkage
studies (Straub et al., 1994; Stine et al., 1995). Since
we were in the ideal condition of collecting both
association samples and families from the same

geographical regions (Souery et al., 1998), allelic
frequencies of the candidate genes were calculated
from the "control" subjects of the association sam¬

ples. Frequencies resulted not significantly different
across countries for TFI and DRD3, marginal differ¬
ences were observed for DRD2 and in this case

frequencies were averaged over samples (Bohenke,
1991). Subsequently, a model free linkage analysis
was carried out using the MFLINK program (Curtis
and Sham, 1995): this approach can be considered to
be exploratory analysis since it tests dominant and
recessive models sequentially, exploring various
penetrance levels. Homogeneity within families was
tested by the HOMOG program (Ott, 1991).

Little is known about the mode of inheritance and

the genes involved in mood disorders (Rice et al.,
1987; Pauls et al., 1995; Spence et al., 1995): the
inheritance pattern is complex, and it does not follow
Mendelian expectations (Tsuang and Faraone, 1990;
Craddock et al., 1997). Given the uncertainty regard¬
ing the mode of inheritance of affective disorders,
we also employed non-parametric linkage analyses.
Non-parametric methods tend to be more robust than
linkage analysis: affected relatives should show
excess of allele sharing even in the presence of
incomplete penetrance, high phenocopy rate and
genetic heterogeneity. Non-parametric analyses were
performed through the non-parametric linkage (NPL)
routine included in the GENEHUNTER package
(Kruglyak et al., 1996).

2.3. DNA analysis

After obtaining informed consent, venous blood
samples (anti-coagulated with EDTA) were drawn
from all patients and relatives. DNA was then
extracted as described in (Lahiri and Nurnberger,
1991). A polymerase chain reaction (PCR) was
carried out with the following primers for DRD2:
5'-CAGGAGCACGTTTCTCATAC-'3 and 5'-
GGAGGGCGGTGCGGTCAT-3'. Twenty-five cy¬
cles were performed with a profile of 95°C for 30 s,
60°C for 30 s and 72°C for 30 s. This profile was
followed by a 72°C chase for 4 min. Ten microliters
of the denatured product of amplification was loaded
in mutation detection enhancement 6.5% poly-
acrylamide gels with P32. This PCR polymorphism
detects a four allele system. Sizes of allelic frag¬
ments were: 1 = 86, 2 = 84, 3 = 82 and 4 = 80 base
pairs (bp). For TH, we used a tetranucleotide poly¬
morphism located in intron 1 (Polymeropoulos et al.,
1991). A PCR was carried out with the following
primers: 5'-CAGCTGCCCTAGTCAGCAG-3' and
5' -GCTTCCGAGTGCAGGTCACA-3'. In the re¬

action mixture 10% of dCTP was labeled by P33.
Thirty-five cycles were performed with a profile of
95°C for 20 s, 56°C for 20 s and 72°C for 20 s. This
profile was followed by a 72°C chase for 4 min. The
denatured DNA was loaded in 6.5% polyacrylamide
gels. Electrophoresis was carried out at 12°C for 5 h
at 60 W. Depending on the number of repeats
present, alleles with a size of 260, 256, 252, 248 and
244 bp were produced. D3 polymorphism is located
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on exon 1 of the DRD3 gene. The primers 5'-
GCTCTATCTCCAACTCTCACA-3' and 5'-
AAGTCTACTCACCTCCAGGTA-3' were used.

Thirty five cycles were performed with a profile of
95°C for 20 s, 56°C for 20 s and 72°C for 20 s. This
profile was followed by a 72°C chase for 4 min. The
PCR products were then digested with the MscI
restriction enzyme, the digestion products were

analyzed in 3.5% agarose gel. This polymorphism
reveals a two allele system with frequencies 0.68 and
0.32, respectively (Lannfelt et al., 1992).

3. Results

3.1. Simulations

We estimated empirical P values for linkage by
performing simulations using the actual pedigree
structures of the families. Simulations were per¬
formed for any combination of the first two diagnos¬
tic levels and transmission models for each candidate

gene, assuming the marker gene either to be tightly
linked to the disease gene (proportion of unlinked
families 0.05), or to be unlinked, in order to test the
potential rate of false positives. The third phenotypic
level was not included, as it was numerically very
similar to the second.

Results are shown in Tables 2 and 3: all simula¬
tions were accomplished with 800 replicates of each
single pedigree, and the probability of erroneously
assuming linkage (LOD >3) was almost 0 for all the
candidate genes. The power of the sample, i.e., the
probability of revealing a real linkage, was very high
for TH and DRD2, whereas for DRD3 it was almost
valueless at the narrowest level.

3.2. LOD score analyses

The two-point LOD scores were negative for all
candidate genes, and we excluded close linkage in all
cases (Table 4). The application of the admixture test
with the HOMOG program failed to reveal any
significant evidence for genetic heterogeneity.

In detail, for TH we had information from the
highest number of families and we excluded tight
linkage for all models, and no significant hetero¬
geneity was detected. Small positive LOD scores

Table 2
Simulation results for unlinked families (low possibility of false
positive results was observed)

Phenotype" Probability of observing a posi¬
tive LOD score

LOD > 1 LOD >2 LOD >3

Dominant model
TH 1 1.00 0.25 0

2 1.375 0.25 0

D2 1 2.625 0 0
2 1.625 0.125 0.125

D3 1 2.25 0.375 0

2 2.0 0.375 0

Recessive model

TH 1 1.875 0 0

2 2.0 0.5 0.375

D2 1 0.125 0.125 0

2 1.00 0 0

D3 1 1.875 0.125 0

2 3.0 0.25 0

0

Phenotypes: 1 = bipolar disorder I and II; 2 = bipolar disorder
I and II + major depressive disorder recurrent.

Table 3

Simulation results for linked families (DRD2 and TH markers
showed good overall power, lower values were observed for
DRD3)

Phenotype" Probability of observing a posi¬
tive LOD score

LOD > 1 LOD >2 LOD >3

Dominant model
TH 1 99.875 99.875 98.625

2 100 100 99.625

D2 1 93.125 74.875 48.625
2 98.875 96.00 90.750

D3 1 66.625 30.250 9.875
2 89.125 73.00 50.625

Recessive model
TH 1 100 99.750 99.250

2 100 100 99.750

D2 1 94.250 75.625 47.125
2 99.25 94.625 82.750

D3 1 62.50 19.625 2.5
2 86.00 57.375 29.875

a

Phenotypes: 1 = bipolar disorder I and II; 2 = bipolar disorder
I and II + major depressive disorder recurrent.
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Table 4

Linkage results (no linkage was observed for all markers and all models)

Phenotype" 0
0 0.04 0.1 0.2 0.3 0.4

Dominant model
TH 1 - 16.5777 - 8.0202 -4.3864 - 1.7074 -0.5811 -0.1861

2 - 28.4583 - 14.3745 - 7.9466 -3.1056 -0.9810 -0.1747

3 - 28.0845 - 15.4579 - 9.0379 - 3.6769 - 1.2258 -0.2361

DRD2 1 - 6.48829 - 3.85293 - 2.35775 - 1.10571 - 0.46479 -0.13337

2 - 10.506 -5.81747 -3.61639 - 1.69319 -0.71876 - 0.23559
3 - 10.1773 - 5.49344 -3.37199 - 1.55598 -0.65791 - 0.22074

DRD3 1 -3.58058 - 1.97377 - 1.29688 - 0.6663 -0.30016 - 0.09209

2 - 7.01966 - 4.37656 - 2.57263 - 1.15019 -0.44133 -0.09315
3 -7.01812 -5.54316 -3.51171 - 1.59146 -0.61467 -0.1333

Recessive model
TH 1 - 20.5091 - 10.9773 -5.8910 - 2.0850 - 0.5636 - 0.08758

2 - 29.4337 - 12.7557 - 6.4545 - 2.0888 -0.4419 0.0070
3 - 30.6681 - 13.5733 - 6.9793 - 2.3505 - 0.5525 -0.0201

DRD2 1 -3.41614 - 2.07599 - 1.15242 -0.45561 -0.16366 - 0.04303
2 - 4.87577 - 2.09463 -0.90061 -0.16039 0.026408 0.021985
3 - 5.76826 -2.54517 - 1.11265 -0.22361 0.011504 0.020039

DRD3 1 - 2.95294 - 1.65481 - 0.90908 -0.37816 -0.1423 -0.03139
2 - 2.87245 - 1.57863 - 0.88694 -0.35989 -0.12756 - 0.02783
3 -2.87219 - 1.5784 - 0.88675 - 0.3598 -0.12753 - 0.02782

"

Phenotypes: 1 = bipolar disorder I and II; 2 = bipolar disorder I and II + major depressive disorder recurrent; 3 = bipolar disorder I and
II + major depressive disorder recurrent + schizoaffective disorder.

were reported for the UK 24 (LOD = 0.7; 0 = 0.16;
mod 1, 2 dom), BUL 29 (LOD = 0.56; 9 = 0; mod 1,
3 rec) and BUL 1 (LOD = 0.52; 0 = 0; mod 1-3
dom) families.

DRD2 was significantly unlinked to disease for all
models, with low positive LOD scores for the DE
001 (LOD = 0.73; 0 = 0; mod 2-3 rec) family only.

Table 5

Non-parametric analysis did not evidence significant associations
(GENEHUNTER NPL statistic is reported followed by P values)

Phenotype" NPL score P value

TH 1 0.400 0.316
2 0.290 0.367

D2 1 -0.381 0.656
2 - 0.025 0.494

D3 1 - 0.225 0.592
2 - 0.208 0.569

'

Phenotypes: 1 = bipolar disorder I and II; 2 = bipolar disorder
I and II + major depressive disorder recurrent.

For DRD3, results were negative across all pheno-
typic levels and for all the families.

3.3. Non-parametric analyses

No excess sharing of alleles was observed for any
genes or affection level using GENEHUNTER
(Table 5). The model-free linkage analysis did not
produce significant LOD scores, but only small
positive LOD scores for DRD2 (phenotype level 2,
fl = 0.026, f2 = 0.026, D = 0.226, LOD = 0.28).
Such low penetrances and high phenocopy rates do
not, however, appear to be plausible biologically.

4. Discussion

Our sample of 23 European families did not show
definite linkage between mood disorders and any of
the genes tested. We were able to exclude linkage
with TH, DRD2 and DRD3 using both dominant and
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recessive transmission models, for all the phenotype
levels, in the entire sample. Although no significant
heterogeneity was detected, we observed low posi¬
tive LOD scores for TH and DRD2 in some in¬
dividual families. Non-parametric analysis did not
yield any positive evidence of allele sharing excess.

TH is the rate-limiting enzyme in the synthesis of
dopamine and norephinephrine and may therefore
constitute a suitable candidate gene for mood dis¬
orders. In our sample, one British and two Bulgarian
families showed slight positive LOD scores (from
0.52 to 0.7) for this marker. Such low LOD scores
would not usually be given consideration (Lander
and Kruglyak, 1995), but we have reported the result
because it is consistent with previous positive find¬
ings (Leboyer et al., 1990; Lim et al., 1993; Cauli et
al., 1995; Meloni et al., 1995; Perez de Castro et al.,
1995; Smyth et al., 1996; Souery et al., 1996; Serretti
et al., 1998b; Serretti et al., 1998a), and because of
the high a-priori probability inherent to candidate
genes (Carey, 1994).

For DRD2 we observed a small positive LOD
score (0.72) in one German family, and no positive
results emerged for DRD3, results that confirm
previous negative findings (Mitchell et al., 1993;
Rietschel et al., 1993; Shaikh et al., 1993; Nanko et
al., 1994a). Thus, we have good reason to exclude
DRD3 as a gene of major effect for mood disorders.

Overall, the power of our sample was satisfactory.
The risk of false positive results was virtually nil
while, on the other hand, the power of detecting true
linkage was sufficient ( > 0.8 for LOD > 3) for TH
for all models and for D2 when considering pheno¬
type II, although the power for D3 was generally
lower. The low informativeness of this marker is

responsible for the loss of power and this should be
considered when interpreting the results.

Since the liability of developing disease may be
caused by variation at several or many genetic loci
(oligogenic or polygenic inheritance), those genes
which only exert a minor effect or cause disease in
only a small number of pedigrees may escape
detection in linkage studies if the number of families
examined is not extremely large (Chen et al., 1992;
Nothen et al., 1993; Baron et al., 1994). It must also
be noted that the genotype information is incomplete
in many of the pedigrees because of untyped in¬
dividuals. Although some information can be de¬

duced from relatives, the presence of untyped in¬
dividuals can bias both the LOD score and the
estimate of the recombination fraction (Ott, 1992).

The present study has been performed on a
collaborative basis including subjects from all over
Europe. This may introduce a bias related to allele
frequencies. In our sample frequencies resulted not
significantly different across countries for TH and
DRD3, while marginal differences were observed for
DRD2 (Souery et al., 1998), this has been partially
solved averaging frequencies, but it may lead to
slightly biased linkage estimates in single families
(Bohenke, 1991).

In conclusion, our multicenter study did not
provide evidence for a major involvement of the
DRD2 and DRD3 genes in mood disorders, although
the TH gene may play a role in a subgroup of
patients.
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Several lines of evidence implicate dopa decarboxylase
(DDC) with schizophrenia. By analysis of two putative
functional DDC variants in 173 schizophrenic patients
and 204 controls we tested the hypotheses that DDC is
involved in: (1) predisposition to schizophrenia; and
(2) modulation of age at disease onset. No association
was observed with schizophrenia as a whole, whereas
an association between DDC genotypes and age at dis¬
ease onset was suggested in males (P= 0.03). This
association was most pronounced in relation to geno¬
types of haplotypes comprising both variants, suggest¬
ing an additive model where one variant mediates early
and the other late onset. Accordingly, the haplotype-
based genotypes could be assigned into three groups
by their possible relative effect on age at onset: an 'ear¬
ly', 'neutral' and 'late' group. Dividing the male schizo¬
phrenics into four groups with increasing age at onset,
the 'early' genotypes were seen to decrease in fre¬
quency from 51.5% to 16.7% while the 'late' genotypes
increased from 12.1% to 33.3% (P= 0.02). The difference
in mean age at onset between male patients with 'early'
genotypes vs patients with 'late' genotypes was close
to 5 years (95% CI: 0.7-8.8). Thus, DDC may possibly act
as a modulator of age at onset in male schizophrenics.
Molecular Psychiatry (2001) 6, 712-717.

The involvement of dopamine and dopaminergic path¬
ways in the pathogenesis of schizophrenia has been a
prevailing hypothesis for decades.1 During the last few
years, a more complex picture has emerged in which
several neurotransmitters and neuromodulators may
act as etiologic or modulating factors, possibly during
the early stages of neurodevelopment.2,3 Dopa decar¬
boxylase (DDC), also known as aromatic L-amino acid
decarboxylase (AADC), is a regulated enzyme required
for the synthesis of dopamine and norepinephrine as
well as serotonin.4 In addition, DDC is rate limiting in
the production of the trace amines 2-phenylethylamine
(2-PE), p-tyramine, and tryptamine which are thought
to act as neuromodulators.

DDC activity and 2-PE concentrations were found to
be increased in, respectively, the brains and plasma of
schizophrenics.5-7 Recently, it has been shown that the
two non-dopaminergic psychotogenic drugs, lysergic

acid diethylamide (LSD) and phencyclidine (PCP), up-
regulate DDC mRNA levels in specific areas of the rat
brain supporting the hypothesis that overactivity of
DDC is involved in the development of psychosis such
as schizophrenia.8 There is also evidence pointing at a
possible specific involvement of dopaminergic neuro¬
transmission in determining the age at onset of schizo¬
phrenia. Numerous studies have found that the onset
of schizophrenia for females is later than that for
males,9 and this has been suggested to be due to the
influence of estrogen on dopaminergic neurotransmis¬
sion.10

Given the evidence outlined above, DDC is an inter¬
esting candidate gene for susceptibility to schizo¬
phrenia and for influencing age at disease onset.
Recently, we identified two sequence variants in the
DDC gene with putative functional impact on the level
of gene expression: a 1-bp deletion located in the neu¬
ronal promoter and a 4-bp deletion located in the
untranslated neuronal exon 1." In the same study, evi¬
dence was obtained suggesting that the 1-bp deletion
may confer an increased risk for development of
bipolar affective disorder while no effect was associa¬
ted with the 4-bp deletion. More recently, a case-con¬
trol study examining only the 4-bp deletion variant in
schizophrenia reported no significant association.12 By
analysis of both of the two DDC variants in a Scottish
sample of 173 schizophrenics and 204 controls we
tested the hypotheses that: (1) DDC can act as a suscep¬
tibility gene for schizophrenia; and (2) can modulate
age at onset in schizophrenia.

Allele and genotype distributions of the two DDC
variants showed no significant differences between
schizophrenic patients and controls (P-values ranging
from 0.447 to 0.894). No significant deviations from
Hardy-Weinberg equilibrium were observed for any of
the two variants in either the patient or the control
samples. Nor were any significant associations found
when analyzing the 45 patients with positive family
history separately, or when analyzing each gender sep¬
arately. Thus, in accordance with previous results
obtained by analysis of only the 4-bp deletion variant,12
we found no support for the hypothesis that DDC
should be involved in susceptibility to schizophrenia.
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The frequencies of both deletions in the patient and
control samples were similar to the frequencies
observed in Danish and English populations.11 As in
Danish and English populations, the 1-bp deletion was
found to be in complete linkage disequilibrium with
the wildtype allele of the 4-bp deletion variant. Using
the EH program,13 the normalized linkage disequilib¬
rium coefficient D' was calculated to be -1.00 with a

high degree of confidence [y2 = 25.63, df= 1, P < 10"6}.
This means that the haplotype comprising both
deletions probably does not exist. Consistent herewith
we have not seen this haplotype in a Caucasian family
material comprising more than 230 trios (unpublished
results). Thus, the three existing haplotypes include A
(1-bp deletion, wildtype of the 4-bp deletion variant),
B (4-bp deletion, wildtype of the 1-bp deletion variant),
and C (wildtypes of both variants), giving rise to six
possible genotypic combinations referred to as haplo-
type-based genotypes.

To test the second hypothesis that DDC may influ¬
ence the age at disease onset we examined the two vari¬
ants in the 153 cases informative with respect to age at
onset. Dividing the patients into two groups according
to the median age at onset, a significant difference in
the genotypic distribution of the 1-bp deletion variant
was observed (Table 1, P = 0.028), suggesting a late
onset effect of the 1-bp deletion. An opposite effect of
the 4-bp deletion was indicated, although not statisti¬
cally significant (Table 1).

Assuming an additive effect of the variants on age at
disease onset, the six existing haplolype-based geno¬
types can be ordered according to the apparently
opposite effects of the two variants, assigning the 'ear¬
ly' haplotype-based genotype BB at one end and the
Tate' AA at the other end [Table 1J. Since the effect of
the 1-bp deletion variant was more significant than the
4-bp deletion variant on the simple genotypic level, the
AB genotype comprising both variants was assigned to
the right ('late') side of the wildtype ('neutral') CC
genotype. Analyzing this ordered distribution in the
groups of early and late onset, a difference was
observed (Tablet, P - 0.044) suggesting that age at
onset might depend on specific DDC genotypes of
haplotypes comprising both of the variants.

It has repeatedly and almost consistently been
reported that males have an earlier onset than females.9
A similar, yet statistically insignificant, tendency was
observed in the present patient sample. We therefore
investigated the influence of DDC on age at onset in
each sex separately. In males, the frequency of the 1-
bp deletion increased steadily from 8% in patients
with age at onset <20 years to 17% in patients with
age at onset >40 years. Dividing the male patients
according to the median age at onset, a preponderance
of the 1-bp deletion was observed in the late onset
group, examining the allele distribution (^2 = 4.08,
df=l, P = 0.044), and the genotype distribution
(Wilcoxon Rank-sum Test comparing all three geno¬
types, P = 0.029; ^-test comparing genotypes with and
without the deletion, ^ = 5.08, df=l, P = 0.024). The
reverse tendency (not significant) was observed for the

4-bp deletion decreasing evenly from 32% in patients
with age at onset <20 years to 17% in patients with
age at onset >40 years. In females the allele frequencies
of both variants fluctuated inconsistently with increas¬
ing age at onset.

The changes in allele frequencies of the two variants
were also reflected in the distribution of haplotype-
based genotypes as presented in Table 2. As mentioned
above, the haplotype-based genotypes can be ordered
by their specific content of the two variants, reflecting
the apparently opposite effects of the two deletions
(Table 1). In accordance with this order the haplotype-
based genotypes can be arranged into three groups:
(1) an 'early' group consisting of BB and BC; (2) a 'neu¬
tral' group comprising only CC; and (3) a 'late' group
consisting of AB, AC, and AA. Thus, in this model the
wildtype haplotype, C, is recessive in relation to both
of the deletion haplotypes, A and B, and the 4-bp
deletion haplotype, B, is recessive in relation to the
dominant 1-bp deletion haplotype, A. Dividing the
male patients into four groups according to their age
at onset, a difference was observed between the 'early'
group of haplotype-based genotypes (BB, BC) vs the
'late' group (AA, AB, AC) (Table 2, P= 0.020). With
increasing age at onset the 'early' group was seen to
decrease in frequency from 51.5% to 16.7% while the
'late' group increased in frequency from 12.1% to
33.3% (Table 2). In this analysis it should also be
noticed that genotypes with the 4-bp deletion and not
the 1-bp deletion were found associated with earlier
onset (Table 2, P= 0.034). In the total sample the same
trends were seen less significantly while the females
showed no unambiguous trends in the distributions.
These relations between DDC genotypes and age at
onset are illustrated in Figure 1, showing the cumulat¬
ive morbidity as a function of age and the three groups
of haplotype-based genotypes. The difference observed
in males between the 'early' and 'late' group is clearly
visualized, whilst the females show almost identical
curves.

Another informative way to analyze the effects is
from the inverted perspective examining the distri¬
bution of age at onset in relation to specific genotypes.
Male patients carrying the 1-bp deletion showed a later
onset than males without the 1-bp deletion (Table 3,
non-parametric P= 0.034, parametric P = 0.043). The
difference in mean age at onset was 4 years (95% CI:
0.1-7.9). Conversely, male patients carrying the 4-bp
deletion and not the 1-bp deletion had mean age of
onset 2.7 years earlier than the other male patients, but
this difference was not statistically significant. Com¬
paring the groups of haplotype-based genotypes, a dif¬
ference in mean age at onset of almost 5 years (95% CI:
0.7-8.8) was observed between males with the 'early'
haplotype-based genotypes vs males with the 'late'
haplotype-based genotypes (Table 3, non-parametric
P= 0.019, parametric P= 0.022). As expected, the
females showed very similar distributions and mean
ages at onset in the three groups. Furthermore, using
linear regression to analyze the male age at onset distri¬
butions in relation to the haplotype-based genotypes, a
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Table1Distributionofsimplegenotypesandhaplotype-basedgenotypesinrelationtomedianageatonset Ageatonset1-bpdeletiongenotypes*4-bpdeletiongenotypesHaplotype-basedgenotypes# Del/Del

Del/WT

WT/WT

Del/Del

Del/WT

WT/WT

BB

BC

CC

AB

AC

2121

<23years'

1

8

59

6

25

37

6

24

29

1

7

1

CO

CO

II

c;

(0.015)

(0.118)

(0.868)

(0.088)

(0.368)

(0.544)

(0.088)

(0.353)

(0.426)

(0.015)

(0.103).
(0.015)

2:23years'5

1

22

62

3

32

50

3

25

34

7

15

1

(n =85)

(0.012)

(0.259)

(0.729)

(0.035)

(0.376)

(0.588)

(0.035)

(0.294)

(0.400)

(0.082)

(0.176)

(0.012)

Statisticalanalysis: "(a)vs[b)ingenotypedistributionofthe1-bpdeletionvariant,testingallthreegenotypesnon-parametricallyusingWilcoxonRank-sumTest(P=0.028),andtesting genotypescontainingoneortwo1-bpdeletionsagainstgenotypeswithout1-bpdeletionsusingx2test(x2=4.36,df=1,P=0.037). "(a)vs(b)indistributionofhaplotype-basedgenotypes,WilcoxonRank-sumTest(P=0.044). Table2Distributionofhaplotype-basedgenotypesinrelationtoageatonsetandgender Haplotype-basedAgeatonset-totalsampleAgeatonset-males*Ageatonset-females genotypes(n=153)(n=99)(n=54) <20
[n=481

20-29
(n =56)

30-39
(n=37)

240

(n=12)

<20

(n=33)

20-29
(n=37)

30-39
(n=23)

>40
(n=6)

<20
(n=15)

20-29
In=19)

30-39
(n=14)

>40
In=6)

BB,BC"

22

23

10

3

17

19

6

1

5

4

4

2

(0.458)

(0.411)

(0.270)

(0.250)

(0.515)

(0.514)

(0.261)

(0.167)

(0.333)

(0.211)

(0.286)

(0.333)

CCb

19

21

17

6

12

11

10

3

7

10

7

3

(0.396)

(0.375)

(0.459)

(0.500)

(0.364)

(0.297)

(0.435)

(0.500)

(0.467)

(0.526)

(0.500)

(0.500)

AA,AB,ACC

7

12

10

3

4

7

7

2

3

5

3

1

(0.146)

(0.214)

(0.270)

(0.250)

(0.121)

(0.189)

(0.304)

(0.333)

(0.200)

(0.263)

(0.214)

(0.167)

Statisticalanalysis: "Inmales:(a)vs(c),WilcoxonRank-sumTest(P=0.020);and(a)vs(b+c)(correspondingtogenotypescontainingthe4-bpdeletionandnotthe1-bpdeletionvsother genotypes),WilcoxonRank-sumTest[P=0.034).
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Figure 1 Cumulative morbidity as a function of age and
groups of haplotype-based genotypes illustrated in the total
sample and in each gender separately. The red curves relate
to the 'early' group of haplotype-based genotypes, the green
curves relate to the 'neutral' group, and the blue curves relate
to the Tate' group. The graphs visualize the difference
observed in age at onset in males (and in the total sample)
between patients with 'early' genotypes vs patients with 'late'
genotypes (Table 2).

significant correlation was observed. This was the case
when ordering the haplotype-based genotypes in the
three groups (BB, BC)-(CC)-(AA, AB, AC) (P = 0.029),
but also when dividing into more groups such as (BB)-
(BC)-(CC)-(AA, AB, AC) (P = 0.018), and (BB)-(BC)-
(CCHAB)-(AA,AC) (P = 0.042). When the AA and AC
genotypes were separated, the correlation was no
longer significant (P = 0.074) probably due to the very
low number of male AA genotypes (only 2). Thus, the
linear regression analysis indicates that the assignment
of haplotype-based genotypes into three groups might
be too crude—at least concerning the 'early' group.
However, a powerful analysis of the effects of each sin¬
gle haplotype-based genotype would require a larger
patient sample.

We have obtained evidence suggesting that DDC
genotypes may possibly influence age at onset specifi¬
cally in males, and that this effect may depend on
haplotypes comprising both variants examined. How¬
ever, the association results reported in this study are
not statistically very strong, representing some degree
of multiple testing and should therefore be interpreted
with caution. The tests are not independent, though,
and it would be too conservative to apply a Bonferroni
correction. Rather, the results presented should be
regarded as a generation or refinement of hypothesis.

The apparent lack of effect of DDC genotypes on age
at onset in females could be explained by female sex
steroids inducing a negative effect on dopaminergic
neurotransmission,10 dominating the effects of the DDC
variants. Considering the involvement of DDC in sero¬
tonin biosynthesis, it is interesting that differences in
the responses of male and female schizophrenic
patients to serotonergic challenge drugs have been
reported.14

In males, the results presented suggest a late onset
effect of DDC genotypes containing the 1-bp deletion
whereas genotypes containing the 4-bp deletion (and
not the 1-bp deletion) were associated with early onset.
Moreover, analysis of the haplotype-based genotype
distribution in Table 1 and linear regression analysis
suggested a dose-related correlation. In these analyses
the BB genotype containing two copies of the 4-bp
deletion was associated with the earliest onset, fol¬
lowed by BC containing only one copy of the 4-bp
deletion, and CC containing only wildtype alleles. The
1-bp deletion seemed to mediate a dominant effect over
the 4-bp deletion in the haplotype-based genotype
comprising both variants (AB), as AB was associated
with a protective effect stronger than CC. We have pre¬
viously reported that both deletions affect binding sites
for specific transcription factors in a way that may
eliminate or impair the binding capacity, with a
resulting impact on the level of expression.11 Thus, the
dose-related additive model of the haplotype-based
genotypes described above appears meaningful in a
biological context.

Early onset has been associated with poor response
to neuroleptic treatment15"18 and worse long-term out¬
come.19,20 Hafner et al 198921 found that, specifically
for men, symptom severity decreased with later onset.

715
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Table 3 Distribution of age of onset in relation to haplotype-based genotypes and gender

Haplotype-based Age at onset-total sample* Age at onset-males# Age at onset-females
genotypes (n = 153) (n = 99) (n = 54)

u Mean SD Range n Mean SD Range n Mean SD Range

BB, BC" 58 24.4 8.5 12-57 43 23.5 6.9 16-48 15 27.1 11.9 12-57

CCb 63 26.2 CO O) 14-55 36 25.1 8.3 14-44 27 27.7 11.1 15-55

AA, AB, AC° 32 27.7 8.4 12-45 20 28.2 8.6 12-45 12 26.9 8.4 16-45

Statistical analysis:
"In males: (a) vs (c) testing non-parametrically using Mann-Whitney Rank-sum Test (P= 0.019) and testing parametrically using
Students t-test (P = 0.022, 4 mean age = 4.7 years, 95% CI: 0.7-8.8 years); and (c) vs (a + b) (corresponding to genotypes contain¬
ing the 1-bp deletion vs those that do not), Mann-Whitney Rank-sum Test (P = 0.034), Students t-test (P = 0.043).
'In the total sample: (a) vs (c), Mann-Whitney Rank-sum Test (P = 0.037), Students t-test (P=0.080).

The same authors reported also that symptoms were
more severe in males than in females, and that this gen¬
der difference disappeared after around 5 years. To
what extent DDC might influence these specific para¬
meters should be scrutinized in future studies of suit¬
able patient samples.

Moreover, several studies have reported that the
early onset in males was particularly evident in para¬
noid schizophrenia,22-24 and paranoid symptoms have
been specifically related to increased dopaminergic
activity on the basis of amphetamine-induced psy¬
chosis.25'26 It has been shown that amphetamine causes
a reduction in DDC mRNA and 2-PE production.27 This
could be due to a homeostatic negative feedback mech¬
anism since amphetamine is a structural analogue of
2-PE and is most likely acting as a 2-PE agonist, and
DDC is the rate-limiting enzyme in the synthesis of 2-
PE.8 On this basis, it is tempting to hypothesize that
DDC might be involved in the development of para¬
noid schizophrenia.

In conclusion, the results presented do not support
that DDC should be of etiologic importance in schizo¬
phrenia as a whole. However, we have obtained evi¬
dence suggesting that DDC may possibly act as a modu¬
lator of age at disease onset in males, and that this
effect seems to be dependent on specific haplotype-
based genotypes comprising both DDC variants exam¬
ined. However, more studies are needed to investigate
this hypothesis. Likewise, to what extent this possible
modulating effect relates to specific clinical subtypes
or symptom dimensions remains to be clarified.

Materials and methods

Subjects
One hundred and seventy-three unrelated schizo¬
phrenic patients of Scottish decent and 204 ethnically
matched controls were included in the study. Informed
consent was obtained from all individuals prior to
inclusion. All diagnoses were based on SADS-L inter¬
view28 and used RDC29 and DSM-IV criteria. All of the
schizophrenic patients had a chronic course and all

were taking medication on a long-term basis. Forty-five
patients had a positive family history defined as a first
or second degree relative with schizophrenia. One hun¬
dred and fifty-three cases (99 males and 54 females)
gave reliable information with regard to age at disease
onset defined as onset of first psychotic symptoms. As
age at onset was not perfectly normally distributed,
both non-parametric and parametric analyses were
used. In the total sample the mean age at onset was
25.9 years, the harmonic mean was 23.2 years, and the
median was 23 years. In male patients the same para¬
meters were 25.0, 22.8 and 23 years, respectively, and
in females they were 27.4, 24.0, and 24 years, respect¬
ively. The controls were from the Blood Transfusion
Service, Edinburgh. They were screened to exclude
people with serious chronic illness and those taking
any form of medication apart from contraceptive pill
and hormone replacement therapy. Genomic DNA was
isolated from blood samples according to standard pro¬
cedures.

Genotyping
Genotyping of the two DDC variants was performed
essentially as described previously.11 Briefly, a mul¬
tiplex PCR amplification with radioactive 33P end-lab¬
eled primers was carried out under standard con¬
ditions in the presence of 150 ng genomic DNA, 0.4 p,M
of each of the 1-bp deletion primers, and 1.2 /xM of
each of the 4-bp deletion primers. The primers for the
1-bp deletion variant were DDCprom-up (5'-
GCACCCATCAACCAGAAGT-3') and DDCprom-low
ldel (5'-GCCTATCAGCATCTAAAACAT-3') amplify¬
ing products of 118 bp and 117 bp. The primers for the
4-bp deletion variant were DDCprom-up4del (5'-
GCTTCGGGGAGGCAGACAC-3') and DDCprom-low
(5 '-GGATGAGGACAAAGAGCAGTA-3') amplifying
products of 143 bp and 139 bp. PCR products were heat
denatured in 50% formamide for 5 min before separ¬
ation on a 6% polyacrylamide/6 M urea gel. After vac¬
uum drying the gel was autoradiographed for 5 days.
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Statistical analysis
Allele, simple genotype, and haplotype-based genotype
distributions were compared using the test and Wil-
coxon Rank-sum Test with correction for ties, the latter
being the more powerful test in analyses of ordered
contingency tables and consequently preferred in com¬
parisons of particularly haplotype-based genotype dis¬
tributions. Age at onset distributions were compared
parametrically using Students f-test and non-para-
metrically using Mann-Whitney Rank-sum Test with
correction for ties. The correlation between age at onset
distributions in relation to haplotype-based genotypes
was tested by linear regression analysis. Calculations
of linkage disequilibrium were carried out using the
EH program.13
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The G-protein coupled metabotropic glutamate recep¬
tors (GRMs/mGluRs) have been implicated in the aeti¬
ology of schizophrenia as they modulate the NMDA
response and that of other neurotransmitters including
dopamine and GABA.1-3 Electrophysiological studies in
GRM subtype 5 knockout mice reveal, in one study, a
sensorimotor gating deficit characteristic of schizo¬
phrenia4 and in another, a key role for this gene in the
modulation of hippocampal NMDA-dependent synaptic
plasticity.5 In humans, GRM5 levels are increased in cer¬
tain pyramidal cell neurons in schizophrenics vs con¬
trols.6 Finally, GRM5 has been mapped to 11q14, neigh¬
bouring a translocation that segregates with
schizophrenia and related psychoses in a large Scottish
family, F23 (MLOD score 6.0).7'8 We determined the
intron/exon structure of GRM5 and identified a novel
intragenic microsatellite. A case-control association
study identified a significant difference in allele fre¬
quency distribution between schizophrenics and con¬
trols (P= 0.04). This is suggestive of involvement of the
GRM5 gene in schizophrenia in this population. Molecu¬
lar Psychiatry (2001) 6,311-314.

The ability to implicate a particular candidate gene in
the aetiology of a disease using association studies is
largely dependent on the availability of polymorphic
markers that are in linkage disequilibrium with the
causative mutation. The GRM5 gene has previously
been localised by radiation hybrid mapping alone, and
as such its physical distance from any previously
identified polymorphisms is unknown. We have pre¬
viously mapped the GRM5 gene to more than 850 kb
from the t(l;ll) translocation breakpoint;9 however
there is a paucity of genes in this genomic region10-11
and the GRM5 gene remains the best functional candi¬
date gene on chromosome 11 for involvement in the
aetiology of psychiatric illness in this family. We there¬
fore set out to characterise the genomic organisation of
the GRM5 gene to permit identification of intragenic
mutations/polymorphisms (within the exons or flank¬
ing intron sequences) with which to test for association

in our sample of patients with schizophrenia and
bipolar affective disorder.

BLAST12 searching with the complete cDNA
sequence of the GRM5a gene (Accession number
D28538) against the High Throughput Genomic
Sequences (HTGS) portion of the Genbank database,
together with analysis of the Washington University
Human BAC fingerprint database, enabled identifi¬
cation of 13 positive bacterial artificial chromosomes
(BACs; Accession numbers AC026168, AC024733,
AC022014, AC022005, AP000626, AC026078,
AC027127, AC034188, AC026201, AC022004,
AP001828, AP000653, and AC022006). Scrutiny of the
exact regions of sequence identity between the cDNA
and BAC sequence enabled the complete intron/exon
structure of the GRM5 gene to be determined. All
intron/exon boundaries were present in multiple BACs
with no inconsistencies except the 3' end of exon 1,
which was represented in a single BAC only. However,
this and all the other boundaries also exhibited splice
site consensus sequences, which conformed to the con¬
sensus dinucleotides AG at the 3' end of each intron
and GT at the 5' end (data not shown). The gene is
present as 8 exons in genomic DNA, with exons rang¬
ing in size from 127 bp (exon 6) to 1738 bp (exon 8).
The position of the final intron/exon boundary and
existence of the large single exon at the 3' end of the
gene is consistent with the previous findings of Daggett
et al.13 The genomic organisation of this gene is shown
in Figure 1.

Since the BAC sequence from which the genomic
organisation was established is still fragmentary, it was
not immediately possible to determine the size of each
intron. Therefore the sequence fragments from each
BAC were assembled into contigs as far as possible.
Three contigs contained multiple exons of the GRM5
gene, enabling the exact genomic distance between
exons 3 to 8 to be calculated (Figure 1). The contigs
containing exons 1 and 2 did not contain other exons,
so it was possible only to calculate minimum intron
sizes. GRM5 is a large gene, spanning at least
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Figure 1 Genomic organisation of the GRM5 gene. The exons are shown as black boxes with the exon number and size above.
Exon 7b (shown as a grey box) is present in an alternatively spliced transcript called GRM5b.30 Intron sizes are indicated below
(not to scale). The positions of start and stop codons and the novel microsatellite are marked.

494 415 bp of genomic DNA. The smallest intron is
645 bp (intron 5) and the largest is greater than
197 428 bp (intron 1 or 2).

Two sets of DNAs were used for scanning exons of
the GRM5 gene for mutations/polymorphisms. Firstly
normal control DNAs (n = 27) were studied to identify
common polymorphisms for use in association studies.
The power of this study to detect polymorphisms with
at least a 5% frequency is 94%. Secondly, two F23
derived DNAs were investigated with the aim of ident¬
ifying mutations which may have been fixed by, and
segregate with the translocation in this family.7 Primer
pairs were designed from intronic BAC sequence
flanking exons 1-7, such that each exon could be
amplified independently from genomic DNA. Since
exons 1 and 7 are large, more than one primer pair was
required to permit amplification of the exon in overlap¬
ping fragments of a size suitable for mutation detection
(<500 bp). PCR products were then subjected to
mutation detection by denaturing high performance
liquid chromatography (DHPLC). No sequence variants
were detected. Since DHPLC is a highly sensitive
method for mutation detection,14,15 it is unlikely that
there are any common polymorphisms or mutations in
the exons tested.

To detect intragenic polymorphisms for association
studies, the available intron sequence was searched for
simple repeats using Repeat Masker.16 Many different
types of simple repeat were detected, including (CA)n
and (TA)n dinucleotide repeats and a (TAA)n triplet
repeat. Since longer stretches of repetitive sequence are
more likely to be polymorphic, a CA repeat of 16 repeat
units was chosen for further study. This CA repeat was
identified from BAC AC022014, beginning 16245 bp
upstream of exon 7 (nucleotide position 70312 in the
BAC sequence). A PCR assay was designed and
optimised to amplify a 203-bp fragment that contained
this CA repeat. Twelve different individuals were

assayed and the products sized on a capillary gel
electrophoresis system (AB1310). Five different allele
sizes were observed within this small set of subjects,
and so the microsatellite was deemed sufficiently poly¬
morphic for use in an association study. This microsat¬
ellite has been submitted to dbSTS with the Accession
number G64931.

To test the hypothesis that the GRM5 gene might
contribute to psychosis in the general population, we
carried out a case-control association study by

microsatellite typing in patient populations with
schizophrenia (n = 231) or bipolar affective disorder (n
= 149), and normal controls (n = 421). A total of 11
differently sized alleles was present in the total sample
(represented as PCR products of sizes 191, 192, 196,
197, 199, 200, 201, 203, 205, 206 and 207 bp). This
range of allele sizes suggested that this locus is more
complex than a simple (CA) repeating unit. This was
confirmed by direct sequencing of PCR products from
individuals homozygous for the 199, 200 and 201-bp
alleles. Individuals homozygous for the 199 and 201-
bp alleles differed by 1 (CA) repeat unit as expected,
whereas the individual homozygous for the 200-bp
allele also harboured a deletion of a single adenine
nucleotide from a stretch of 6 occurring 31 bp upstream
of the CA repeat. It is presumed that the combination
of the CA repeat plus either 5 or 6 adenines at -31 bp
accounts for the range of allele sizes observed.

The frequency of each allele in the different popu¬
lations is shown in Table 1. The distribution of allele
frequencies is significantly different between schizo-

Table 1 Number and frequency (brackets) of each allele of
microsatellite G64931 observed in Scottish populations of
patients with schizophrenia (SCZ) or bipolar affective dis¬
order (BP) and normal controls (CON)

Allele (bp) SCZ BP CON

191 1 (0.002) 0 (0.000) 0 (0.000)
192 1 (0.002) 0 (0.000) 0 (0.000)
196 2 (0.004) 0 (0.000) 6 (0.007)
197 6 (0.013) 0 (0.000) 0 (0.000)
199 36 (0.078) 20 (0.067) 58 (0.069)
200 12 (0.026) 11 (0.037) 34 (0.040)
201 324 (0.701) 216 (0.725) 597 (0.710)
203 80 (0.173) 51 (0.171) 144 (0.171)
205 0 (0.000) 0 (0.000) 1 (0.001)
206 0 (0.000) 0 (0.000) 1 (0.001)
207 0 (0.000) 0 (0.000) 1 (0.001)
Total 462 298 842
chromosomes

There is a significant difference in the distribution of allele
frequency between schizophrenics and controls (P = 0.044).
The row highlighted in bold indicates an allele which is
present in schizophrenics only. Inclusion criteria for subjects
are detailed in Materials and Methods.
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phrenics and controls (x2 = 18.73, P = 0.044 with 10
degrees of freedom), but not between bipolar affective
disorder patients and controls (x2 = 3.34, P = 0.85).
However the x2 approximation applied to a contin¬
gency table is insufficient if any of the cells contain
expected values <1.17 The rows for 191, 192, 205, 206
and 207-bp alleles were therefore pooled. There
remained five cells out of 14 (36%) with expectations
<5. Cochrane17 advised that the x2 approximation is
safe provided that no expected frequency is <1 and
roughly no more than two in 10 of the remaining cells
have expected frequencies <5. So the value of x2 =
13.49 (6 degrees of freedom, P = 0.036) should he inter¬
preted with a degree of caution. As an additional test
of significance, a simulation of the reduced (7 x 2) con¬
tingency table was carried out with \2 statistics being
calculated for each of 104 replications. The number of
values of x2 > 13.49 was 457, equivalent to a signifi¬
cance level of P = 0.046. The greatest contribution to
the chi-squared total comes from the 197-bp allele,
which is found only in schizophrenics, albeit at a low
frequency (1.3%). However since no control individ¬
uals possess a 197-bp allele, it is not possible to calcu¬
late a meaningful relative risk. The 201-bp allele not
the 197-bp allele was present in the F23 individual
tested, hence it does not confer susceptibility to psy¬
chosis in this family.

These results are consistent with a role for the GRM5

gene in the aetiology of schizophrenia in a small pro¬
portion of our sample. The microsatellite repeat used
to detect the positive association occurs within an
intron of the GRM5 gene, and may comprise part of a
hitherto unrecognised control element involved in
splicing or mRNA stability. It is more likely however
that the microsatellite is in linkage disequilibrium with
a causative mutation, and further studies will be
required to detect functional polymorphisms in those
individuals carrying the 197-bp allele.

The results of previous linkage studies for psychi¬
atric illness in this region of chromosome 11 have
yielded ambivalent results. Three genome scans have
detected moderate positive LOD scores (>1),18-20 and
a fourth in a single family yielded a maximum LOD
score of 3.41,21 but in each case maximum linkage was
obtained with markers on llq22-24, telomeric to
GRM5. Other linkage studies have in contrast yielded
negative results.22,23 The previous failure to find link¬
age in the region of the GRM5 gene may be related to
the small effect size seen in this study and illustrates
the power of the association approach for such suscep¬
tibility loci. A more extensive survey in different
cohorts and populations, to determine whether the
197-bp allele is found exclusively in 'at risk' individ¬
uals, is now warranted.

Materials and methods

Clinical samples
Subjects with major mental illness were inpatients or
outpatients of the Royal Edinburgh Hospital or Hair-
myres Hospital, Lanarkshire and gave written consent

to take part in these studies. For inclusion in the
association studies patients had to be domiciled in the
South of Scotland and of Scottish descent. Subjects
with mental illness were interviewed by a psychiatrist
using the Schedule for Affective Disorders and Schizo¬
phrenia, SADS-L.24 Hospital cases were coded using
OPCRIT25 and diagnoses were made according to DSM
III-R and DSM-IV criteria. DNA from control subjects
was obtained through the Edinburgh and SE Scotland
Blood Transfusion Service. Donors were asked to com¬

plete a screening questionnaire and subjects taking reg¬
ular medication or with a present or past history of
serious illness were excluded. No details were

obtained on family history of illnesses in controls.

Extraction and PCR of genomic DNA
DNA was extracted from whole blood using a Nucleon
genomic DNA extraction kit (Anachem) or by GenoVar
Diagnostics (Sittingbourne, UK). Primers were
designed using the program 01igo4 (Hybaid, UK) and
oligonucleotides synthesised by Genosys Biotechnol¬
ogies (Europe). The PCR assay to amplify the microsat¬
ellite G64931 employed 100 ng of each primer 5' CAG
AGA AAA GTA TAT GGT ATG GAA C 3' and 5' AAG
GAT ACA GAT TTC AGA ATA GCA G 3'. PCR reac¬

tions were carried out on a PTC225 (MJ Research) using
50 ng total genomic DNA, 40 ng each primer, 200 p,M
dNTPs (Advanced Biotechnologies), 3 mM MgCl2 and
0.4 U Amplitaq (Perkin Elmer) in lx PCR buffer (Perkin
Elmer) in a total of 20 pi. Products were labelled fluor-
escently when required by including in the PCR mix
250 nM dCTP labelled with R110 or R6G, or alterna¬
tively 1 pM dCTP labelled with TAMRA (PE Applied
Biosystems). The program used was an initial denatur-
ation of 94°C for 30 s, then 35 cycles of 94°C for 15 s,
56°C for 30 s and 72°C for 30 s. Selected PCR products
were checked on 2% agarose gels prior to further
analysis.

DHPLC
DHPLC analysis was carried out on a WAVE™ DNA
Fragment Analysis System (Transgenomic, Santa Clara,
CA, USA). A total of 10 p.1 of PCR product was
denatured at 95°C for 3 min on a thermal cycler and
was then permitted to form heteroduplexes by cooling
to 30°C at a rate of 0.1°C s-1. PCR products were separ¬
ated on a 50 x 4.6 mm i.d. column packed with 2 pm
nonporous alkylated polystyrene-divinylbenzene par¬
ticles26 by a 4.5-min linear acetonitrile gradient (flow
rate of 0.9 ml min-1) at a predetermined melting tem¬
perature. Gradients were achieved by mixing 0.1 M tri-
ethylamine acetate (pH 7.0) with an increasing pro¬
portion of 25% acetonitrile; melting temperatures and
start and end points of the gradient were dependent on
the product length and sequence composition and
were determined using the Wavemaker™ software
(Transgenomic, Santa Clara, CA, USA).

DNA sequencing
Selected PCR products were purified using a Pre-
sequencing kit (Amersham) and sequenced with the
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original PCR primers on an ABI377 using dRhodamine
dye terminators (PE Applied Biosystems) according to
the manufacturer's instructions.

Sequence analysis
Sequence chromatograms and BAC sequence
fragments were aligned into contigs and viewed using
Phred, Phrap and Consed (version 6.0),27-29
http://www.genome.washington.edu

Genotyping
To prepare the samples, 0.1-1 ^1 PCR product was
mixed with 11.5 /xl deionised formamide and 0.5 pi
GENESCAN-350 size marker (PE Applied Biosystems),
denatured at 96°C for 5 min and cooled on ice. Samples
were then run on an ABI310 according to standard pro¬
cedures. Resultant traces were manipulated and allele
sizes were read using Genescan™ software (PE
Applied Biosystems).
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We have undertaken a search for polymorphic sequence variation within Disrupted in Schizophrenia 1 and Disrupted in
Schizophrenia 2 (DISCI and DISC2), which are both novel genes that span a translocation breakpoint strongly associated
with schizophrenia and related psychoses in a large Scottish family. A scan of the coding sequence, intron/ exon
boundaries, and part of the 5' and 3' untranslated regions of DISCI, plus 2.7 kb at the 3' end of DISC2, has revealed a
novel microsatellite and 15 novel single nucleotide polymorphisms (SNPs). We have tracked the inheritance of four of the
SNPs through multiply affected families, and carried out case-control association studies using the microsatellite and
four common SNPs on populations of patients with schizophrenia or bipolar affective disorder versus normal control
subjects. Neither co-segregation with disease status nor significant association was detected; however, we could not detect
linkage disequilibrium between all these markers in the control population, arguing that an even greater density of
informative markers is required to test rigorously for association in this genomic region. Psychiatr Genet 11:71-78
© 2001 Lippincott Williams & Wilkins.

Keywords: schizophrenia, bipolar, translocation, single nucleotide polymorphisms, microsatellite, co-segregation, associa¬
tion

INTRODUCTION

We have identified two novel genes of unknown
function, Disrupted in Schizophrenia 1 and Disrupted
in Schizophrenia 2 (DISCI and DISC2) that are
candidate genes for schizophrenia and related psy¬
choses by virtue of their genomic location on chro¬
mosome lq42 (Millar et al., 2000). Both DISCI and
DISC2 have been identified as spanning, in opposite
orientations, the chromosome 1 breakpoint of a
balanced translocation t(l;ll)(q42.1;ql4.3), which is
strongly associated with schizophrenia and other ma¬
jor mental illness in a large Scottish family, F23 (St
Clair et al., 1990). The segregation of the transloca-

0955-8829 © 2001 Lippincott Williams & Wilkins

tion with psychiatric illness in this family generates a
maximum LOD score of 7.0 using a broad definition
of affected phenotype (Blackwood et al., 2001), pro¬
viding compelling evidence for a directly or indi¬
rectly pathogenic effect of the translocation on
neighbouring genes.

Since both DISCI and DISC2 are directly dis¬
rupted in translocation carriers, we hypothesize that
dysfunction of one or both of these genes may form
the basis of predisposition to psychiatric illness in
this family. However, since neither DISCI nor
DISC2 is highly homologous to a known gene in any
species, and little functional information is evident
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from secondary structure prediction, it is difficult to
speculate on biochemical mechanisms for their in¬
volvement.

To complement our current functional investiga¬
tion of DISCI and DISC2, we are seeking genetic
evidence for the wider relevance of these genes as

susceptibility factors for psychiatric illness in the
general population. We have previously undertaken
a case-control association study, comparing the fre¬
quency of alleles of a polymorphic trinucleotide re¬
peat (D1S1621) located adjacent to the breakpoint
on chromosome 1 (within DISC2), in Scottish popu¬
lations of patients with schizophrenia or unipolar
depressive disorder versus control subjects (Wilson-
Annan et al., 1997). This study did not demonstrate
a significant disease association but, because of the
small sample size, we cannot rule out an effect of
either gene.

To extend these studies, we have now undertaken
a scan for DNA sequence variants in the coding
sequence, intron/exon boundaries, and part of the
5' and 3' untranslated regions (UTRs) of DISCI,
plus 2.7 kb at the 3' end of DISC2. The use of a
tightly linked set of markers across a genomic region
significantly increases the power of association stud¬
ies, since it increases the probability that at least
one marker will be in linkage disequilibrium (LD)
with the disease locus, an absolute requirement for
disease association to be detectable. Moreover,
intragenic variants may themselves exert the
pathogenic effect, and thus be in complete LD.

In this paper, we describe the identification of a

novel microsatellite and 15 novel single nucleotide
polymorphisms (SNPs) from within the DISCI/
DISC2 genomic region. Up to 11 of the SNPs may
exert a functional effect on the protein, either by
altering its sequence or the regulation of its transla¬
tion. The microsatellite and the four common SNPs
have also been used in association studies compar¬

ing allele frequencies in individuals with schizophre¬
nia or bipolar affective disorder (BPAD) relative to
control subjects.

METHODS

Clinical samples
Subjects with major mental illness were inpatients or
outpatients of the Royal Edinburgh Hospital or
Hairmyres Hospital, Lanarkshire and gave written
consent to take part in these studies. For inclusion
in the association studies, patients had to be domi¬
ciled in the South of Scotland and of Scottish des¬
cent. Subjects with mental illness were interviewed
by a psychiatrist using the Schedule for Affective
Disorders and Schizophrenia, SADS-L (Endicott and
Spitzer, 1978), and diagnoses were made according
to DSM III-R and DSM IV criteria. DNA from
control subjects was obtained through the Edin¬
burgh and S.E. Scotland Blood Transfusion Service.
Donors were asked to complete a screening ques¬
tionnaire, and subjects taking regular medication or
with a present or past history of serious illness were
excluded. No details were obtained on family history
of illnesses in control subjects.

TABLE 1. Primer sequences and expected product size for polymerase chain reaction amplification of fragments
containing each of the 15 single nucleotide polymorphisms or the microsatellite

Polymorphism Forward primer 5'—3' Reverse primer 5'-3' Product size
(base pairs)

A844G GCTTTATTCGGCTCTCGCTTG GCAGAGACCCGTGTAGCCAAG 193
C1348T TTCTGCATACCTGTACCAATAG TCCAACTTAGGCAACAGAGCA 253
C1446T as forC1348T
C1460T TCAGAGCAGTTTGCCATGAGC ACCAGTGGGGTCAGGTCGCAG 186
T1595C CTGAGAAGGGAAATAGAGGAG GAGCGACCCAAAATCAGTTAG 214
C14T GTTACCAAGAAGACCAATCTC AAACTTCATAG G CTTCTTTG G 141
T11870C CTAAAAGCAGATTGGAAGAGAC ATTCACACTCACTCTGCTCTT 241
T11859C As for T11870C
G11160A AGAGGTCAGAGGAGAAGAGAG GCTTGAAGCTCATGGAAGTGC 261
C11085A ACAAGCACAAAAGAGAACAAG GGACTCTAATATTCTTCCCTCCTG 175
C9481T CTGCCTCAGCCTCCCAAGTAG TTGGCACTACTCI I I IGCATC 233
G1916A ATGTGTGTGGATGCTGTAAAG AATATCATCAATATCTTGCC 292
T2163A TGATGAAACATGACTGAGTTC TCCCTCTAAGTCATCCATCTG 192
G2304C GATTGCTTATCCAGAGCCTAC TGGTCCCAAAGCACCCCTTAG 273
C3215T GCI I I ICACCTTACTTCTCCTG CACGGGAAAATGGAACAGGCTC 261
G65049 CCAGAAATGAGTCAGAGTGAAAGCAAA GCTCCTTTCTTCTCCTCAGCGAGTC 187-211
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Extraction and polymerase chain reaction of genomic
DNA

DNA was extracted from whole blood using a Nu-
cleon genomic DNA extraction kit (Anachem, Lu¬
ton, UK) or by Genovar Diagnostics Ltd. (Sit-
tingbourne, UK). Primers were designed using the
program 01igo4 (Hybaid, Ashford, Middlesex, UK)
and oligonucleotides synthesized by Genosys
Biotechnologies (Europe) Ltd. (Cambridge, UK). Po¬
lymerase chain reactions (PCRs) were carried out on
a PTC225 (MJ Research, Waltham, MA, USA) using
50 ng total genomic DNA, 100 ng each primer,
200 /xM dNTPs (Advanced Biotechnologies, Epsom,
UK), 1.5 mM MgCl2 and 1 U Amplitaq (Perkin
Elmer, Beaconsfield, UK) in 1 X PCR buffer (Perkin
Elmer). The programme used was an initial denatu-
ration of 94°C for 30 s, followed by 35 cycles of 94°C
for 15 s, 50-60°C (optimized for each primer pair)
for 20 s and 72°C for 30 s. Exons 1 and 2 of DISCI
are GC rich and therefore the Advantage GC-2
PCR kit (Clontech, Basingstoke, UK) was used where
necessary, employing 1 X PCR buffer, 1 /10 volume
GC-melt and 1 /xl Advantage GC-2 polymerase, and
adjusting the extension temperature to 68°C. When
amplifying the microsatellite G65049, the product
was labelled fluorescently by including in the PCR
mix 250 nM dCTP labelled with R110 or R6G, or

alternatively 1 /xM dCTP labelled with TAMRA (PE
Applied Biosystems). Primers used to amplify
products containing each of the polymorphisms are
presented in Table 1.

Single-stranded conformation polymorphism analysis
Fifteen microlitres of PCR product was mixed with
10 /xl formamide loading dye (95% deionized for-
mamide, 50 mM ethylenediamine tetraacetic acid,
0.05% dextran blue), denatured at 96°C for 2 min in
a thermal cycler and quickly transferred to ice.
Products were run on 10% acrylamide, 3% bisacryl-
amide gels in 1 X TBE using a Hoefer SE600 appa¬
ratus, in which up to four gels (size, 18 cm X 16 cm X
1 mm) of 19 samples each (plus 250 ng (pX174
HaeHI marker for orientation) were run simultane¬
ously. A current of 10 mA per gel was used and run
times were optimized for each product (between 10
and 15 h). Gels were then silver stained as described
by Budowle et al. (1991). Stained gels were dried
onto filter paper and examined by eye for shifts in
banding pattern between lanes.

Denaturing high performance liquid chromatography
Denaturing high performance liquid chromatogra¬
phy (DHPLC) analysis was carried out on a

DISC2

WAVE™ DNA Fragment Analysis System (Trans-
genomic, Santa Clara, CA, USA). Ten microlitres of
PCR product was denatured at 95°C for 3 min on a
thermal cycler and then permitted to form heterodu-
plexes by cooling to 30°C at a rate of 0.1°C/s. PCR
products were separated on a 50 X 4.6 mm i.d.
column packed with 2 /xm non-porous alkylated
polystyrene-divinylbenzene particles (Huber et al.,
1993) by a 4.5-min linear acetonitrile gradient (flow
rate, 0.9 ml/min) at a pre-determined melting tem¬
perature. Gradients were achieved by mixing 0.1 M
triethylamine acetate (pFI 7.0) with an increasing
proportion of 25% acetonitrile; melting tempera¬
tures, and start and end points of the gradient were
dependent on the product length and sequence com¬
position, and were determined using the Wave-
maker™ software (Transgenomic).

DNA sequencing and sequence analysis
Products exhibiting variation by single-stranded con¬
formation polymorphism (SSCP) or DHPLC were
purified using a Pre-sequencing kit (Amersham, Lit¬
tle Chalfont, UK) and sequenced with the original
PCR primers on an ABI377 using dRhodamine dye
terminators (PE Applied Biosystems, Warrington,
UK) according to the manufacturer's instructions.
The resultant chromatograms were aligned into con-
tigs and analyzed using Phred, Phrap and Consed
(version 6.0) (Ewing and Green, 1998; Ewing et al.,
1998; Gordon et al., 1998; http://www.genome.
washington.edu).

Microsatellite genotyping
To prepare the samples, 0.1-1 /xl PCR product was
mixed with 11.5 /xl deionized formamide and 0.5 /xI
GENESCAN-350 size marker (PE Applied Biosys¬
tems), denatured at 96°C for 5 min and cooled on
ice. Samples were then run on an ABI310 according
to standard procedures. Resultant traces were ma¬

nipulated and allele sizes were read using Gene-
scan™ software (PE Applied Biosystems).

Statistical analysis
Allelic association was investigated using the EH
program (Terwilliger and Ott, 1994). This takes the
number of individuals exhibiting each of the possible
genotypes arising from a set of loci set out in a

two-way table (in the present study, only pairs of loci
were examined). Haplotype frequencies are esti¬
mated iteratively by the expectation maximization
algorithm. The estimated haplotype frequencies are
then used to calculate the genotype frequencies and
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a log-likelihood. A log-likelihood is also calculated
assuming allelic independence. A x2 statistic is
derived from the difference in likelihoods to test the
hypothesis of allelic independence. Only the three
most frequent alleles (accounting for 94.4%) of
marker G65409 were distinguished in this analysis.
The remaining six were combined and treated as
one allele.

RESULTS

Detection of polymorphisms
Thirty-nine primer pairs were designed to permit
amplification of each of the coding exons of DISCI
and the first 770 base pairs (bp) of the 3' UTR, plus
2681 bp towards the 3' end of DISC2 (bp 9303-11983
in AF222981). To include the intron/exon boun¬
daries in the scanned product, primers were de¬
signed from within the flanking intronic sequence,
no less than 30 bp from the splice site (Millar et al.,
2001). So that the resultant products would be suit¬
able for SSCP analysis, primer pairs were designed
such that the size of the product was always smaller
than 300 bp, and less than 250 bp in all but five
cases. Thus, where exonic size exceeded 236 bp,
overlapping sets of primer pairs were used, with an
overlap of at least 60 bp. DHPLC is capable of
analyzing products larger than 300 bp with no appre¬
ciable loss of efficiency, so all products designed for
SSCP were also suitable for this technique.

In the first round of SNP identification, PCR

products generated from approximately 90 patients
with schizophrenia were scanned by SSCP and DH¬
PLC, and representative products exhibiting confor¬
mation variation were sequenced. DNA derived from
individuals with schizophrenia rather than normal
control subjects was used in this phase to enable
detection of any causative mutations in addition to
non-functional polymorphisms. Fifty-four of the
cases used were probands from multiply-affected
families to permit the subsequent search for co-
segregation of any detected variants with illness.
Thirteen SNPs were identified in total: A844G,
C1348T, C1446T, C1460T, C14T, T2163A, G2304C
and C3215T within DISCI, and C9481T, C11085A,
G11160A, T11870C and T11859C within DISC2
(Figure 1). These SNPs were assigned a position in
the mRNA sequence of DISCI and DISC2 accord¬
ing to the Genbank sequences AF222980 and
AF222981, respectively, except C14T, which occurs
14 bp into DISCI intron 7.

A further two SNPs were identified by compara¬
tive sequence analysis of multiple DISCI cDNA
clones: T1595C and G1916A. The minor allele of
both was identified in more than one independent
clone, hence it is likely that these are genuine poly¬
morphisms and not cloning artefacts.

Of the 15 SNPs, 12 (80%) were transitions (nine
C -»T, three A -> G) and three (20%) were
transversions (one A -»T, one G -» C, one C -> A).
Four of the SNPs are predicted to cause missense

Cm
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G65049

Translocation
Breakpoint

2 3

■I III

t ft
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C1460T
T1595C
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+^G1916A
*— C9481T

G11160A
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FIGURE 1. Polymorphisms identified within the Disrupted in Schizophrenia 1(DISC1) and Disrupted in Schizophrenia
2 (DISC2) genes. DISC1 exons are depicted as black boxes with the exon number above. DISC2 is shown as a single
grey box. The position of the translocation breakpoint, and the centromeric (CEN) and telomeric (TEL) directions are
indicated. The positions of the microsatellite and single nucleotide polymorphisms (SNPs) are shown below the line,
with amino acid changes where appropriate. The base pair positions of the nine DISC1 SNPs are derived from the
sequence AF222980; the five DISC2 SNP positions are derived from AF222981. SNP C14T is located 14 base pairs
into DISC1 intron 7. Common polymorphisms used in the association studies are highlighted in bold and the
approximate distance between them is indicated by a bar at the bottom. [Figure adapted from Millar et al. (2001).]
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alterations in the amino acid sequence of DISCI.
These are SNPs A844G (glutamine -> arginine),
C1348T (proline -» leucine), T2163A (serine —>

cysteine) and G2304C (glutamic acid -» glutamine).
Among the others, SNPs C1446T, C1460T, T1595C
and G1916A are all synonymous coding sequence
substitutions, C14T occurs 14 bp into DISCI intron
7 and C3215T resides within the DISCI 3' UTR.
Since DISC2 is presumed not to code for protein
(Millar et al., 2000), all five SNPs may be regarded as
within the UTR.

Predictions of the effect of amino acid substitu¬
tions on the secondary structure (Cuff et al., 1998)
and solvent accessibility (Burkhard and Sander, 1994)
can be used to assess the likelihood that SNPs

represent functional gene variants. A844G involves
the substitution of a positively charged arginine
residue for a neutral glutamine within an exposed
loop containing other charged residues. Exposed
loops that include particular combinations of charged
residues are often interfaces for interactions with
other molecules. C1348T also involves a residue

predicted to be within an exposed loop and, al¬
though both variants involve non-polar residues, the
ability of proline to contort a polypeptide chain
means that the polymorphism may cause secondary
structural changes. T2163A is predicted to lie buried
within a helix and therefore is more likely to be
conservative. G2304C is predicted to be in an ex¬
posed position in a helix and involves the substitu¬
tion of negatively charged glutamic acid for glu¬
tamine. A charged residue at this position could be
involved in intramolecular interactions such as salt

bridges or intermolecular interactions and so this
polymorphism may cause tertiary structural changes
that affect function.

A (CA)„ dinucleotide repeating unit was detected
serendipitously on analysis of the sequence of a
genomic clone encompassing the 5' UTR of DISCI
(accession number AF222982). A PCR assay was
designed and optimized to amplify a 205 bp fragment
that contained this CA repeat. Four different indi¬
viduals were assayed and the products sized on a
capillary gel electrophoresis system (ABI310). A
range of allele sizes was observed, and so the repeat
was deemed to be polymorphic and suitable for use
in an association study. This microsatellite has been
submitted to dbSTS with the Accession number
G65049.

Co-segregation studies
Eight of 13 SNPs detected within patients were
detected only very rarely (between 1 in 30 and 1 in

172 chromosomes scanned). It is possible that these
constitute rare schizophrenia-associated mutations
in these individuals, and thus they were investigated
further by tracking segregation of the variant in
affected and unaffected relatives where possible, or
by scanning for the presence of the variant in a
panel of normal control subjects. The segregation of
four SNPs (C1348T, C1446T, C14T and T11859) was
tracked in appropriate family members. No unam¬
biguous segregation of the variant with illness was
observed (data not shown), so it is presumed that the
SNPs tested do not predispose to illness in these
individuals. Three SNPs were tested for presence in
a panel of approximately 90 normal control subjects
(G2304C, C1446T and C3215). All were detected at
a similar frequency as in the original screening panel
(G2304C, 1 out of 86 controls versus 1 out of 90
cases; C1446T, 5 out of 88 control subjects versus 6
out of 92 cases; C3215T, 1 out of 77 control subjects
versus 1 out of 90 cases) and are thus also presumed
not to predispose to illness.

Association studies

For the other five SNPs (A844G, C1460T and
T2163A from DISCI; T11870C and G11160A from
DISC2), the frequency of the minor allele was at
least 10%, rendering these, along with the mi¬
crosatellite G65049, suitable for use in association
studies. The microsatellite and four SNPs (A844G,
C1460T, T2163A and T11870C) were typed in patient
populations with schizophrenia (n = 267-328) or
BPAD (n = 152-175) and normal control subjects
(n = 426-726). The allele frequencies observed for
each marker are presented in Table 2. Chi-squared
tests for differences in each marker's allele or geno¬
type frequencies between patients with schizophre¬
nia or BPAD and control subjects did not yield any
significant results (Table 3). The smallest P value
was obtained comparing allele frequencies of SNP
T11870C in patients with schizophrenia versus con¬
trol subjects [ x2 — 2.677, 1 degree of freedom (df),
P — 0.10].

Haplotype frequencies
The haplotype frequencies were estimated by the
EH program, assuming allelic association for all
locus pairs in each pair of groups both separately
and combined (Terwilliger and Ott, 1994) and log-
likelihoods were calculated. The 'separate' log-likeli¬
hoods were subtracted from the 'combined' log-like¬
lihood, from which was derived a x2 statistic. The
only x2 value with P < 0.05 was in the comparison
between patients with schizophrenia, and those with
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TABLE 2. Number and frequency (in parentheses) of each allele for the five markers G65049, A844G, C1460T,
T11840C and T2163A in patient populations with schizophrenia (SCZ) or bipolar affective disorder (BPAD) and normal
controls (CON)

Polymorphism Allele SCZ BPAD CON

G65049 187 17(0.032) 3 (0.010) 14 (0.015)
189 173 (0.324) 119(0.379) 320 (0.344)
191 3 (0.006) 0 (0.000) 0 (0.000)
193 2 (0.004) 2 (0.006) 3 (0.003)
195 214 (0.401) 112(0.357) 359 (0.386)
197 117(0.219) 70 (0.223) 211 (0.227)
199 8 (0.015) 7 (0.022) 21 (0.023)
201 0 (0.000) 0 (0.000) 2 (0.002)
211 0 (0.000) 1 (0.003) 0 (0.000)
Total 534 314 930

A844G G 412 (0.660) 219(0.644) 867 (0.656)
A 212 (0.340) 121 (0.356) 455 (0.344)
Total 624 340 852

C1460T C 545 (0.873) 315(0.900) 1277 (0.883)
T 79 (0.127) 35 (0.100) 169 (0.117)
Total 624 350 1446

T11840C C 378 (0.665) 197 (0.648) 580 (0.624)
T 190 (0.335) 107 (0.352) 350 (0.376)
Total 568 304 930

T2163A A 482 (0.735) 257 (0.747) 1052 (0.725)
T 174 (0.265) 87 (0.253) 400 (0.275)
Total 656 344 1452

For the microsatellite, the alleles are given as sizes of the polymerase chain reaction product in base pairs. For the
single nucleotide polymorphisms, the two alleles are the alternative nucleotides at this position.

BPAD in marker pair A844G-T11870C (x2 =
10.789, 3 df, P = 0.013). However, if the Bonferroni
correction is applied, regarding this as one signifi¬
cant result in 30 comparisons, the probability trans¬
forms to P = 0.325. Thus, there is no evidence that
haplotype distributions vary between case and con¬
trol groups. Testing sets of three and four markers is
unlikely to provide additional independent informa¬
tion about differences in haplotype frequency. If the
presented test is applied to sets of three or four
markers, it rapidly becomes less reliable owing to
the increasing number of multiphase genotypes from
which the haplotype frequencies must be estimated.

In the case of four markers, 33 out of 81 genotypes
are multiphase and the resulting haplotype frequen¬
cies total about 80%. Other haplotypes may tend to
show very low frequencies, reducing the accuracy of
the x2 statistic.

Hardy-Weinberg equilibrium and homozygosity
The distribution of genotypes in the five loci was
consistent with Hardy-Weinberg random mating
equilibrium in case and control groups for all loci
except G65409. In this locus, there was very strong
evidence of non-equilibrium (P = 0.0009 for patients

TABLE 3. Chi-squared total and associated P value (in parentheses) for statistical comparisons of allele frequency
and genotype frequency for the five polymorphisms tested in populations of patients with schizophrenia versus normal
controls (SCZ versus CON) or bipolar affective disorder versus normal control subjects (BPAD versus CON)
Polymorphism Allele frequency Genotype frequency

df SCZ versus CON BPAD versus CON df SCZ versus CON BPAD versus CON

G65049 3 1.918(0.59) 1.374 (0.71) 9 8.829 (0.45) 8.099 (0.52)
A844G 1 0.037 (0.85) 0.164 (0.69) 2 0.498 (0.78) 1.420 (0.49)
C1460T 1 0.391 (0.53) 0.797 (0.37) 2 0.488 (0.78) 1.213(0.55)
T11870C 1 2.677 (0.10) 0.222 (0.64) 2 2.720 (0.26) 1.881 (0.39)
T2163A 1 0.239 (0.63) 0.717(0.40) 2 1.944(0.38) 1.959 (0.38)

df, Degrees of freedom. There are no significant differences between case and control groups for any of the
polymorphisms.
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with BPAD and for control subjects, P = 10~12 for
patients with schizophrenia). This non-equilibrium is
due to an unexplained excess of homozygous geno¬
types: the homozygosity for marker G65409 was 0.68
in control subjects and patients with BPAD, and
0.71 in patients with schizophrenia.

Linkage disequilibrium
The EH program was also used to test for linkage
disequilibrium between the four SNPs in both the
case and control populations. Since the EH algo¬
rithm assumes Hardy-Weinberg equilibrium
(Terwilliger and Ott, 1994), its application to com¬
parisons involving the microsatellite G65409 was not
valid, and therefore results presented in Table 4
refer only to SNP comparisons. There was good
evidence of association between A844G and
T11870C for both normal control subjects and
patients with BPAD (see Table 4), although the
linkage disequilibrium value of 0.079 in patients with
BPAD was significantly higher than the 0.026 in
control subjects ( x2 = 10.76, 3 df, P = 0.013). How¬
ever, significant LD was not detected between any
other marker pairs.

DISCUSSION

We have detected a novel microsatellite and 15
SNPs within the genes DISCI and DISC2, which are
orphan candidate genes for psychiatric illness. Of
these, at least 11 SNPs may alter function, either by
substitution of a single amino acid (four SNPs),
modulation of the efficiency of the splicing machin¬
ery (one SNP) or by alteration of an UTR element
controlling mRNA stability or translation (six SNPs).

Eight of the SNPs are very rare, and were thus
investigated further either by segregation analysis in
multiply affected families or simply by testing for the
presence of the minor allele in normal control sub¬
jects. None of the SNPs was found to co-segregate

with psychiatric illness. Although one SNP was not
detected in normal control subjects, it was also de¬
tected too rarely among patients with schizophrenia
for this analysis to be statistically meaningful. It is
likely that these eight SNPs represent variants that
do not predispose to psychiatric illness in the indi¬
viduals and families tested.

Similarly, the microsatellite and four common
SNPs did not show any significant evidence for asso¬
ciation with schizophrenia or BPAD at the allele,
genotype or haplotype levels. The one significant
result (using estimated haplotype frequencies for
markers C1460T and T2163A in patients with
schizophrenia versus those with BPAD) did not re¬
main so after correction for multiple testing. There¬
fore, the results of this study do not support the
hypothesis that any of these variants contribute to
schizophrenia or BPAD in the population tested. As
with all studies of this type, however, we cannot
exclude the possibility that the contribution to psy¬
chosis by DISCI and/or DISC2 is too small to be
apparent in a study of this sample size or in this
ethnic population, or the possibility that the variants
detected are not in LD with the functional variant.

The lack of LD between all but one SNP pair
limits the conclusions that may be drawn from this
study. It is possible that a disease-associated allele
lies within this genomic region but is not in LD with
either flanking marker, thus rendering an allelic
association undetectable even using large sample
sizes. The extent of LD will depend on the age of
the mutation in addition to the genetic distance
from the nearest marker, and thus the required
density of SNPs cannot be calculated a priori. To
increase the probability that this disease association
would be detected, it is necessary to identify and
genotype as high a density of polymorphisms as
possible, thus increasing the likelihood that at least
one would be in LD with the disease allele.

TABLE 4. Chi-squared total (xz) and associated P value for tests for allelic association (or linkage disequilibrium)
between pairs of single nucleotide polymorphisms (SNPs) in populations of normal control subjects (CON) or patients
with bipolar affective disorder (BPAD) or schizophrenia (SCZ)
SNP pair df CON BP SCZ

/ P
2

X P / P

A844G versus C1460T 1 1.08 0.2987 0.58 0.4463 0.01 0.9203
A844G versus T11870C 1 6.16 0.0131 31.01 0.0000 2.27 0.1319
A844G versus T2163A 1 2.97 0.0848 0.11 0.7401 0.29 0.5902
C1460T versus T11870C 1 0.32 0.5716 0.47 0.4930 2.07 0.1502
C1460T versus T2163A 1 0.19 0.6629 1.10 0.2943 1.01 0.3149
T11870C versus T2163A 1 3.75 0.0528 0.09 0.7642 1.60 0.2059

df, Degrees of freedom. Significant linkage disequilibrium was detected between SNPs A844G and T11870C in the
control and BPAD patient populations (indicated in bold), but not between any other marker pairs.
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Recently, the efforts of The SNP Consortium and
others to create a large and comprehensive human
SNP database (dbSNP) combined with the emerging
human genome sequence have greatly facilitated the
generation of a sufficiently dense map of polymor¬
phisms across a region of interest. At the conclusion
of this study (December 2000), only one of the 15
SNPs described here was represented in dbSNP
(T2163A: Reference SNP Id 821616). Furthermore,
no additional SNPs from the gene regions scanned
were present in the database, which provides some
confidence in the sensitivity of the SSCP/DHPLC
approach taken here. However, several additional
DISCI and DISC2 polymorphisms derived from re¬
gions not scanned in this study are now present in
dbSNP (two for DISCI and five for DISC2), and a
further 236 SNPs in the database are derived from
the three unfinished draft BAC sequences that con¬
tain these two genes (AL359543, AL136171 and
AL359814). When the genomic sequence across this
region is complete, these SNPs may be ordered and,
combined with the intragenic SNPs described here,
may provide a polymorphism map of sufficient den¬
sity to enable detection of a functional association of
DISCI and/or DISC2 with psychiatric illness.
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Bipolar affective disorder (BPAD) is a complex dis¬
ease with a significant genetic component and a pop¬
ulation lifetime risk of 1%. Our previous work identi¬
fied a region of human chromosome 4p that showed
significant linkage to BPAD in a large pedigree. Here,
we report the construction of an accurate, high-reso¬
lution physical map of 6.9 Mb of human chromosome
4pl5.3-pl6.1, which includes an 11-cM (5.8 Mb) critical
region for BPAD. The map consists of 460 PAC and
BAC clones ordered by a combination of STS content
analysis and restriction fragment fingerprinting, with
a single ~300-kb gap remaining. A total of 289 new and
existing markers from a wide range of sources have
been localized on the contig, giving an average marker
resolution of 1 marker/23 kb. The STSs include 57

ESTs, 9 ofwhich represent known genes. This contig is
an essential preliminary to the identification of candi¬
date genes that predispose to bipolar affective disor¬
der, to the completion of the sequence of the region,
and to the development of a high-density SNP
map. © 2001 Academic Press

INTRODUCTION

Approximately 1% of people will suffer from bipolar
affective disorder (BPAD) (also termed manic depres¬
sion) at some point during their lifetime. The disease is
characterized by severe mood swings to both depressed
and elated states. Little is known about the cellular
and molecular bases of the disorder, but genetic pre¬
disposition is an important factor. Relatives of affected

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. G65076-
G65192,

1 To whom correspondence should be addressed. Telephone: (0131)
651 1044. Fax: (0131) 651 1059. E-mail: Kathy.Evans@ed.ac.uk.

2 These authors contributed equally to this work.

individuals have an elevated risk for the disorder, for
example the risk for BPAD rises to 15-20% in co-twins
of affected DZ twins and to 75-80% in co-twins of
affected MZ twins (Bertelsen et al., 1977).

We are using a linkage approach to identify loci that
predispose to BPAD. Previously, we scanned the entire
genome in a large pedigree (F22) that is multiply af¬
fected by major affective disorder and identified a
14-cM linked region on chromosome 4p that generated
a maximum multipoint lod score of 4.8 (Blackwood et
al., 1996). Further analysis of F22, with additional
markers, has allowed us to narrow the linked region to
11 cM (unpublished data). Subsequent to our report, a
number of other independent groups have provided
evidence for linkage to this region (Polymeropoulos and
Schaffer, 1996; Asherson et al., 1998 (schizoaffective
disorder); reports within Kennedy and Macciardi,
1998; Ewald etal., 1998; Detera-Wadleigh etal., 1999;
Williams et al., 1999 (schizophrenia)). Intriguingly, a
locus for mental health wellness has also been mapped
to this region of chromosome 4p (Ginns et al., 1998).
The gene for Wolfram syndrome (WFS), WFS1, has
recently been identified on chromosome 4pl6 (Inoue et
al., 1998; Strom et al., 1998). Heterozygous carriers of
this neurodegenerative disorder display an estimated
26-fold increased incidence of psychiatric illness over
the population norm (Swift et al., 1998). We have pre¬
viously looked for mutations in the coding sequence of
WFS1 in F22 (and one other family); none of the
changes identified segregated with disease status
(Evans etal., 2000).

Here we report the construction of a bacterial clone
contig covering this 11-cM interval on human chromo¬
some 4pl5.3-pl6.1. This map integrates a large num¬
ber of physical, genetic, cytogenetic, and radiation hy¬
brid maps of this region of human chromosome 4, it
accurately positions clones that are being sequenced as
part of the Human Genome Project, and it provides a
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resource for the completion of the sequence of this
region. Production of the contig is an essential step
toward the identification of the gene(s) that predis¬
poses to bipolar affective disorder in this family. It
establishes the physical order of the genetic markers
that define the linked region and enables us to deter¬
mine its size. It is a resource for the isolation of new

polymorphic markers, facilitates high-resolution map¬
ping of ESTs, and provides a template for transcript
identification procedures.

MATERIALS AND METHODS

Production ofFilters

Clones were gridded using a Flexys FLX11001 robot (PBA Tech¬
nologies) onto a Hybond-N+ nylon membrane (Amersham). The grid¬
ded filters were processed essentially as described in Cole et al.
(1996), except that the spheroplasting stage was omitted.

Obtaining End Clones
PCR products were amplified from the ends of bacterial clones

using the published methods of DOP-PCR (Wu et al., 1996) and
Vector-Hexamer PCR (Herring et al., 1998).

Obtaining End Sequence
PCR products, produced as described above, were prepared for

sequencing either by use of a Pre-direct PCR Sequencing kit (Amer¬
sham) according to the manufacturer's instructions or by purification
from agarose gels using the QIAquick gel extraction kit (Qiagen)
according to the manufacturer's instructions. This product was then
subjected to automatic sequencing on an ABI 377 Automated Se¬
quencer using rhodamine or Big Dye Sequencing kits (ABI Technol¬
ogies) in accordance with the manufacturer's instructions. The se¬
quence produced was used to design PCR primers.

Primer Design
Primers were designed from repeat-free regions of sequence (re¬

petitive sequences were screened out using Repeat Masker (http://
repeatmasker.genome.washington.edu/cgi-bin/RM2_req.pl) using the
primer design program Primer 3 at the Whitehead Institute/Massa¬
chusetts Institute of Technology (http://www-genome.wi.mit.edu/).
The sequences of the primers designed during this study can be
found in Table 1.

PCR

PCRs were carried out in a total volume of 25 /x1, which included
the following reagents: 2.5 pi of 10X PCR buffer (Cetus); 1.5 pi of 25
mM MgCl2 (Cetus); 0.5 pi of 100 mM dGTP, dTTP, dATP, and dCTP
(Advanced Biotechnologies Ltd); 0.2 pi 7ag polymerase (Cetus); 1 pi
of 20 mM (or 150 ng/pl) oligos 1 and 2. PCRs were performed on a
small amount of colony material from the clone under test.

Pulsed-Field Gel Electrophoresis
PAC DNA was prepared using Qiagen tip 100 columns (Qiagen)

according to the manufacturer's instructions, with the exception that
the volumes of PI, P2, and P3 buffers were increased to 5 ml and the
column was rinsed three times with QC buffer. Approximately 250
ng of this DNA was digested with Notl (New England Biolabs)
according to the manufacturer's instructions. The digests were sub¬
jected to PFGE analysis on a Chef DR III System (Bio-Rad) under the
following conditions: 8 h of 4-s pulses followed by 8 h of 12-s pulses
at 7.5 V/cm at a reorientation angle of 120°.

Fingerprinting
Clones were fingerprinted, and the data were analyzed essentially

as described in Marra et al., (1997). Periodically, we downloaded the
fingerprint data made available by Washington University and used
scripts we have written to extract and reformat the relevant data
and then integrate it with our in-house data. These scripts are
available from our Web site: www.ed.ac.uk/~kevans/contig. The tol¬
erance parameter was set to 7 and the cut-off to between 1 X 10"D
and 1 X 10"'2.

TNG Analysis
Sets of linked SHGC TNG radiation hybrid panel markers were

retrieved for STSs from the D4S394 -D4S403 region using the SHGC
RHServer (http://www-shgc.stanford.edu/RH/rhserverformnew.html).
These linked marker sets were then ordered as accurately as possible
using RHMAP version 3.0 (Lange et al., 1995), and those found to
include markers from more than one primary contig were analyzed in
further detail. Using the linked, ordered marker sets, it was possible to
infer (a) the relative order of primary contigs; (b) the presence of inter¬
vening markers lying between primary contigs; and (c) the approximate
distance between primary contigs. In a parallel strategy, sequence data
from the end of a given primary contig was searched, using the BLAST
algorithm (Altschul et al., 1997) against a database of TNG RH panel
marker sequences. TNG markers found in this way were then used to
generate linked marker sets as described above.

Fluorescence in Situ Hybridization (FISH) Analysis
Slide preparation. Elongated prometaphase chromosomes were

prepared by stimulating peripheral blood lymphocytes with phyto-
hemagglutin and synchronizing with methotrexate according to
standard protocols.

Probe labeling. BAC and PAC DNA was labeled with biotin-16 -
dUTP or digoxigenin-ll-dUTP (Roche, Indianapolis, IN) by nick-
translation.

FISH. For dual-color FISH, probe labeling, DNA hybridization,
and antibody detection were carried out using methods described
previously (Chong et al., 1997). FISH slides were analyzed using a
Zeiss Axioplan 2 microscope with the appropriate filters, (83000 for
DAPI, FITC, and rhodamine; Chroma Technology, Brattleboro, VT).
Images were collected and merged using a cooled CCD camera
(Princeton Instruments Pentamax camera, Roper Scientific, Tren¬
ton, NJ) and IPLab software package (Signal Analytics, Vienna, VA).

Clone mapping and ordering. The outermost clones of the contig
were mapped to a chromosome band using inverted DAPI staining to
obtain a G-banded pattern for chromosome identification. At least 10
metaphases, chosen on the basis of length and banding quality, were
analyzed. Critical clones within the contig were ordered with respect
to one another on prometaphase chromosomes or in interphase nu¬
clei, depending on the degree of separation of the clones. At least 10
metaphases or 30 interphases were scored to determine probe order.

Interphase distance measurement. The physical distance between
two probes in interphase (interphase distance or ID) is linearly related
to genomic distance in the range 50 kb to 2 Mb (Trask et al., 1993). The
distance between the two probe signals was measured using the mea¬
sure length command contained in the IP Lab Spectrum software pack¬
age that had been calibrated using images from a Zeiss stage microme¬
ter. At least 30 interphase distances were measured for each pair of
probes. Genomic distance was estimated from a calibration curve from
the 4pl6.3 region of genomic distance versus mean-squared interphase
distance (Van den Engh et al., 1992).

Ace2Sam

The Ace2Sam script was obtained from Gareth Maslen. It runs a
series of programs that (a) extract marker versus clone information
from ACeDB, (b) identify changes to the above data, and (c) update
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TABLE 1

Primer Sequences

Accession Size
STS No.

, Oligo 1 Oligo 2 (bp)

stl5m2.sp6 G65143 gcaggcatttctaatctcaagc aaactctttgcaggcacaaacc 195
Stl5m2.t7 G65144 agaaggaaagtaacccccatcc ctccttgactcatgggatcagc 125
St77bl9.t7 G65145 aggggctcacagtgtagtgg tctctccagacctttcaccg 120

st84H18.sp6 G65146 caagcccatgtaaaagtgacc cccctttacagctccaagc 140
st84H18.t7 G65188 tggctgaaatatagggaggtaatg ccagaaagcctctattttactgatg 134

st84J12.sp6b G65147 atttcctgagcacagaccca gcacctaatggcaggttgtt 195
st84J12.t7 G65189 gctggctcccttctgagtgc gatgaagatgaggaagaaaggg 106

Stl38m21.sp6 G65190 ctgaggttaaatattctgagg atacggtgcttttcttgtggg 117

stl53cl7.sp6 G65148 ggttgagaatgtaatcttgtcagg taaaagtagggagcctctttgg 137

Stl54il9.sp6 G65149 gaaccctctttaggcttcatgc gccaagactgcaataaatgtcc 162

stl68hl6.sp6b G65150 cataaccctggtctcaggatgc ctgctcttatccatgtctcacg 170

stl95g5.sp6ii G65151 gcttcgttcctgcctctcta agtcacctgctctgctcgtt 228
st226E6.t7 G65152 ataggctgagcacagggatagg ctgatgaaaacacacctgatgg 300

st229f5.sp6b G65153 gaatgaggcagagagcaaagc cctttgaagatttcccagtagcc 150
st258G14.t7b G65191 aggttttgcagtaagcctgg gggaaggatgtgagcatagg 157

st316nll.sp6 G65154 agtcacaaaattaggggcttgg aaaagacctgaggcaagttaccc 121
st379B14.t7 G65155 ctcttactatgtgggcctgagc ctcatcctttgaggcagtagc 210

st402113.sp6 G65156 attccgtctcttggtcttgg gggggcaacaaaatacacaa 93
St402il3.t7 G65157 gtttaagaaggggtgggagg taagtacaggggatgcaggg 172

St405h23.sp6 G65158 ttgaagagaaagttagtcgtaccc ggggctcagaggaacatatcc 109

st422Dl.sp6 G65159 ccaaattacctcccttctgatacc gtcctttgcttctgttttcacg 126
st422Dl.t7 G65160 tcagatgcttccaggtttaggc ggcagcacctgcttctttagc 112
st446M18.t7 G65161 gatgagatcagagaaggcttgc atgtttacatgcatccttcagc 307

st465g.sp6b G65162 aagacagactggctcagaatttttc ttttcatgttgctcacgttctg 82

St526h22.sp6 G65163 tcagagtgcagattccccag tgtggctcaaagccaaagtg 150
stblJ7.t7 G65076 gagtttgactcttttcattgacattc gtaacagcctgcaccctaaaga 143

stb3M2.sp6 G65077 aactgtgaatgcaaggaaaacc tagtcccacactcatgaaaagc 205

stb4E12.sp6 G65078 gactccaaacacaactctctgg caggaacaaaaatgagtcaagc 299
stb4E12.t7 G65079 cctgccacatactcttcatgg aagcacagaacatgcacatacg 296
stb5hll.t7 G65080 agcctaaactgttgcatgttcc ctgcatagaaaggcaagaagg 170
stbl Icl3.t7 G65081 tgagtttcacattgaaccaagg taaaaccagctacaagggttcc 309
stb22A3.t7 G65082 tcctacctcctgaccactgtcc tctttgcatgaatgaacacagg 205

stb26L2.sp6 G65083 aatcgttcatcagaagcaaagc cagccaggagatgaactttacc 189

stb27L21.sp6 G65084 cagggcattgtatgtctgtcc agtggggacttctctgaatgc 189

stb27L21.sp6 G65084 cagggcattgtatgtctgtcc agtggggacttctctgaatgc 304

stb39J12.sp6 G65085 gcaaaatccataccctttctgc tctttccctctacaaccctctaacc 132

stb42P12.sp6 G65086 ggtcttggaccagatttaatgc atcacattaccctccaggagtc 185
stb42P12.t7 G65087 gctacatagcaccctgaaaacc atctcactgaatgcatgactgc 173
stb68Gll.t7 G65088 atcgctttatcaccctgtctcc gtcaaccaagattccaataccc 301

stb75N18.sp6 G65089 ctagacatgtccaccaagactcc gactgactcgcttcacatgc 253
stb75N18.t7 G65090 cagtgaggtgtttggatctcg cgtctaagggctctcatgtagg 341
stb7605.t7 G65091 caccaagggtttcattttgc actcagcacccacattttcc 159
stb90A6.t7b G65092 tgtatttttctcccctctttgc cctggaattcctctttctttgg 248
stb92M8.t7 G65093 atgtttttggctatgccttgg tttggcaactgaatcttgtacc 287
stbl 1 lN6.sp6 G65094 ccaagtagaatgtctgggtttgg tgcacccagtagatacacatagc 205
stbl 12B6.sp6 G65095 gccagggatcatacttacaacc cataggttttctggggaaagg 356
stbl 12B6.t7 G65096 tgtgtgtgtctgtgttccagat ttactgcagacaacccgttaga 244

stbl22E.sp6 G65097 taaaacgtaggcgaaagatgc agagaggacttaaacgggaagg 174

stbl351.sp6 G65098 ctgttgagattcaccaatcacc tttaacttgagcacagatacgc 289
stbl351.t7 G65099 catatccaagactttgctaggc aatctcagtgccaacaaaatgg 165

stb!38hl.sp6 G65100 ctctctctggggaatatcatgg acgggaacatctacacactgg 189
Stbl38hl.t7 G65101 atgccatttgtattgagtcacc gacactgggcaagttattcacc 116

stbl40M.sp6 G65102 cccataaccaaaggaacttgagg ccttctcctgtgcagagaatcc 189

stbl51c.sp6 G65103 ggttctatgcgttgttatgtatgc ttttctgtctaccagcttttgg 112
stbI51c23.t7 G65104 tgaacatttgtaccctttgtgc tcccaataaggctaaaccttcc 291

stbl53i.sp6 G65105 cctacttgactttgggtcttcc aatgcctccagaaatcactcc 160
stbl53i.t7 G65106 aacattcggtctgaaattgagg gttgtccctgcttgataattcc 263

stbl55i.sp6 G65107 caacaggggaaatatgatttgg tggtgcatcagtcatagtacagg 300

stbl66n.sp6 G65108 cttttctgctttggtaatcacg ttttatgaggccatttctctgc 301
stbl66N24.t7 G65109 atttcacacttgagtgggttcc ttcatagaacctgtggctttcc 261

stbl67G8.sp6 G65110 aggttgcagtgaggaggttg accttccccagtgttacttctg 240

stbl68e.sp6 G65111 tgggcacttaagaaatgtttgg ggcttcatatccattgttttgc 349

stbl68J10.sp6 G65112 tttctctccccttttcctttgg ttataatatgatgtggatgctatgc 165

stb!70J19.t7 G65113 tccaaaggtatggcaagagg ctgcagctgtgtgtgacc 291
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TABLE 1—Continued

Accession Size

STS No. Oligo 1 Oligo 2 (bp)

stbl73G19.t7 G65114 cccttgaggagtcaaagtaaatgc cttaaggcaacaggctatcagg 150

stbl79A.sp6 G65115 agttttcttcaggggttgtgag aaaaatgagtccatacctaacacat 104

stbl79A15.t7 G65116 tcttctcctgaagttctcacagc tcaccctctgaactcctaaacc 316

stbI83H.sp6 G65117 gcctttatggacatgggaag aacacccccagcctcctc 101

stbl83J.sp6 G65118 gctggagaagagaacagaacag ctgacagcgtggaataaatgtg 101

stb200C21.t7 G65119 gatacccagcagaactctttcc gctctctgggaaactaataggg 124

stb212j.sp6 G65120 atgttgttggttggactttgc caaacacccaaaacaactgg 178

stb236n7.sp6 G65121 aaaatacctccagagcaagctg tcattctttgcatttctgaacc 351

stb236N7.t7 G65122 tacttccttctgttgggaatgc ggaagtaatcactggggatgc 310

stb272L7.sp6 G65123 gcaatcccaaagcacttagaac tgttcccactccactttctttt 210

stb272L7.t7 G65124 cctgtgatcaactgcttccttt ccaggtacttgaaggtaatttctg 207

stb290d.sp6 G65125 ggaaaagcaacatctcatcttatgc atttacgtacacccctccttcg 109

stb294g.sp6 G65126 tgttgcaaaaactgtgtattgtttc ctggcccaaatgcttacttta 159

stb347L7.sp6 G65127 ccaagttttcccttggatatgg gatcagcacattggaggaagg 186

stb348i.sp6 G65128 cccagtttgaaagtgtatgagg gagaagctggaaggagtttgc 152

stb351c.sp6 G65129 tgtgcaggttaacatttactgagc tatgcagattccctctgtctgg 308

stb351c.t7 G65130 ctagttccatgcaatgaaatcc gcctttggtcatgtgtatcagc 335

stb352E6.sp6 G65131 gacaggcaaagtacagcaagg atcttctctcatgggaatctgc 311

Stb352e6.t7 G65132 gaaggcctatatctgcatgagg tcctttgcttctgatgttatgc 317

stb358H2.sp6 G65133 agagcatggatgatctcactacc tgtgtagacttccttccataggc 288

stb358H2.t7 G65134 ggagctactgacagagaaattgg aagtgagtgatgtctctgaaagg 153
stb361A14.t7 G65135 ccttggttagtggctagattca catagagttcctgggccattta 202

stb388H.sp6 G65136 atcccagtaatacccctgcatc tgtgtgtctgtctgtgtgtagtg 127

stb388H15.t7 G65137 cagggatatacagacaaaactctcg tggagtaatctcccttgtctgg 146

stb437E.sp6 G65138 gttgtacctagccctaccttgc gacatgctccattagcttttcc 153

stb437gl.sp6 G65139 gaattctcgccaggcattatc gtcctgtctgcatcctttatttc 158

stb448g.sp6 G65140 cagtcagggaggttagggtagg gctacccagtcacctacagacc 355

stb466P.sp6 G65164 gatcaggagtcttaaccaataaacaag tgtacaatgcagtagaacactgacac 101

stb473M.sp6 G65165 catggttctcttgcgattaagg tgatgaagagtggtaggttgagc 362
stb473M13.t7 G65I66 aagtcaacccagccacaattac ctgagattcccaagagagagga 132

Stb478i.t7b G65167 ttgcataaattgaccaatgtgc gaagcttcatctttattctcacac 130

stb479K.sp6 G65168 caggattcaacctctcttcctc agtagccagcatatggcagagt 156
stb479K15.t7 G65169 actggcatggaagactgagc gggatctgtcactcttgtctcg 217

stb615Hll.t7 G65170 cactcggattgaccactgaag gctggctggctcttttctc 525

stb619K3.sp6 G65171 gtttgtgcaaaaagaggttgg gggtaggttttctctgtgatgg 308

stb637j.t7 G65172 gcaaatatgattaccactctgc caggtgctgtgagacagaagg 124

stb659f.sp6 G65173 cctccactcctgaaaattattgc gaccccttttatgtctaacatgc 256

Stb733hl6.t7 G65174 tccttggagaataaaaggagagc acatattgggaacagcagaagg 240

stb775g.sp6 G65176 ctcaggaatgttggatgagtgg gtggtaccgtgagagatgatgc 294
stb751L19.t7 G65175 aatttgagcctttgaagacc cttcagcaaacccagatctcc 102

stdA26L21.sp6 G65181 gcacttccagtagcttctcagg gataggtaccccaaaactcacc 202

stdA199A17.sp6 G65182 agcctctatgggatcctcttcc ctagaaggcttatggcctctgc 188
stD4S1599.nca G65178 ttcttgcagacacaggacaacc agtccctcccggatactgaagc 201
stD4S1602.nca G65192 actcagtccacagccaatga ttttcgtaagcagccctctg 93
stD4S1605.nca G65179 ggtatcaagcaactggggtt atcccagaatggaacacagc 93
stD4S907b G65177 atcctgcagcaacccaag ctgaagctcacctggagaatgt 132
stD4S2452b G65180 ccaaacaccatgagactgatcc caaccgccagaagaataaagg 138
stSHGC-6777b G65184 ccattttaacctgccagaaacc acagggcagggaataggg 207
stDRD5b G65183 aaacccatgtctccaaaatcc taaacggtcatgtggtatttcc 114
St5pL37368 G65141 cggagtcattaattcaaacgtg tcaagacaaaaagcctactcca 201
St5pY11411b G65142 cgacctgtccttggagaagtat aaaccaagctatggaggaggta 182

Stl3Ll.hgu G65185 cttgagttattcatggcagacc accctctatcacatggctgg 108

Stl4el0.hgu G65186 cttcaaggttccagccactc gtcagccacagtgcaagcta 132
Stl4nl0.hgu G65187 tttgaaacaacactggcagc tcccaagaagacaaaacatgg 111

Note. This table describes the new primer sequences (and the sizes of the amplified products) designed in this study to (a) the ends of BAC
and PAC inserts (the extension sp6 or t7 indicates which end of the insert was cloned, the prefix stb indicates that the clone is a BAC, while
the prefix st or stdA indicates that the clone is a PAC); (b) nonpolymorphic regions of genetic marker sequences; markers are named by the
original D4S number with the extension nca; (c) nonrepetitive regions of the original parent sequence; markers have the original name
followed by "b," and (d) PAC inserts and other sequences from the region.

the SAM input files. We have modified it so that it is now possible to
remove (a) clones that are positive for only a single marker, (b) clones
with duplicate results, and (c) certain categories of markers. We
made these modifications to decrease the number of changes that
had to be made interactively, to allow the user to view specific

subsets of clones and to get around the inability of SAM to display
more than 150 clones at any one time. In addition we have modified
the program such that sequence matches between clones and mark¬
ers are displayed in SAM. The modified ace2sam script is available
from our Web site: www.ed.ac.uk/~kevans/contig.
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FIG. 1. Contig assembly. This figure describes the process of contig
assembly in the form of a flow diagram. 1, http://shgc-www.
stanford.edu/; http://www-genome.wi.mit.edu/; http://www.sanger.
ac.uk/; http://www.cephb.fr/ceph-genethon-map.html; http://www.
marshmed.org/genetics/; http://www.chlc.org/. 2, http://genome.wustl.
edu/gsc/human/human_database.shtml. 3, ftp://ftp.sanger.ac.uk/pub/
acedb/. 4, http://www.sanger.ac.uk/Software/sam/. 5, http://www.tigr.
org/. 6, http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.
cgi.

RESULTS

Chromosome 4 STS markers, from the 11-cM region
delineated by genetic markers D4S394-D4S403, were
obtained from radiation hybrid, genetic, and YAC
maps that are publicly available on the Web sites of a
number of genome centers (see Fig. 1). Repetitive se¬
quences can cause problems during hybridization ex¬
periments required for contig construction. To avoid
this, potentially problematic markers were identified
using Repeat Masker (http://repeatmasker.genome.
washington.edu/cgi-bin/RM2_req.pl). Where possible
(/7=6), such markers were redesigned from repeat-free
regions of the same sequence. In a significant number
of cases (n = 31), all or the majority of the sequence
matched human repetitive sequences, e.g., SINEs or
LINEs, human endogenous retrovirus type C oncovirus
sequence (Accession No. M74509), or a tandem repeat,
CRS447, that has been mapped to this region of chro¬
mosome 4p (Kogi et al., 1997) and were therefore dis¬
carded.

We chose to use the markers to construct a bacterial
clone contig, rather than a YAC contig, due to the
relative ease of use of bacterial clones, the higher res¬
olution of the resulting map, the high rates of both
chimerism and deletion associated with YAC clones,

and because publicly available mapping resources are
increasingly based on bacterial clones. The process
used in contig assembly is summarized in Fig. 1. The
contig was assembled by successive rounds of library
screening; each round followed by hybridization of the
clones identified with all, or a subset, of the markers in
the region.

The clone libraries used in map construction were
produced by de Jong and colleagues (see http://www.
chori.org/bacpac/). Initially, the RPCI-1 human
genomic PAC library was screened by hybridization
with pools of up to 10 probes. The clones identified in
this way were gridded onto nylon membranes and hy¬
bridized with individual markers. The results of this

screening indicated that the pooled hybridization
screening was a relatively successful method for iden¬
tifying PAC clones from the region, but the number of
false-positive PACs was higher than was desirable.
Therefore, subsequent screenings were carried out by
PCR analysis, with single markers, of pools of the
RPCI-1, RPCI-3, and RPCI-4 PAC libraries followed by
hybridization of each marker to filters corresponding to
positive PCR pools. Once these libraries were ex¬
hausted, the RPCI-6 PAC library was screened, and
finally, the BAC library RPCI-11 was obtained and
screened.

All of the information and data pertaining to the
project was stored in an ACeDB database (Eeckman
and Durbin, 1995). The marker versus clone results
were downloaded from ACeDB and read into the contig
assembly program SAM (Soderlund and Dunham,
1995). After each round of library screening, the STS/
probe content of each clone was analyzed in SAM,
generating a set of contigs. This analysis identified (a)
suspect hybridization results, which were investigated
by PCR analysis of the appropriate clone colonies, and
(b) gaps in the contig, which were tackled by designing
new STSs from sequence from the ends of appropriate
clones, which were then used to screen libraries. Mark¬
ers that lay at the ends of contigs and STSs that did not
fall into contigs were also used in further rounds of
library screening.

Estimates of distance and relative order between the

primary contigs were provided by analysis of the TNG
radiation hybrid data that are made available by
SHGC. Analysis of these data indicated that 131 STSs
from the D4S394-D4S403 region have been typed on
the SHGC TNG radiation hybrid panel. We generated
a set of linked TNG panel markers for each of
these 131 STSs using the SHGC RHServer (http://
www-shgc.stanford.edu/RH/rhserverformnew.html).
Markers within linked sets were ordered using
RHMAP version 3.0 (Lange et al., 1995), and the out¬
put was compared with the marker order in the pri¬
mary contigs. Marker sets found to include members
from more than one primary contig were analyzed in
further detail, to discover the relative order of primary
contigs and identify apparently intervening markers
lying between primary contigs. Estimates of the dis-
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tance between linked markers were used to calculate
approximate, maximum distances between primary
contigs.

A more targeted approach also proved valuable. All
sequence data available from the end of a given pri¬
mary contig were searched, using the BLAST algo¬
rithm (Altschul etal., 1997), against a database of TNG
RH panel marker sequences. TNG markers found in
this way were then used to generate linked marker sets
and discover intervening markers as described above.
This analysis allowed us to link two sets of two primary
contigs and to identify three markers that, by radiation
hybrid mapping, lay between the primary contigs.
These potentially intervening markers were hybrid¬
ized onto our existing clone set, and, if the result was
negative, they were used to screen libraries, as de¬
scribed previously.

We fingerprinted (Marra et al., 1997) many of the
clones and analyzed the data using the program FPC
(Soderlund et al., 1997). We integrated our data with
those from the RPCI-11 BAC library, which is being
fingerprinted by the Genome Sequencing Center,
Washington University (http://genome.wustl.edu/gsc/
human/human_database.shtml). This combination of
sources gave us access to fingerprint information for
—90% of the region. The fingerprint analysis allowed
us both to confirm overlaps detected by STSs and to
generate possible extensions from the ends of our con¬
tigs. Putative extensions were then investigated by
analysis with end STSs derived from the newly identi¬
fied clones.

Despite extensive efforts, we were unable to close a
single remaining gap. We found that markers from the
telomeric side of the gap were underrepresented in the
resources described, and we encountered a highly re¬
petitive region when attempting to close the gap from
the centromeric side.

We have built upon publicly available resources
wherever possible. Recently, RPCI-11 BAC end se¬
quences made available by The Institute for Genome
Research (TIGR, http://www.tigr.org/) have been used
in BAC end STS design. We have also carried out a
BLAST (Altschul et al., 1997) search of all available
finished and unfinished sequence data from clones
from the same BAC library with the sequences of all of
the STSs from our region of interest. Where the results
of the BLAST search did not conclusively indicate the
chromosomal origin of a clone, this was investigated by
PCR and fingerprint analysis. This analysis ruled out

six clones that had very limited sequence matches to
chromosome 4 STSs. The remaining results were
stored in our ACeDB database and transferred to SAM.
This analysis has allowed us to localize 30 BACs with
sequence data precisely on the chromosome. These in¬
cluded 22 clones that were annotated as being chromo¬
some 4 derived, 7 without annotation, and 1 clone that
was annotated as chromosome 2 derived.

During the final stages of construction, the primary
contigs were localized with respect to one another by
FISH analysis of clones at contig ends. This analysis
also provided an estimate of the distance between pri¬
mary contigs. The size of the remaining gap is esti¬
mated at —300 kb. A section of the contig is shown in
Fig. 2. The entire contig can be viewed on our Web site
at www.ed.ac.uk/~kevans/contig.

We determined the size of the clones by a combina¬
tion of PFGE analysis, corrected fingerprinting data,
and empirical data from fully sequenced clones. The
size estimate from the fingerprinting programme was
corrected upward by a factor of 2.5 to account for the
observed difference between the empirical size of 15
fully sequenced clones and that predicted by finger¬
print analysis (data not shown).

This analysis allowed the size of the BPAD candidate
region (D4S394-D4S403) to be estimated at 5.8 Mb. The
final map covers 6.9 Mb, with a single remaining gap of
—300 kb, and consists of 460 clones and 289 markers
(including 15 microsatellites, 105 end STSs, and 57
ESTs) at an average spacing of 1 marker/23 kb. Bacterial
clones covered 96% of this 6.9-Mb region, with 95% of the
cloned region covered by contigs that range from 3- to
21-fold in depth. The majority of the map, and all of the
weaker areas (less than or equal to 3-fold coverage), has
been confirmed by fingerprint analysis. We estimate that
sequence, in draft or finished form, is available for ap¬
proximately 48% of the region, substantially less than
the 85% average coverage announced recently by the
Human Genome Project (http://www.wellcome.ac.uk/en/
genome/). The 57 ESTs mapped include representatives
of nine known genes: SLC2A9: solute carrier family 2
(facilitated glucose transporter), member 9 (AF210317);
HS3ST1: heparan sulfate (glucosamine) 3-O-sulfotrans-
ferase 1 (AF019386); CPZ: carboxypeptidase Z (U83411);
WDR1: WD repeat domain 1 (AB010427); HBP17: hepa-
rin-binding growth factor-binding protein (M60047);
KIAA1327: KIAA1327 protein (AB037748); DRD5: dopa¬
mine receptor D5 (M67439); BAPX1: bagpipe homeobox
CDrosophila) homologue 1 (AF005260); and KIAA1322:

FIG. 2. SAM output for subregion of 6 Mb. This figure shows the contig that has been assembled for part of the region. The markers are
listed from left to right along the top of the figure, with end markers in white, non-end-probes in dark gray, and all other makers in light gray.
The clones are listed down the left-hand side. RPCI-11 BACs are prefixed bA. while PACs are prefixed dj (RPCI-1, RPCI-3, RPCI-4, and
RPCI-5) or dA (RPCI-6). A gray box indicates a positive hybridization or PCR result and a white box indicates a weaker positive hybridization
result. A hatched box indicates a FASTA match between the sequence of a clone and the sequence of an STS. Note that at the time of
submission many of the clones in sequencing were only partially complete, resulting in apparent gaps in these clones when they were aligned
with the rest of the contig. White boxes with question marks indicate cases where clones have not been screened for the relevant markers,
but are assumed to be positive.
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KIAA1322 protein (AB037743). The Wolfram syndrome
gene, WFS1, mentioned previously, does not map to the
contig.

DISCUSSION

Here we describe a 6.9-Mb PAC and BAC contig,
with a single remaining gap, that is predicted to con¬
tain a gene for predisposition to affective disorders.
This contig integrates markers from six different
sources and places them on a detailed physical map
that has a higher resolution and accuracy than the
currently available genetic, YAC, cytogenetic, and RH
maps, which often have conflicting data with respect to
marker order. Additionally, we have generated 105
new STSs and 22 probes from clone ends, 6 STSs from
PAC inserts, and other sequence from the region and
redesigned 6 problematic STSs.

We have integrated clones that are being sequenced,
determining their position on the chromosome and lo¬
calizing them with respect to other, as yet unse-
quenced, clones. This is valuable as sequence from this
region has been produced by three different genome
centers that have not made detailed mapping informa¬
tion available for the majority of the clones. Indeed, a
significant proportion of the clones we have incorpo¬
rated by virtue of sequence matches were not anno¬
tated as deriving from chromosome 4. The difficulties,
e.g., those caused by repetitive elements, that we en¬
countered when constructing this map highlight the
importance of the public Human Genome Project ap¬
proach, which focuses on sequence production using
previously assembled maps, as opposed to a whole-
genome shotgun approach. This contig provides a
framework for the determination of the rest of the

sequence of this region. The determination of STS or¬
der within individual BACs also allows relative posi¬
tioning of sequence contigs within each unfinished
clone. This will be invaluable for gene identification
procedures and could also be used to direct finishing of
individual BAC sequences.

This contig is an essential resource for identifying
markers to refine of the linked region and for isolating
candidate genes, via the generation of a complete tran¬
script map of the region.

The construction of the contig is an essential prelim¬
inary step toward the isolation of candidate genes, via
the generation of a complete transcript map of this
region of chromosome 4p. Toward this goal, we have
precisely localized 57 ESTs, including nine known
genes on the contig. This region would be expected to
contain a number of good positional and/or functional
candidate genes for susceptibility to BPAD. One such
gene, which we have positioned in the contig, is the D5
dopamine receptor, DRD5. However, while this re¬
mains among the many valid candidate genes for
BPAD, we have no evidence for mutations in DRD5, at
least in the coding sequence, in affected individuals
from F22 (Blackwood et al., 1996).

Finally, the contig may also be of use in the local¬
ization of the genes for two disorders whose candi¬
date intervals overlap with the region described
here: (i) Stargardt disease (STGD4), which has been
localized to the region D4S1582-D4S2397 (Kniazeva
et al., 1999), and (ii) Huntington-like disorder, which
lies between D4S2366 and D4S2983 (Kambouris et
al., 2000).
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Genomic structure and localisation within a linkage
hotspot of Disrupted In Schizophrenia 1, a gene
disrupted by a translocation segregating with
schizophrenia
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Two overlapping and antiparallel genes on chromosome 1, Disrupted In Schizophrenia 1 and
2 (DISC1 and DISC2), are disrupted by a (1;11)(q42.1;q14.3) translocation which segregates
with schizophrenia through at least four generations of a large Scottish family. Consequently,
these genes are worthy of further investigation as candidate genes potentially involved in the
aetiology of major psychiatric illness. We have constructed a contiguous clone map of PACs
and cosmids extending across at least 400 kb of the chromosome 1 translocation breakpoint
region and this has provided the basis for examination of the genomic structure of DISC1.
The gene consists of thirteen exons, estimated to extend across at least 300 kb of DNA. The
antisense gene DISC2 overlaps with exon 9. Exon 11 contains an alternative splice site that
removes 66 nucleotides from the open reading frame. The final intron of DISC1 belongs to
the rare AT-AC class of introns. We have also mapped marker DIS251 in close proximity to
DISC1, localising the gene within a critical region identified by several independent studies.
Information regarding the structure of the DISC1 gene will facilitate assessment of its involve¬
ment in the aetiology of major mental illness in psychotic individuals unrelated to carriers of
the translocation. Molecular Psychiatry (2001) 6, 173-178.

Keywords: DISC1; DISC2; AT-AC intron; schizophrenia

Introduction

Schizophrenia is a devastating disease affecting
approximately 1% of the population world-wide.
There is substantial evidence from twin, family and
adoption studies for a significant genetic component in
schizophrenia1 and this has fuelled the search for genes
involved in psychosis. We are studying a large Scottish
family in which a balanced (I;ll)(q42.1,ql4.3) translo¬
cation segregates with schizophrenia and related major
psychiatric disorders2 through several generations,
with a maximum LOD score of 6.0 (Blackwood et al,
in preparation). Of more than 77 family members kary¬
otyped, approximately half carry the balanced translo¬
cation, and approximately half of these carriers have
been diagnosed with a major psychiatric disorder. We
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therefore hypothesise that the rearrangement has affec¬
ted gene expression, leading to the psychiatric dis¬
orders in the family.

On chromosome 11 the translocation took place in
a region of the genome where the density of genes is
apparently low, and despite careful scrutiny, no genes
have thus far been identified at the breakpoint.3-5 This
suggests that the rearrangement probably does not
affect any genes on this chromosome. However, on
chromosome 1, two genes have been identified, DISCI
(accession numbers AF222980 and AB007926) and
DISC2 (accession number AF222981), which are

directly disrupted by the translocation.6 DISCI is dis¬
rupted within an intron, with the result that a pro¬
portion of the coding sequence has been translocated
to chromosome 11, while the translocation breakpoint
is located within DISC2 transcribed sequence. The
sequence of DISC2 is incomplete, with approximately
15 kb of cDNA sequence obtained so far. Analysis of
DISC2 sequence suggests that the gene specifies a non-
coding RNA molecule transcribed in the opposite
direction from DISCI.6 DISCI may therefore be a mem-



CD
lq42.1 translocation

JK Millar et a/

174
ber of the expanding class of structural genes whose
expression is regulated by an antisense RNA gene.7"9

DISCI is predicted to encode a large protein with a
globular N-terminal domain(s) and helical C-terminal
domain.6 The helical tail is predicted to form a coiled-
coil structure when the protein multimerises. This
structure is present in a variety of proteins required for
development and functioning of the nervous system.6

If the derived chromosome 1 produces any DISCI
protein at all, the translocation is predicted to remove
part of the helical region, thus reducing the capacity of
DISCI protein to fold correctly, to form coiled-coils
and to multimerise. It is therefore likely that DISCI
function is reduced in carriers of the translocation and
that this may form the basis of the susceptibility to psy¬
chiatric disorders in this family.

Further work is now required to assess the candidacy
of DISC1 and DISC2 as susceptibility genes for psy¬
chosis. We have therefore investigated the genomic
structure of DISCI, and identified nearby polymorphic
markers in order to provide the basis for a comprehen¬
sive assessment of this gene as a candidate.

Materials and methods

Contig construction
Genomic clones from the region were isolated from a
PAC library, RPCll,10 distributed by the United King¬
dom Human Genome Mapping Project Resource
Centre, and a chromosome 1 cosmid library, provided
by the Resource Centre of the German Human Genome
Project at the Max-Planck-Institute for Molecular Gen¬
etics. Contig construction essentially required three
phases. Initially, genomic clones were identified by
screening libraries with sequence flanking the break¬
point, or with several cDNA fragments from DISCI
(data not shown). Overlaps between the clones were
then determined by end sequencing using oligonucleo¬
tides bordering the cosmid and PAC vector cloning
sites (data not shown). Pairs of primers were designed
from the resulting sequence and overlapping clones
identified by PCR (data not shown). For verification,
the PCR products were hybridised to Southern blots of
digested PAC and cosmid DNA (data not shown).
Finally, remaining gaps in the contig were filled by
further rounds of library screening using PCR products
generated from clone ends. In addition, cosmid
ICRFcll2B0519Q6 was used to screen the PAC library.
This identified PAC 135-G6 and extended the contig
in the proximal direction. Two markers, D1S251 and
D1S1621, have been mapped on this contig. D1S251
was mapped by PCR as described (http://carbon.
wi.mit.edu:8000/cgi-bin/contig/sts info/408), while
the location of D1S1621 immediately distal to the
breakpoint has been reported elsewhere.6 The locations
of DISCI exons 1-3 and 5-13 and of all the expressed
sequence tags (ESTs) with respect to the cosmids and
PACs were determined by hybridisation of oligonucle¬
otides (not shown) to digested cosmid and PAC DNA.
ESTs J and K are located extremely close together such
that their order with respect to the contig could not be

determined by hybridisation. DISCI exon 4 is known
to be present in cosmid ICRFcll2D2299QD4, but was
not otherwise mapped for technical reasons.

Splice site identification
Direct cosmid sequencing utilising primers designed
from the DISCI cDNA sequence was used to determine
the intron/exon structure of DISCI. The resulting gen¬
omic sequence was aligned with the cDNA sequence
using the GCG package of sequence analysis software
(Wisconsin package version 9.1, Genetics Computer
Group, Madison, WI, USA) and splice sites identified
at the points of divergence (Table 1). Exons 1-3 and 5-
13 were identified by this method. For technical
reasons, exon 4 proved more difficult. A probe corre¬
sponding to nucleotides 1171-1321 (exon 4) of DISCI
hybridises to an EcoRl genomic fragment of approxi¬
mately 4 kb. This fragment was subcloned from cosmid
ICRFcll2D2299QD4. The location of DISCI exons 1-3
and 5-13 with respect to all the cosmids and PACs was
confirmed by oligonucleotide hybridisation to digested
cosmid and PAC DNA (data not shown) as indicated
(Figure 1).

Cell culture
The lymphoblastoid cell line from an individual bear¬
ing the t(l;ll)(q42.1;ql4.3) translocation, and its cul¬
ture conditions, have been described previously.11 On
the derived chromosome 1, DNA has been lost from
lq42.1-qter and replaced with chromosome 11 material
from llql4.3-qter. The derived 11 chromosome is the
reciprocal translocated chromosome.

Fluorescence in situ hybridisation (FISH)
Cosmids were mapped in relation to the chromosome
1 breakpoint using 2-7 day slides of metaphase chro¬
mosomes prepared from the translocation cell line by
conventional methods. Cosmid DNA was labelled with
dUTP-biotin by standard nick translation. FISH was
carried out essentially as previously described.12 Slides
were examined on a Leica (Milton Keynes, UK) micro¬
scope and suitable metaphases scanned with a BioRad
(Hercules, CA, USA) MRC-600 confocal laser scan¬

ning system.

DNA preparation
Cosmid and PAC DNA was prepared by standard plas-
mid preparation methods.13 Prior to sequencing,
cosmid and PAC DNA was subjected to a
phenol/chloroform clean-up step, followed by ethanol
precipitation. Alternatively, cosmid DNA was prepared
using Qiagen (Crawley, UK) plasmid midi kits, fol¬
lowed by dialysis. Cosmid DNA prepared for sequen¬
cing was stored at 4°C. Plasmid DNA was prepared
using Qiagen plasmid midi kits.

DNA sequencing
Cosmid end sequencing was carried out using primers
928 (aggcgcagaactggtaggtatg) and 929 (gctaaggatgg
tttctagcgatg). PAC sequencing was carried out using
primers SP6 (tactgtttttgcgatctgccgttt) and T7 (aatacgact
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Table 1 DISCI splice site sequences

Exon Exon size (bp) Position Splice acceptor Splice donor

1 120 1-120 N/A CACCGCGCAGgtagggga
2 980 121-1100 ttcttcccagGCAGCCGGGA GCAGATGGAGgtcagtgt
3 70 1101-1170 accaacatagGTAATATCCT TATGATAAAGgtgagtttt
4 151 1171-1321 gggtttccagCTGAGACGTT CCACTCAGCAgtgaatacc
5 130 1322-1451 ttgttttaagGGCCAGCGGA GCAGCTACAGgtgagcag
6 236 1452-1687 ttctctacagAAAGAAATTG CCATAAGGAGgtactgctg
7 55 1688-1742 attcttccagCCTCCAGGAA CACTACTAAGgtaagtacc
8 103 1743-1845 ctccccctagGTGTGTATGA GCCATATCAGgtaactggc
9 189 1846-2034 cgtgctgtagGAAACCATTT ACTGCCTATGgtaggtagt

10 61 2035-2095 ttttcccccagAAACAAGTGT AACTGTGCAGgtaaggata
11a 199 2096-2294 tctgtctcagCTGCAAGTGT CCCTTTGAAGgtattggaa
lib 265 2096-2360 tctgtctcagCTGCAAGTGT ACAGAAAGAGgtctgtcct
12 118 2361-2478 ctctcgccagGAATCTTACA GATCTCATTCatatcctttt
13 4435 2479-6913 ctccttaacaatgtgcccacAGTCTCTCAG N/A
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Figure 1 Contiguous clone map of the chromosome 1 breakpoint region containing DISCI and DISC2. Black boxes, DISCI
exons; shaded box, DISC2; letters marking vertical arrows, position of ESTs; light shaded horizontal lines, cosmids; dark shaded
horizontal lines, PACs. Positions of the putative CpG island, putative translation start and stop sites, polyadenylation signals
and alternative splice site are indicated. EST accession numbers: A - AA777274, B = AA361879, C = AA311762, D = Hs.96883
[DISC2], E = AA249072 (DISC2), F = W048U (DISC2), G = D78808 (DISC2), H = N49833, I = W29023/AA093172, J and
K = H71071/Z40262, M = AA610789, 13 = Hs.26985 [DISCI). ESTs J and K are located extremely close together such that their
order with respect to the contig could not be determined by hybridisation. DISCI exon 4 is known to be present in cosmid
ICRFcll2D2299QD4, but was not otherwise mapped. Cosmids used for FISH are boxed.

cactatagggaga). For cosmids and PACs 0.5-1 pg of DNA
was sequenced using ABI PRISM Big Dye terminator
cycle sequencing ready reaction kits with 60 ng of
primer. Plasmid DNA sequencing reactions were per¬
formed using ABI PRISM dRhodamine terminator
cycle sequencing ready reaction kits and the products
separated on an ABI 377 DNA sequencer (PE Applied
Biosystems, Foster City, CA, USA), according to the
manufacturer's instructions. The resulting sequence
was analysed using the GCG package of sequence
analysis software (Wisconsin package version 9.1, Gen¬
etics Computer Group). BLAST14 searches were carried

out at the National Center for Biotechnology Infor¬
mation (http://www. ncbi.nlm.nih.gov/).

Polymerase chain reaction
PCR was carried out using AmpliTaq DNA polymerase
(Perkin Elmer, Applied Biosystems). Each 50-p.l reac¬
tion contained 1 unit of enzyme, 300 ng of each primer,
200 mM of each dNTP, 1.5 mM MgCl2, 50 mM KCI and
10 mM Tris-HCl pH 8.3. A probe corresponding to
nucleotides 1177-1321 of DISCI was prepared from
cloned cDNA using primers acgttacaacaaagattagaa
gacctgg and tgctgagtggccccacggcgcaag, with touchdown
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PCR (75—65°C) and 30 s denaturation at 94°C, 30 s syn¬
thesis at 72°C. Marker D1S251 was mapped by PCR
using the standard cycling conditions for this marker.

Hybridisation
Standard procedures were used for Southern blotting
and hybridisation.13 Probes were labelled with
alpha 32P-dCTP by random priming using High Prime
(Roche, Basel, Switzerland) and purified using NICK
columns (Amersham Pharmacia Biotech, Little Chal-
font, UK). Oligonucleotide probes were labelled with
gamma 32P-dATP. Oligonucleotide hybridisations
were carried out overnight at the appropriate tempera¬
ture.

Results

Construction of a contiguous clone map
To investigate the genomic structure of DISCI we first
constructed a contiguous clone map spanning the chro¬
mosome 1 breakpoint (Figure 1). The complete contig
is estimated to extend across at least 400 kb based on

average PAC and cosmid sizes of 130 kb and 35 kb
respectively.

Cosmid FISH was employed to confirm the orien¬
tation of the contig, and that it crosses the translocation
breakpoint. Cosmids spanning the breakpoint, and
located distal and proximal hybridised as predicted to
chromosomes from the translocation cell line
(Figure 2). Cosmid ICRFcll210142Q6 hybridises to the
normal chromosome 1, and the derived 1 and derived
11 chromosomes (Figure 2a), indicating that it crosses
the breakpoint. Hybridisation of cosmid ICRFcll2
D1274QD4 to the normal chromosome 1 and derived
1 (Figure 2b), shows that it is located proximal to the
breakpoint. Finally, the signal from cosmid
ICRFcll2Gl395QD4 is visible on the normal chromo¬
some 1 and the derived chromosome 11 (Figure 2c),
demonstrating that this cosmid lies distal to the break¬
point.

Genomic structure of DISCI
The exon/intron structure of DISCI was determined
and the gene found to consist of thirteen exons
extending across at least 300 kb of genomic DNA
(Figure 1). The putative translation start and stop
codons are located within exons 1 and 13 respectively.
Exon 2 is unusually large at 980 nucleotides in length.
Intron 9 is also particularly large, and is estimated to
cover at least 100 kb of DNA, accounting for approxi¬
mately one third of the total length of the gene. A
region of 66 nucleotides is commonly deleted from
some DISC 1 transcripts, while maintaining the open
reading frame.6 This arises from utilisation of an
internal splice donor site within exon 11 and the nor¬
mal splice acceptor site of the same exon. The final
intron of DISCI is a member of the extremely rare AT-
AC class of introns.15 This intron possesses the consen¬
sus 5' and 3' splice site sequences, atatcctt and yccac
respectively, as well as the consensus branchsite

Figure 2 FISH using chromosome 1 breakpoint cosmids
and the translocation carrier-derived cell line, (a)
ICRFcll210142Q6; (b) ICRFcll2D1274Q6; (c) ICRFcll2
G1395Q6. 1, normal chromosome 1; der 1, derived chromo¬
some 1 where lq42.1-ter has been replaced with llql4.3-ter;
der 11, reciprocal derived chromosome 11 carrying lq42.1-
ter in place of llql4.3-ter.
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element, tccttaac, close to the 3' splice site as shown
in Table 1.

Two polymorphic markers are located in close prox¬
imity to the DISCI gene (Figure 1). D1S251 is located
proximal to the putative promoter region, while
D1S1621 is located within intron 8, and adjacent to the
translocation breakpoint as already noted.6 DISC2 so
far consists of a single large exon in excess of 15 kb.
This exon overlaps with exon 9 of DISCI (Figure 1).

DISCI is predicted to encode a protein with an N-
terminal globular head consisting mainly of j3-sheet,
and a solvent-exposed C-terminal ct-helical tail with
the potential to form coiled-coils.6 The transition from
j3-sheet to a-helix occurs essentially at the boundary
between exons 2 and 3. Exons 1 and 2 therefore encode
the putative globular domain(s), while exons 3-13
encode the putative helical tail of DISCI. The translo¬
cation breakpoint lies within intron 8 of DISCI. The
effect of the translocation is therefore to remove exons

9-13 to chromosome 11.

Identification of further transcribed sequences
Several miscellaneous sequences were generated from
the ends of cosmids and PACs, and from sequence
flanking the exons of DISCI (Figure 1). These
sequences, together with the sequence of cosmid
ICRFcll2I0142Q6 (accession number AF222987) were
used to perform BLAST14 searches of Genbank and
EMBL at the National Center for Biotechnology Infor¬
mation (http://www.ncbi.nlm.nih.gov/). Homologies to
thirteen ESTs have been identified to date. Unigene
cluster Hs.26985 (M, http://www.ncbi.nlm.nih.gov/
UniGene/Hs.Home.html) is derived from the 3' UTR of
DISCI. ESTs with accession numbers AA249072,
W04811 and D78808, together with UniGene cluster
Hs.96883 (E, F, G and D) are derived from DISC2."
Eight ESTs have not yet been assigned to any known
gene.

Discussion

We have elucidated the genomic structure of DISCI, a
gene which we suggest may he involved in the aeti¬
ology of psychiatric illness because it is directly dis¬
rupted by a translocation segregating with major psy¬
chiatric illness2,6 (LOD = 6.0, Blackwood et al, in
preparation). The gene is large, extending across an
estimated 300 kb and consisting of 13 exons. There is
an overlapping antisense gene (DISC2) that may be
involved in regulating expression of DISClB and eight
ESTs, all located within the introns. While these ESTs
may represent previously undetected genes, their
location within DISCI suggests that it is also possible
that they represent alternatively spliced exons of the
gene. Alternatively, some of the ESTs may represent
DISC2 since the full extent of this gene is unknown.

Mapping of marker D1S251 next to DISCI localises
this gene within a region implicated in psychiatric ill¬
ness by several studies. Notably, a critical region of
approximately 4.1 cM containing several markers,
including D1S251, and generating a maximum LOD

score of 2.65 was identified in a recent study.16 More¬
over, observations of positive linkage at lq42.1 using
D1S251 and the nearby marker D1S103 have also been
obtained (Muir et al, in preparation).17,18 Reports of
susceptibility loci for psychiatric illness at lq32
(LOD = 2.67)19 and Iq32.2-q41 (LOD = 3.82)20 are also
intriguing due to their proximity to the DISCI and
DISC2 genes at lq42.1.

Although DISCI is a positional candidate gene, it is
now necessary to assess it by means of mutation analy¬
sis and association studies in psychiatric patients unre¬
lated to those carrying the translocation. DISCI gen¬
omic structural information will facilitate searches for
sequence alterations in the putative promoter region,
exons and splice sites of psychiatric patients. The same
regions can now also be scanned for single nucleotide
polymorphisms in affected individuals and the general
population in order that association studies can be car¬
ried out. Furthermore, our mapping of D1S251 in close
proximity to, and D1S1621 within DISCI, provides
further polymorphic sequences that may he useful in
association studies.
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