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For much of this century, we have believed that genes play
a role in the etiology of schizophrenia, but we have been
frustrated in the search for specific mutations by diagnostic
dilemmas and technologic shortcomings. Slowly, however,
we have made substantive strides in the diagnosis and treat-
ment of schizophrenia, and considerable progress toward
an explication of its underlying neurobiology. In this chap-
ter, we focus on the epidemiologic and genetic work that
underlies much of the current clinical progress and the
promises, perhaps to be fulfilled in the not-too-distant fu-
ture, to facilitate the treatment, and even prevention, of
this devastating disorder. We begin with updates on the
epidemiology of schizophrenia and related disorders, fol-
lowed by a review of its molecular genetic bases. We then
consider research strategies that promise to explicate the
genetic etiology of schizophrenia further in the next few
years.

EPIDEMIOLOGY OF SCHIZOPHRENIA

Psychiatric epidemiology studies the distribution of disor-
ders in well-defined populations. Its methodology empha-
sizes the use of representative samples with reliable and valid
diagnoses, and a specified time of onset (1,2), to identify
risk factors that explain why some populations are more
vulnerable to psychiatric illness than others. Epidemiologic
methods are also critical to an understanding of how fre-
quently a disorder occurs, a concept often expressed in terms
of prevalence, incidence, and lifetime risk. We consider the
risk for schizophrenia by focusing on these measures.
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Prevalence Rate

The prevalence rate of a disorder is the number of people
in whom the disorder is diagnosed divided by the total num-
ber of persons examined in the population under study. The
computed rate depends on several factors: the definition of
the disorder, the total number of individuals examined in
the population, and the procedure used to choose whom
to examine. Ideally, the sample used to compute prevalence
should be representative of the population as a whole. The
prevalence rate is usually expressed as the number of cases
per thousand people surveyed within a year, which is called
the I-year prevalence per thousand. Studies of schizophrenia
from around the world usually report these rates to range
from a low 0f 0.6/1,000 to a high of 17/1,000 (3—6). Life-
time prevalence rates usually range from 0.9/1,000 to 3.8/
1,000 (7-10), depending on the diagnostic criteria and
methods of ascertainment.

The prevalence rates for schizophrenia are relatively con-
stant between countries. Whether we consider East versus
West, developed countries versus less developed countries,
or other classifications, the 1-year prevalence of schizophre-
nia is approximately 0.5% and the lifetime prevalence is
approximately 1.0%. In other words, schizophrenia is found
in approximately one-half of one percent of the population
at any point in time.

Incidence Rate

Another way of reporting the rate of schizophrenia in a
population is to estimate the number of zew cases that ap-
pear in the population during a specified period of time;
this is called the incidence rate. Prevalence rates (as discussed
above) include both new and old cases because once schizo-
phrenia has emerged, it usually demonstrates a chronic, un-
remitting course. In other words, once patients are classified
as schizophrenic, they usually remain schizophrenic. Like
prevalence rates, incidence rates vary according to a number
of variables, including the standards of diagnosis. In addi-
tion, incidence studies of schizophrenia entail the difficulty
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of how to define onset. Unlike the onset of some disorders
(e.g., stroke or head injury), that of schizophrenia is often
insidious and confused easily with other problems. For ex-
ample, early symptoms like social withdrawal or unusual
thinking may be ignored or mistaken for indications of
depression or substance abuse. Because the time of onset is
difficult to determine, incidence rates are usually based on
a patient’s first visit to psychiatric services for schizophrenic
symptoms. Thus, misdiagnosed and untreated cases can af-
fect the accuracy of incidence rates significantly.

The incidence rate is usually expressed as the number of
new cases in a given period per 100,000 population. For
schizophrenia, incidence rates range from a low of 0.10 to
a high of 0.70 (11,12). As was the case with the prevalence
figures, the incidence of schizophrenia is generally stable
over time and across geographic areas (13).

Lifetime Risk

Most persons with schizophrenia first become ill between
20 and 39 years of age. We call this the high-risk period for
schizophrenia. Men tend to be younger at the time of onset
than women (14-16), although schizophrenia develops in
men and women at approximately equal rates (2). Because
of the variability of age at onset, prevalence and incidence
rates vary according to the age and sex composition of the
population studied. The age distribution is particularly im-
portant when the probability or risk that schizophrenia will
develop in a person during his or her lifetime is estimated
(i.e., the lifetime risk). To estimate lifetime risk, the age
distribution of the population surveyed should be taken into
account (17).

The lifetime risk for schizophrenia ranges from 0.3% to
3.7%, depending on the definition of schizophrenia and the
method of survey used (11,12,18,19). The World Health
Organization study shows a narrow range of lifetime risks
in 10 countries around the world (0.5% to 1.7%) (13),
although it is higher in some genetically isolated populations
in Palau, Micronesia, and areas of Finland (20,21). Taken
together, studies of the lifetime risk for schizophrenia in the
general population suggest it is around 1%. In other words,
a schizophrenic disorder will develop in approximately one
in every hundred people at some time in their life.

Risk Factors

Schizophrenia occurs around the world and in all cultures.
International differences in rates of the disorder are usually
attributed to diagnostic differences rather than to differ-
ences in true rates of illness. The use of broad, ambiguous
diagnostic criteria before the late 1970s was an important
factor underlying artificial differences in rates of mental dis-
orders recorded in different geographic locales. In the 1960s,
for example, the hospital incidence of schizophrenia in the
United States significantly exceeded that of Great Britain

(28.0/100,000 vs. 17.9/100,000 population), whereas the
incidence of mood disorders in British hospitals exceeded
that in the United States (36/100,000 vs. 7/100,000). These
differences disappeared, however, when identical methods
of diagnosis and assessment were used (22). Similarly, in the
World Health Organization study, differences in incidence
among 10 countries diminished when narrow, standardized
diagnostic criteria were utilized (13,23).

A variety of risk factors have received attention in schizo-
phrenia. These include, among others, a family history of
the disorder, low socioeconomic status, complications dur-
ing pregnancy and childbirth, sex, and fetal viral infection
(18,24-28). A family history of the disorder and a negative
relationship to social class are especially strong and fre-
quently replicated risk factors. The familial basis of schizo-
phrenia is considered further in the section on the genetic
epidemiology of schizophrenia. It should be emphasized
that although the focus of this chapter is the genetics of
schizophrenia, many of the risk factors for the illness cited
above are environmental, a fact that underscores the combi-
nation of genetic and environmental factors underlying the
disorder. This point is stressed further in the discussion of
twin studies, below; given an identical twin with schizophre-
nia, the risk that the disorder will develop in the other twin
(who has identical genes) is far less than 100%.

GENETIC EPIDEMIOLOGY OF
SCHIZOPHRENIA

Family Studies

There is little question that schizophrenia (and related disor-
ders) runs in families. In a review of 40 European studies,
selected for similarities in diagnostic and ascertainment pro-
cedures and performed between 1920 and 1987, the lifetime
risks for schizophrenia in relatives of schizophrenic patients
were as follows: parents, 6.0%; siblings, 9.0%; offspring
of one parent with schizophrenia, 13.0%; offspring of two
parents with schizophrenia, 46%; and identical twin of a
patient with schizophrenia, 46% (18,19). Note that the risk
to offspring exceeds the risk to parents. Because the biologi-
cal relationship is the same (i.e., first-degree relatives), the
risk to offspring of patients should be identical to the risk
to parents of patients. This would be true under any genetic
model. The difference occurs because, by definition, parents
have reproduced, and the presence of schizophrenia has an
adverse affect on the probability of doing so. The risks to
second-degree relatives ranged from 6.0% for half-siblings
to 2.0% for uncles and aunts. First cousins, a type of third-
degree relative, had an average risk 0f 2.0%. Consistent with
a genetic etiology, these figures show that as the degree
of biological/genetic relatedness to a schizophrenic patient
increases, so does the risk for schizophrenia.

Although recent studies have used more rigorous research
methods and narrower, criterion-based definitions of schiz-
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ophrenia, they have essentially confirmed the familial basis
of schizophrenia and provided evidence consistent with the
genetic hypothesis. In their family study of the Roscommon
area in Western Ireland, for example, Kendler et al. (29)
reported that the risk to siblings of schizophrenic probands
is 9.2%, consistent with the rates reported by Gottesman
(18,19). The risk to parents of schizophrenic probands was
1.3%, somewhat lower than the 6.0% reported by Gottes-
man. In general, narrower definitions in modern studies
result in somewhat lower risk figures than those reported
previously. This point was demonstrated by Tsuang et al.
(30), who reported the risk for schizophrenia in first-degree
relatives of schizophrenics as 3.2%, compared with 0.6%
for relatives of nonpsychiatric controls. Similarly, Guze et
al. (31) reported rates of 3.6% and 0.56%, respectively.
Despite the lower prevalence figures, both these studies re-
confirmed that in comparison with the general population,
relatives of people with schizophrenia are at significantly
greater risk for development of the disorder. This in itself,
however, is not sufficient to demonstrate a genetic basis.
Additional strategies, such as twin and adoption paradigms,
are necessary to parse out genetic and environmental deter-
minants, and these are considered next.

Twin Studies

The two types of twins are monozygotic and dizygotic.
Monozygotic twins (i.e., identical twins) share 100% of
their genes, whereas dizygotic twins (i.e., ordinary brothers
and sisters) share 50% of their genes. If both members of
a twin pair have schizophrenia, they are considered concor-
dant for the disorder; if one is schizophrenic and the other
is not, they are considered discordans. If schizophrenia were
caused by genetic factors alone, then concordance rates for
monozygotic and dizygotic twins would be 100% and 50%,
respectively. On the other hand, if it were caused essentially
by environmental variables, then concordance rates for
monozygotic and dizygotic twins reared in a common envi-
ronment would be similar.

The empiric data lie between these extremes but provide
clear evidence for a genetic component. For example, con-
cordance rates from twin studies pooled by Kendler (32)
were about 53% for monozygotic twin pairs and 15% for
dizygotic twin pairs. A similar review by Gottesman (18,
19) demonstrated median concordance rates of 46% and
14% for monozygotic and dizygotic pairs, respectively. In-
terestingly, monozygotic twins reared apart have about the
same concordance rates as do twins reared together (33).
At the same time, monozygotic concordance rates lower
than 100% demonstrate an important role for environmen-
tal factors. When they obtained quantitative estimates of
the relative roles of genetic and environmental factors by
translating genetic concordance rates into “heritabilities”
(the proportion of the variance between individuals that is

actributable to genetic factors), Kendler and Diehl (34)

found that about 70% of the variance could be attributed
to genetic factors in a series of twin studies. Several recent
studies in which DSM-III, DSM-III-R, or DSM-IV diag-
nostic criteria were used provided even higher estimates of
heritability, in the range of 80% to 86% (35-38).
Studies of twins discordant for schizophrenia have also
shed light on the role of genetic and environmental factors.
Gottesman and Bertelson (39), for example, followed the
Danish schizophrenic twin sample of Fischer (40). They
reasoned that if genetic liability is transmitted to the unaf-
fected member of the twin pair, but not expressed because
of environmental factors, then their offspring should dem-
onstrate the same genetic liability. This hypothesis was sup-
ported when 24 children of unaffected co-twins showed a
monozygotic concordance rate of 17%, a rate almost identi-
cal to that in the offspring of the twins who had schizophre-
nia. In contrast, although the risk for schizophrenia in the
offspring of dizygotic twins with schizophrenia was similar
to the risk in monozygotic twins, the risk in the offspring
of unaffected dizygotic twins was only about 2%. What
type of environmental factors might contribute to the risk
for schizophrenia? A variety of possibilities exist, but adverse
events occurring early in development (e.g., gestation, birth)
have received the most attention recently, in part because
the occurrence of such events during that period may have
particularly far-reaching biological consequences. McNeil
et al. (41) showed, for example, a relationship of smaller
hippocampi and larger ventricles to complications of labor
and delivery in the ill member of monozygotic twin pairs
discordant for schizophrenia. Tsujita et al. (42) showed evi-
dence of postzygotic genomic discordance in discordant
twins, which could influence subsequent transcription in
one or more genes. It is thus evident from twin studies with
a variety of designs that both genetic and environmental
factors underlie the expression of schizophrenia. Adoption
studies, considered below, further support this conclusion.

Adoption Studies

Like twin studies, adoption studies can disentangle genetic
and environmental causes of disease (43). An important
series of studies was performed in Denmark, thanks in part
to its system of national registers. Among these, Kety et al.
(44) studied 5,500 children from the Greater Copenhagen
area who were separated from their biological families and
adopted between 1923 and 1947. Although schizophrenia
or a related disorder developed in only 1.9% of the control
adoptees, schizophrenia or a related illness was diagnosed
in 8.7% of the adoptees who were separated from a schizo-
phrenic parent. When the biological relatives of schizo-
phrenic and control subjects were compared, 5.8% of the
relatives of schizophrenic probands had (definite or proba-
ble) schizophrenia, in comparison with 0.9% of the control
relatives. The rates of schizophrenia did not differ between
the adoptive relatives of the schizophrenic and nonschizo-
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phrenic adoptees. Moreover, children born to nonschizo-
phrenic parents but raised by a schizophrenic parent did
not show rates of schizophrenia above those predicted for
the general population.

Limitations of adoption studies include the possibility
of transmission by the mother during pregnancy or delivery
of a liability for schizophrenia via nongenetic biological, or
other type of environmental, factors, even if the child is
adopted away soon after birth. However, Kety et al. (45)
found that 13% percent of paternal half-siblings of schizo-
phrenic adoptees had schizophrenia, in comparison with
only 2% of paternal half-siblings of nonschizophrenic
adoptees. Because paternal half-siblings have different
mothers, these results cannot be attributed to i7 utero (envi-
ronmental) effects. Many of Kety’s findings were replicated
recently for schizophrenia (45) and for certain schizophrenia
spectrum conditions (46) in a sample drawn from the rest
of Denmark.

Data from the Finnish adoption studies (47,48) provide
additional support for both genetic and environmental in-
fluence in the transmission of schizophrenia. Together, fam-
ily, twin, and adoption studies show consistently that the
biological relatives of people with schizophrenia themselves
show higher rates of schizophrenia and related disorders
when compared with appropriate control groups, regardless
of whether they are raised by biological or adoptive parents.

EPIDEMIOLOGY OF SPECTRUM DISORDERS

The term related disorders is used to describe schizophrenic
illness of (generally) lesser severity. In fact, genetic studies
provide evidence for a spectrum of disorders that are similar
to schizophrenia and caused by the same genes. A disorder
is considered to be in the schizophrenia spectrum if it occurs
more frequently among the biological relatives of schizo-
phrenic patients than it does among the relatives of people
who do not have schizophrenia. Many of the behavioral
genetic methodologies used to delineate genetic and envi-
ronmental factors in the etiology of schizophrenia (e.g., fam-
ily, twin, and adoption studies) have also provided evidence
of a genetic etiology in schizophrenia spectrum conditions.
Evidence for inclusion in the schizophrenic spectrum is con-
sidered next for several candidate disorders.

Psychotic Spectrum Disorders

In about 9% of the first-degree relatives of schizophrenic
patients, a psychotic disorder develops that does not meet
the criteria for either schizophrenia or a mood disorder (18,
49). Two prominent examples are schizoaffective disorder
and psychosis not otherwise specified (NOS). As the name
suggests, the term schizoaffective disorder describes patients
with features of both schizophrenia and affective disorders
(also known as mood disorders), although subgroups may

exist in which either schizophrenia or affective symptoms
predominate. Psychosis NOS is a residual diagnostic category
for patients with psychotic symptoms who do not fit into
a more narrowly defined category. In many cases, the NOS
designation serves as a temporary diagnosis for patients with
new onset of disease until the course of their symptoms
reveals their true diagnosis.

Both schizoaffective disorder and psychosis NOS are
more common among the relatives of schizophrenic patients
than among the relatives of nonschizophrenic persons. For
example, in a survey of family history and family, twin and
adoption studies, Prescott and Gottesman (33) found that
13 of 15 studies demonstrated evidence of a familial/genetic
component for schizoaffective disorder. Consistent with this
finding, monozygotic twins show higher concordance rates
for schizoaftective disorder than do dizygotic twins (36,50).

Nonpsychotic Spectrum Disorders
Personality Disorders

Milder forms of schizophrenic illness are characterized by
nonpsychotic symptoms, such as poor social relationships,
anxiety in social situations, and limited emotional responses.
Less frequently, mild forms of thought disorder, suspicious-
ness, magical thinking, illusions, and perceptual aberrations
are also present. These symptoms are observed most fre-
quently in three personality disorders, including schi-
zotypal, schizoid, and paranoid personality disorders. Sev-
eral studies found that (DSM) cluster A personality disorder
traits often precede the onset of psychosis in subjects in
whom schizophrenia subsequently develops (51,52). More-
over, in the New York high-risk project (53), offspring of
schizophrenic mothers demonstrated elevated rates of these
personality disorders when they were considered together,
although not separately.

Most studies of familial prevalence in the biological rela-
tives of schizophrenic patients have related schizotypal per-
sonality disorder to the schizophrenia spectrum more
strongly than they have either schizoid or paranoid personal-
ity disorder (54,55). Evidence in favor of including schi-
zotypal personality disorder is consistent across family
(56-58), adoption (45), and twin studies (59,60). Although
not all studies have detected a higher rate of schizotypal
personality disorder among relatives of schizophrenic pro-
bands (54), most investigations, and particularly those with
large samples, show higher rates of schizotypal personality
disorder among the relatives of index cases with schizophre-
nia than among the relatives of control subjects (61). The
incidence of the disorder in schizophrenic families has been
estimated at between 4.2% and 14.6% (57,58,62,63). In
contrast, results for schizoid and paranoid personality dis-
orders have been somewhat more controversial and contra-
dictory, with positive findings sometimes occurring in
combined paranoid—schizotypal or schizoid—schizotypal
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samples (55). Thus, although some symptoms may overlap
between schizotypal, schizoid, and paranoid personality dis-
orders, schizotypal personality disorder is currently the
strongest candidate among this group for a nonpsychotic,
relatively mild condition that is related genetically to schizo-
phrenia.

Schizotaxia

Paul Meehl (64) first used the term schizotaxia in 1962 to
describe a genetic vulnerability to schizophrenia. He sug-
gested that a subtle but widespread neurointegrative defect
results from this vulnerability that predisposes individuals
to the development of either schizotypy or schizophrenia,
depending on the protection or liability afforded by envi-
ronmental circumstances. Later, Meehl reformulated the
concept to allow for the possibility that some people with
schizotaxia would not progress to either schizophrenia or
schizotypal personality disorder, although most would (65).
Eventually, the term schizotypy entered the psychiatric no-
menclature in the form of schizotypal personality disorder.
Schizotaxia did not, although the term was used in a general
sense by researchers to describe the liability for schizophre-
nia. Now, almost 40 years after the concept was introduced,
a broad literature shows that the liability for schizophrenia
can be characterized clinically by deficits or abnormalities
in psychiatric, neuropsychological, neurobiological, and
psychosocial domains in nonpsychotic, first-degree relatives
of people with schizophrenia.

Psychiatric features in such relatives frequently include
negative symptoms (e.g., asociality and anhedonia) that are
qualitatively similar to, but quantitatively milder than, those
often seen in schizophrenia (66). Positive symptoms, how-
ever, are usually less evident in these relatives than they are
in schizophrenia or schizotypal personality disorder. Neuro-
psychological impairments in biological relatives of people
with schizophrenia are also similar to those in patients with
schizophrenia, but are generally of lesser severity (67-71).
The most extensively documented of these impairments in-
volve working memory/attention, verbal memory, and con-
cept formation/abstraction.

We recently suggested a reformulation of Meehl’s con-
cept of schizotaxia that focuses on these features of negative
symptoms and neuropsychological deficits (67). In addition
to specifying the clinical consequences of schizotaxia more
specifically, our view of the concept differs from Meehl’s
in a few other respects. Among these is whether schizotaxia
always or even usually progresses to schizotypal personality
disorder or schizophrenia. Our empiric analyses suggest that
the basic symptoms of schizotaxia occur in 20% to 50% of
adult relatives of patients with schizophrenia (68,69). This
rate is considerably higher than the rates of schizophrenia
or schizotypal personality disorder likely to develop in first-
degree relatives (= 10% for each condition), which suggests
that schizotaxia does not lead inevitably to schizophrenia

or schizotypal personality disorder. Our view of schizotaxia
also differs somewhat from Mechl’s formulation in that we
include both genetic and nongenetic, adverse biological al-
terations occurring early in development (e.g., pregnancy
and birth complications) in our conception of the syn-
drome.

Tsuang et al. (72) recently described a set of specific
criteria for schizotaxia, but the clinical characterization is
still evolving and the syndrome requires independent valida-
tion and further research before it can be used clinically
(73). These criteria underlie a conception of schizotaxia as
a neurodevelopmental condition resulting from genetic and
adverse environmental (e.g., pregnancy or delivery compli-
cations) factors. Current criteria in adult, nonpsychotic,
first-degree relatives of schizophrenic patients include mod-
erate or greater levels of negative symptoms and neuro-
psychological deficits (as described above). The concept of
schizotaxia demonstrates considerable utility because it ac-
counts for clinical deficits in a sizable proportion of relatives
who may not otherwise meet the criteria for a schizophrenia-
related disorder. Moreover, because schizotaxia may be con-
sidered as a risk factor for schizophrenia, as well as a clini-
cally meaningful syndrome in its own right, its recognition
may eventually facilitate the development of early interven-
tion and prevention strategies.

MODE OF INHERITANCE

Given the evidence outlined above for a substantial genetic
contribution to the etiology of schizophrenia, methods such
as complex segregation analysis (74) can be used to identify
the most likely mode of inheritance. Commonly, a mixed
model (75) comprising both major gene and polygenic ef-
fects is compared with the submodels of a single major locus
and polygenic inheritance. However, large sample sizes are
required to distinguish between models, especially the poly-
genic and mixed models, so that the practical usefulness of
this approach has been limited to date.

Based on complex segregation analysis and related ap-
proaches, the pattern of risks in family and twin studies has
been found to be incompatible with a single locus account-
ing for all the genetic liability to schizophrenia (76-78).
However, it has not been possible to distinguish between a
polygenic and a mixed model (77). The pattern of risks in
family studies, in which the risk decreases rapidly as the
degree of genetic relatedness decreases, is also compatible
with a model of muldple loci with epistasis (interaction
between genes) (79). However, the number of susceptibility
loci, the disease risk conferred by each locus, and the degree
of interaction between loci all remain unknown. The contri-
bution of individual genes to the familiality of a disorder
can be expressed in terms of (s (i.e., the relative risk to
siblings resulting from possession of the disease allele (79).
Risch (79) has calculated that the data for recurrence risks
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in the relatives of probands with schizophrenia are incom-
patible with the existence of a single locus having a value
of (s greater than 3. Unless extreme epistasis (interaction
between loci) exists, models with two or three loci having
values of (s of 2 or less are more plausible. It should be
emphasized that these calculations are based on the assump-
tion that the effects of genes are distributed equally across
the whole population. It is quite possible that genes of larger
effect are operating in a subset of patients—for example,
those from families with a high density of illness.

These quantitative genetic investigations provide strong
evidence that genetic factors increase the risk for schizophre-
nia. However, although it is possible to state that, as a group,
siblings of individuals with schizophrenia, for example, have
a roughly 10-fold increased risk in comparison with the
general population, it is not currently possible to translate
this figure to the level of risk for a particular sibling in a
particular family. Similarly, heritability estimates refer to
variations in liability to schizophrenia in the general popula-
tion and have no simple meaning for an individual. Another
important point is that risk to related individuals does not
directly equate with genetic risk because some relatives carry
one or more susceptibility alleles for schizophrenia but re-
main unaffected throughout their lives. In other words, the
accumulation of susceptibility alleles, environmental risk
factors, and complex interactions between risk factors prob-
ably all play a role in determining who becomes ill. There-
fore, to quantify genetic risk, it is necessary to identify the
susceptibility loci themselves at the molecular level.

MOLECULAR GENETICS: LINKAGE STUDIES

The first generation of systematic molecular genetic studies
of schizophrenia effectively ignored the evidence for genetic
complexity and targeted large, multiply affected pedigrees
for analysis. This was done in the hope that such families,
or at least a proportion of them, were segregating genes of
sufficiently large effect that they could be detected unequiv-
ocally in this way. This approach has been successful in
other complex disorders—Alzheimer disease, for example,
in which mutations in three genes, APP, PS1, and PS2, are
now known to cause rare forms of the disorder. In such
cases, the disease is of unusually early onset and is transmit-
ted through multiplex pedigrees in an autosomal dominant
fashion (80-82).

Unfortunately, it has not proved possible to identify a
phenotypic trait analogous to age at onset in Alzheimer
disease by which to classify multiplex families segregating
schizophrenia. Studies of such large families also initially
produced positive findings in schizophrenia (83), but unfor-
tunately these could not be replicated. The reasons for this
have become clear as data from systematic genome scans
have accumulated; highly penetrant mutations causing
schizophrenia are at best extremely rare and quite possibly

nonexistent (84,85). The false-positives were largely the
consequence of a combination of multiple testing and the
use of statistical methodology and significance levels derived
from work on single-gene disorders.

Despite the failure to identify regions of unambiguous
linkage in multiply affected families, modest evidence for
several regions has been reported in more than one data set.
Areas implicated for which supportive data have also been
obtained from international collaborative studies include
chromosomes 6p24-22, 8p22-21, and 22q11-12 (86,87; see
refs. 84 and 88 for review). A number of other promising
areas of putative linkage are also currently under investiga-
tion by international consortia. These include 13q14.1-32
(89-91), 5q21-31 (92,93), 18p22-21 (94), 10p15-11
(95-97), 6q (98,99), and 1q21-22 (100). However, in each
case, both negative and positive findings have been ob-
tained, and in only two cases, those of chromosomes
13q14.1-32 and1q21-22, did any single study achieve ge-
nome-wide significance at values of p of .05 (90,100).

These positive findings contrast with those from a large
systematic search for linkage in which a sample of 196 af-
fected sibling pairs, drawn typically from small nuclear fami-
lies rather than extended pedigrees, was used (101). The
results of simulation studies suggest that the power of this
study is greater than 0.95 to detect a susceptibility locus of
(s = 3 with a genome-wide significance of 0.05, but only
0.70 to detect a locus of (s = 2 with the conservative
assumption that a locus lies midway between two adjacent
markers. This study yielded evidence at the level of the
definition of Lander and Kruglyak (102) of “suggestive”
linkage to chromosomes 4p, 18p, and Xcen. However, none
of the findings approached a genome-wide significance of
0.05, corresponding to Lander and Kruglyak’s definition of
“significant’ linkage.

The findings from linkage studies of schizophrenia to
date demonstrates several features that are to be expected
in the search for genes for complex traits (103—106). First,
no finding is replicated in all data sets. Second, levels of
statistical significance are unconvincing and estimated effect
sizes are usually modest. Third, chromosomal regions of
interest are typically broad [often > 20 to 30 centimorgan
(cM)].

At the present time, therefore, the linkage literature sup-
ports the predictions made by Risch (79); it is highly un-
likely that a commonly occurring locus of effect size [(5]
greater than 3 exists, but suggestive evidence implicates a
number of regions, consistent with the existence of some
susceptibility alleles of moderate effect [(s = 1.5 to 3].
Moreover, encouraging results in several chromosomal re-
gions suggest that rarer alleles of larger effect may be segre-
gating in some large, multiply affected families.

Linkage methods in sample sizes that are realistically
achievable can detect smaller genetic effects than those in
the studies to date. For example, it is possible to detect
alleles with values of (s of 1.5 to 3 in a sample of 600 to
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800 affected sibling pairs (107,108). We therefore suggest
that priority should now be given to collecting such samples
with a robust clinical methodology that is comparable across
all interested research groups. However, if liability to schizo-
phrenia is entirely a consequence of the operation of many
genes of small effect, then even these large-scale studies will
be unsuccessful.

CANDIDATE GENE ASSOCIATION STUDIES

Once genes of smaller effect than (s =1.5 are sought, the
number of affected family members required becomes pro-
hibitively large (107-109). For this reason, many research-
ers have tried to take advantage of the potential of candidate
gene association studies to identify such loci (109,110). Al-
though a potentially powerful means of identifying genes
of small effect, association studies are not without their
problems. First, for a complex and poorly understood disor-
der such as schizophrenia, the choice of candidate genes
is limited largely by the imagination and resources of the
researcher. This places a stringent burden of statistical proof
on positive results because of low prior probability and mul-
tiple testing (111). Second, case—control association studies
have the potential to generate false-positives because of pop-
ulation stratification. This problem can be addressed by
using family-based association methods (112), but because
of stigma, adult age at onset, and the disruptive effects of
mental illness on family relationships, family-based samples
may be unrepresentative in addition to limited in size. Con-
sequently, family-based studies may introduce more spu-
rious results than do case—control studies (113). It would
seem unwise, therefore, to discard the case—control study
design, which has served epidemiology so well through the
years. A third problem common to all molecular genetic
studies in complex diseases is that they are prone to type 2
errors simply because they are often underpowered, and
therefore to draw satisfactory conclusions from negative
studies, larger sample sizes are required than have typically
been used to date in psychiatric genetics (111). Fourth, even
with larger samples, it is by no means certain that a given
replication study will be sufficiently powered to replicate a
particular effect. This is because variations may be noted in
the contribution of a given susceptibility allele in different
patient populations as a result of different allele frequencies
at the locus of interest or at interacting loci. Further poten-
tial for heterogeneity occurs if the association with the
marker is a result of tight linkage with the true susceptibility
allele, or if different subtypes of the disease exist. Given that
all the above factors may influence power, and that none
of the above is known in advance, it is difficult to obtain
an accurate measure of the power of a replication study.
Because we cannot specify accurately the prior probability
of a candidate gene, nor know the true power for replication,
it is difficult to draw definitive conclusions from conflicting

findings. However, the purpose of experiment is to reject
a null hypothesis, and in the face of uncertainty, the burden
of proof remains with the proponents of a particular candi-
date gene.

Most candidate gene studies have been based on neuro-
pharmacologic studies, which suggests that abnormalities in
monoamine neurotransmission, in particular dopaminergic
and serotoninergic systems, play a role in the etiology of
schizophrenia. Overall, the results in this extensive literature
are disappointing, but it should be noted that the sample
sizes in many of the older studies would now generally be
regarded as inadequate, particularly in view of the fact that
the polymorphic markers in question did not in themselves
represent functional variants and that few genes have been
systematically screened even for common functional var-
iants. However, more promising reports of candidate gene
associations have recently appeared, three of which are con-
sidered here.

Serotonin 5-HT,5-Receptor Gene

Many novel antipsychotic drugs affect the serotoninergic
system. The first genetic evidence that serotoninergic recep-
tors may play a role in schizophrenia came from a Japanese
group reporting an association between a T-to-C polymor-
phism at nucleotide 102 in the 5-HT,5-receptor gene in a
small sample (114). A large European consortium compris-
ing seven centers and involving 571 patients and 639 con-
trols then replicated this finding (115), which was further
replicated with use of a family-based design (116). Although
many other studies followed with mixed results, a recent
metaanalysis of all available data from more than 3,000
subjects supports the original finding (p = .0009), and this
does not appear to be a consequence of publication bias
(117).

Since this metaanalysis was undertaken, a few further
negative reports have followed, but none has approached
the sample sizes required. If we assume homogeneity and
if the association is true, the putative odds ratio (OR) for the
C allele can be expected to be around 1.2 in any replication
sample. Sample sizes of 1,000 subjects are then be required
for 80% power to detect an effect of this size, even at a

relaxed criterion of p = .05. Thus, the negative studies are
effectively meaningless, but it is also true that the evidence
for association, even in the metaanalysis (p = .0009), is

not definitive if genome-wide significance levels are required
(109). At present, all we can conclude is that the evidence
favors association between the T102C 5-HT,4 polymor-
phism and schizophrenia, but the most stringent burden of
proof has not yet been met.

If the association is real, it is unlikely that the T102C
polymorphism is the susceptibility variant because this nu-
cleotide change does not alter the predicted amino acid se-
quence of the receptor protein, nor is it in a region of ob-
vious significance for regulating gene expression. T102C is
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in complete linkage disequilibrium with a polymorphism
in the promoter region of this gene, but no evidence has as
yet been found that this has a functional effect either (116).
Recent evidence of polymorphic monoallelic expression of
the 5-HT,4 gene points to the possible existence of sequence
variation elsewhere that influences gene expression (118),
and this may be the true susceptibility variant.

D3 Dopamine-Receptor Gene

Association has been reported between schizophrenia and
homozygosity for a Ser9Gly polymorphism in exon 1 of the
D3 dopamine-receptor gene (DRD3) (119). As with the 5-
HT, 4 association, the results have now been confirmed in
several independent samples, including one family-based
study (120), but several negative studies have also been re-
ported. Metaanalysis of data from more than 5,000 individ-
uals has revealed a small (OR = 1.23) but significant
(p = .0002) association between homozygosity at Ser9Gly
and schizophrenia (120). Again, this cannot easily be as-
cribed to selective publication (120). Because it is a fairly
uncommon genotype, we cannot be certain that homozy-
gosity for the 9Gly allele alone is not associated with an
increased risk for schizophrenia, and therefore it is not cer-
tain that the findings at D3 are an example of heterosis.
However, a plausible biological explanation for D3 heterosis
has been put forward in that possession of two different
molecular forms of the receptor may allow the dopaminergic
neuron to respond more flexibly (119).

At present, then, the status of the D3 dopamine-receptor
gene is similar to that of the 5-HT,-receptor gene—that
is, the balance of evidence at present favors association, but
the null hypothesis still cannot be confidently rejected.
Those wishing to replicate or reject these findings should
bear in mind that to obtain power greater than 0.80 to
detect an effect of this size at a criterion of p = .05, a
sample of 1,500 cases and 1,500 controls is required. So
far, no other polymorphisms have been found that might
explain the putative D3 association, but several new poly-
morphisms have been identified in previously unknown
exons 5’ to the exon referred to above as exon 1 (121). These
are currently being tested to establish whether variants in
this region in linkage disequilibrium with the Ser9Gly poly-
morphism provide a more functionally plausible explana-
tion of the association with schizophrenia.

ANTICIPATION AND TRINUCLEOTIDE
REPEATS

The term anticipation, the phenomenon by which the age
at onset of disease becomes earlier from one generation to
the next, was first described in connection with severe men-
tal disorder (122). A series of recent studies applying mod-
ern diagnostic criteria have now confirmed that the inheri-

tance of schizophrenia is at least consistent with the presence
of anticipation, although ascertainment biases offer an alter-
native explanation (123). Because pathogenic expanded tri-
nucleotide repeats are the only known genetic mechanisms
for anticipation, these findings have been taken as suggest-
ing that such mutations may account for at least some of
the complexity in the pattern of inheritance in this disorder
(124). This hypothesis was supported by two groups who
observed that the maximum length of the most common
known pathogenic trinucleotide repeat, CAG/CTG, was
greater in patients with schizophrenia than in unaffected
controls (125,126). These findings were later replicated in a
European multicenter study (127). Unfortunately, the early
repeat expansion detection (RED) studies were followed by
a series of unsuccessful attempts to identify the relevant
repeat-containing loci by a variety of methods, and by sev-
eral failures to replicate the RED findings (128—130), thus
casting doubt over the CAG/CTG repeat hypothesis.

The trinucleotide repeat hypothesis was rejuvenated,
however, with the report of an association between schizo-
phrenia and alleles of a member of the family of calcium-
activated potassium channel genes, KCa3 (hKCa3/ KCCN3)
(131). For several reasons, KCa3 seemed a remarkable can-
didate gene for schizophrenia. First, the gene contained two
CAG repeats, one of which is highly polymorphic. Second,
the family of genes to which it belongs is thought to play
an important role in regulating neuronal activity, and it was
therefore considered a functional candidate gene. Third, the
gene was also thought to be a positional candidate, as it was
believed to map to chromosome 22q11. Ironically, KCa3
maps not to 22q11 but to 1q21 (132), which is also a region
implicated by linkage studies as possibly containing a sus-
ceptibility locus for schizophrenia (100). Two further
case—control studies have subsequently supported the find-
ings of Chandy and colleagues (132,133).

However, although evidence from three case—control
studies lends support to the hypothesis of KCi3 as a suscep-
tibility gene for schizophrenia, in other respects the case for
this gene as a candidate is less certain. First, the RED data
cited above lend no support to KCa3 as a candidate because
the polymorphic trinucleotide repeat in this gene is far too
short to account for the RED associations (133). Second,
a series of case—control and family studies have failed to
replicate the findings (134-140). Thus, we are back to our
familiar position in candidate gene analysis; although the
data are insufficient to draw firm conclusions, we believe
at present that the case for KCa3 remains firmly with the
null hypothesis.

What then is the status of the original associations be-
tween large CAG/CTG repeats and schizophrenia? It has
been reported that large CAG/CTG RED products (repeat
size > 40) are explained by repeat size at two autosomal
loci, one at 18q21.1 and the other at 17q21.3 (141,142).
If the explanation is correct, then it follows that one or
both of these loci should be associated with schizophrenia.
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Unfortunately, data from Vincent and colleagues (128) and
unpublished data from Cardiff unequivocally show that ex-
pansions at these loci are not responsible for the RED associ-
ations. However, in both samples, only around 50% of large
CAG/CTG repeats detected by RED could be explained by
polymorphisms at these two loci, which suggests that at
least one further locus is responsible for the RED data, a
possibility supported by two recent studies on protein ex-
tracts from schizophrenic tissues (143).

HIGH RATES OF SCHIZOPHRENIA IN
ADULTS WITH VELOCARDIOFACIAL
SYNDROME

Velocardiofacial syndrome (VCES), also known as DiGeorge
or Shprintzen syndrome, is associated with small interstitial
deletions of chromosome 22q11 in 80% to 85% of cases
(144). First described by Shprintzen and colleagues (145),
VCES has an estimated prevalence of 1/4,000 births (146).
Distinctive dysmorphology, congenital heart disease, and
learning disabilities characterize the syndrome, although
considerable phenotypic variability occurs. As the first rec-
ognized cohort of children with VCFS was followed into
adolescence and early adulthood, evidence began to accu-
mulate for a high prevalence of major mental illness. Early
reports suggested that psychiatric disorders had developed
in more than 10% of the cohort, which mostly resembled
chronic schizophrenia with paranoid delusions, although
operational criteria were not used (147). In a follow-up
study of teenagers (age 17 years) in which DSM-III-R crite-
ria were used, Pulver et al. (148) reported that 11 (79%)
of their sample of 14 patients had been given a psychiatric
diagnosis: 29% had schizophrenia (22%) or schizoaffective
disorder (7%), 29% had simple or social phobia, 21% had
depression, and 14% had obsessive-compulsive disorder.
More recently, Papolos et al. (146) reported that of their
sample of 15 children and 10 adults, four (16%) had psy-
chotic symptoms and 16 (64%) met DSM-III-R criteria for
a spectrum of bipolar affective disorders. Although none
had schizophrenia, the two oldest members of their patient
cohort (ages 29 and 34 years) both had schizoaffective dis-
order.

To try to gain a more precise determination of the preva-
lence and nature of psychopathology in adults with VCFS,
rather than rely on clinical diagnosis, Murphy and col-
leagues (149) recently evaluated 50 cases with a structured
clinical interview to establish a DSM-IV diagnosis. Fifteen
patients with VCFES (30%) had a psychotic disorder, with
24% (n = 12) fulfilling DSM-IV criteria for schizophrenia.
In addition, six (12%) had major depression without psy-
chotic features. They were unable to replicate the findings
of Papolos and colleagues (146) of a high prevalence of
bipolar spectrum disorders in VCFS. However, these work-
ers studied a small sample that included few adults, and in

view of the fact that their oldest cases satisfied criteria for
schizoaffective disorder, it is possible that the psychotic phe-
notype in VCES varies with age. Prospective studies are now
required to test this hypothesis.

The current balance of evidence favors the view that the
high prevalence of psychosis results from hemizygosity for
a gene or genes at chromosome 22q11 rather than ascertain-
ment bias or a nonspecific association with a low intelligence
quotient (IQ) (149). In particular, the prevalence of psy-
chosis and schizotypy in VCES appears to be much greater
than that seen in most other congenital abnormalities affect-
ing neural development, and appears not to be correlated
with the degree of intellectual impairment (149). Many
lines of evidence suggest that schizophrenia is a neurodevel-
opmental disorder (150). In VCES, defective development
and migration of mesencephalic and cardiac neural crest
cells are believed to play a significant role in the pathogenesis
of midfacial and cardiac abnormalities (151). Consequently,
it has been postulated that a gene or genes causing disrup-
tion of neural cell migration may be a common neurodevel-
opmental mechanism for both VCFS and schizophrenia
(152).

What then is the importance of 22q11 and VCES in the
etiology of schizophrenia as a whole? Karayiorgou et al.
(153) reported that among 100 randomly ascertained pa-
tients with schizophrenia, two were found to have a 22q11
deletion. In contrast, when subjects with schizophrenia were
selected for the presence of clinical features consistent with
VCES, 22ql11 deletions were identified in 20% to 59% of
cases (154,155). These findings suggest that a small propor-
tion of cases of schizophrenia may result from deletions of
22ql1, and that clinicians should be vigilant, especially
when psychosis occurs in the presence of dysmorphology,
mild learning disability, or a history of cleft palate or con-
genital heart disease (156). The question of whether genetic
variation in 22q11 confers susceptibility to schizophrenia
in cases without a deletion is more difficult to answer. As
we have seen, the results of some linkage studies suggest
the presence of a schizophrenia susceptibility locus on 22q.
However, the linkage findings tend to point telomeric to
the VCES region (86,157). Nevertheless, modest evidence
for linkage to the VCEFS region has also been claimed (90,
158,159), and as we have noted above, linkage mapping in
complex diseases is somewhat imprecise. It remains possible
that the relationship between VCES and “typical” schizo-
phrenia is less direct, with little common ground between
the genetic and neurodevelopmental mechanisms involved
but with convergence on identical or at least similar psycho-
pathologic syndromes.

Another important question concerns the factors that
determine whether schizophrenia will develop in a person
with VCES. When adults with VCES were tested with a
quantitative measure of schizotypy, the patients with psy-
chosis had the highest scores (149). However, perhaps of
greater interest, those without psychosis had intermediate
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scores in comparison with controls (149). If schizotypy is
a trait marker for increased liability to psychosis, this sug-
gests that the majority if not all of those with 22q11 dele-
tions are at increased risk for psychosis, but that other ge-
netic or environmental factors are required for this risk to
be expressed. The genetic loci involved may reside elsewhere
in the genome and include those involved more widely in
psychosis, or lie within 22q11. The occurrence of psychosis
does not appear to be related to the size of the deletion
(153). However, it is possible that susceptibility to psychosis
reflects allelic variation of a hemizygous gene or genes within
the deletion. The gene encoding catechol-O-methyltransfer-
ase (COMT), an enzyme involved in the catabolism of cate-
cholamine neurotransmitters, maps to the VCFS region and
is therefore an obvious candidate for influencing the expres-
sion of psychosis in VCES probands. This gene exists in
two allelic forms encoding high- and low-activity isoforms
of the enzyme, and it has been suggested that possession of
the allele for low-activity COMT may be associated with
the occurrence of schizophrenia in VCES (160). However,
Murphy and colleagues (149) found no evidence for an
association between the allele for low-activity COMT and
either schizophrenia or schizotypy in patients with VCES.

FUTURE DIRECTIONS

Refining the Phenotype for Molecular
Genetic Studies

The effectiveness of molecular genetic studies depends on
the genetic validity of the phenotypes studied. Perhaps if
we were better at defining phenotypes, we would be better
at finding genes. It is worth reiterating at this point that
the commonly used diagnostic criteria define phenotypes
with high heritability. In principle, therefore, it should be
possible to identify the genes predisposing to schizophrenia,
as defined by current diagnostic criteria, if sufficiently large
samples are studied. However, perhaps genetic validity
could be improved by focusing on aspects of clinical varia-
tion, such as age at onset or symptom profiles, or by identi-
fying biological markers that predict degree of genetic risk
or define more homogeneous subgroups. Unfortunately, de-
spite much work, it has not been possible to identify geneti-
cally distinct subtypes of schizophrenia. Instead, clinical
variation is likely to reflect at least in part a combination
of quantitative variation in genetic risk for the disorder and
the effect of modifying genes that influence illness expres-
sion rather than the risk for illness per se. Examples of this
phenomenon are probably age at onset and symptom pat-
tern in schizophrenia (161,162).

The search for trait markers aims to move genetic studies
beyond the clinical syndrome by identifying indices of ge-
netic risk that can be measured in asymptomatic persons or
by identifying markers of pathophysiologic processes that
are closer to the primary effects of susceptibility genes than

are clinical symptoms—so-called intermediate phenotypes
or endophenotypes. Work in this area is developing fast; for
example, candidate trait markers for schizophrenia include
schizotypal personality traits, measures of cognitive process-
ing, brain evoked potentials, and abnormalities in eye move-
ments (163). It is also hoped that advances in brain imaging
will lead to the identification of genetically valid trait mark-
ers. However, it seems unlikely that these phenotypes will
provide a rapid solution to the problem. First, we will need
to ensure that the measures used are stable and determine
the extent to which they are affected by state. Second, to
be of use in gene mapping, such measures will have to be
practicably applied to a sufficient number of families or
unrelated patients. Third, we will need to ensure that the
traits identified are highly heritable, which will itself require
a return to classic genetic epidemiology and model fitting.
Finally, we cannot assume that the genetic architecture of
such intermediate phenotypes will be simple.

Efforts to improve the selection of phenotypes are also
concerned with enhancing the traditional categoric ap-
proach to defining psychiatric disorders by identifying ge-
netically valid phenotypes that can be measured quantita-
tively. These can be used in quantitative trait locus
approaches to gene mapping. Work in this area has begun
but still faces problems, particularly those relating to the
confounding influence of state-related effects. Perhaps the
best hope of taking account of the complexity and heteroge-
neity of the schizophrenia phenotype comes from new
methods of analysis in which aspects of the phenotype can
be entered as covariates in linkage analyses (164).

Genome-wide Association Studies

In recent years, interest has increased in the possibility of
systematic, genome-wide association studies (109,165).
These have the potential of allowing systematic searches for
genes of small effect in polygenic disorders. Optimism has
been fueled by the fact that the most abundant form of
genetic variation, the single-nucleotide polymorphism, is
usually bi-allelic and potentially amenable to binary, high-
throughput genotyping assays such as microarrays (so-called
DNA chips). Moreover, as sequence data accumulate, it
has become possible to contemplate the construction and
application of very dense maps of hundreds of thousands
of single-nucleotide polymorphisms (165).

Essentially two types of genome-wide association study
have been proposed: direct and indirect. In the former, asso-
ciation is sought between a disease and a comprehensive
catalogue of every variant that can alter the structure, func-
tion, or expression of every single gene. In contrast, indirect
studies seek associations between markers and disease that
are caused by linkage disequilibrium between the markers
and susceptibility variants. The hope is that if sufficiently
dense marker maps can be applied, it will be possible to
screen the whole genome systematically for evidence of link-
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age disequilibrium without actually having to screen every
functional single-nucleotide polymorphism in the genome.
However, a number of uncertainties and difficulties remain.
These include, in particular, the difficulty of identifying
functional single-nucleotide polymorphisms in regulatory
rather than coding regions of the genome, uncertainty about
the distances over which linkage disequilibrium is main-
tained, and the lack at the present time of a rapid, accurate,
and cheap method for single-nucleotide genotyping (165).

Given these considerations, it seems clear that the era of
genome-wide association studies, direct or indirect, is not
yet at hand. Instead, studies in the next few years should
probably focus mainly on the direct approach utilizing sin-
gle-nucleotide polymorphisms from the coding sequence
that actually alter protein structure in a wide range of func-
tional and positional candidate genes. Preferably, complete
functional systems should be dissected by the application
of sensitive methods for mutation detection, followed by
association studies in appropriately sized samples. We
should also use our knowledge of functional pathways to
make predictions about likely epistasis. However, given our
ignorance of pathophysiology, the expectation should be
that most reported associations will be false and resolved
only by replication in large, well-characterized samples. At
present, although the indirect approach is not widely appli-
cable at a genome-wide level, smaller-scale studies focusing
on specific regions indicated by the results of linkage studies
may allow us to map loci. Additionally, such studies will
generate the sort of data concerning patterns of linkage dis-
equilibrium in typical “association samples” that will be
required to determine whether genome-wide studies are
likely to be feasible and what density of map will be re-
quired.

If the results are encouraging—that is, if linkage disequi-
librium exists across useful distances in the genome—then
until genotyping technology has sufficient capacity to per-
mit mass genotyping at low cost, linkage disequilibrium
analyses at the genome-wide level are most likely to be based
on DNA pooling technologies (166—169).

Identifying Modifying Genes

It is sometimes assumed that variation in the clinical features
of a disease or treatment response simply reflects pleiotropic
effects of etiologic risk factors. However, it is becoming
increasingly apparent that specific genes probably exist that
influence clinical features and treatment response indepen-
dent of those affecting liability. Thus, another potentially
fruitful line of inquiry may be to design studies aimed at
seeking modifying rather than causative genes, as these genes
may in themselves allow novel drug targets to be identified.
Evidence has already been found that variations in age at
onset and symptom pattern in schizophrenia are probably
caused at least in part by modifying genes (161,162). Fur-
thermore, interest is increasing in pharmacogenetics in psy-

chiatry (170), although with some trait markers, we need
to exercise caution in the absence of genetic epidemiologic
evidence that variations in drug response are under genetic
control. We should also not forget that there is no a priori
reason why responses to behavioral and psychological treat-
ments should be less influenced by genetic factors than by
pharmacologic treatments.

Animal Models

Another important challenge will be the development of
suitable animal models to allow functional studies of puta-
tive disease loci (165). Disorders that predominantly involve
higher cognitive function, such as schizophrenia, are likely
to prove difficult to model in animals. However, certain
features of the human phenotype, such as subtle abnormali-
ties of cell migration, enlarged cerebral ventricles, and ab-
normalities of information processing, including defects in
prepulse inhibition, can be detected in animals (171). In
fact, a possible approach to producing a mouse model for
at least some of the schizophrenia phenotype is suggested
by the finding of an increased prevalence of schizophrenia
in VCFS. Currently, attempts are under way to produce
transgenic mice in which the syntenic region of mouse chro-
mosome 16 is deleted (172). These animals should be inves-
tigated closely for neuroanatomic and behavioral pheno-
types of possible relevance to schizophrenia, and such
studies are already yielding encouraging findings (173).

Functional Studies

The most important and most obvious implication of iden-
tifying genetic risk factors for schizophrenia is that it will
inspire a new wave of neurobiological studies from which,
it is hoped, new and more effective therapies will emerge.
However, although the unequivocal identification of associ-
ated genetic variants will represent a great advance, many
years of work will be required before this is likely to translate
to routine clinical practice. An early problem will be to
determine exactly which genetic variant among several in
linkage disequilibrium within a given gene is actually re-
sponsible for the functional variation. Even when a specific
variant within a gene can be identified as the one of func-
tional importance, functional analysis, in terms of effect at
the level of the organism, is likely to be particularly difficult
for behavioral phenotypes in the absence of animal models.
An extra level of complexity is that we will need to be able
to produce model systems, both in vive and in vitro, that
allow gene—gene and gene—environment interaction to be

studied.

Genetic Nosology

Although the development of new therapies will take time,
it is likely that the identification of susceptibility genes will
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have an earlier effect on psychiatric nosology. If genetic risk
factors are correlated with clinical symptoms and syn-
dromes, it should be possible to study heterogeneity and
comorbidity to improve the diagnosis and classification of
psychosis. The prospects will also be enhanced for identify-
ing clinically useful biological markers as an aid to diagnosis,
so that we can move beyond the current situation of making
diagnoses based entirely on clinical signs and symptoms.
Improvements in diagnostic validity will clearly facilitate all
avenues of research into these disorders. However, in the
present context, we should point out that improvements in
diagnosis and classification should enhance our ability to
detect further genetic and environmental risk factors, so that
a positive feedback between nosology, epidemiology, and
molecular genetics can be envisaged.

Molecular Epidemiology

The identification of genetic risk factors can be expected to
provide a new impetus to epidemiologic studies of schizo-
phrenia by allowing researchers to investigate the ways in
which genes and environment interact. Studies of this kind
will require large, epidemiologically based samples together
with the collection of relevant environmental data. This
work could start now with DNA being banked for future
use, although in schizophrenia, the identification of plausi-
ble environmental measures might require clues from the
nature of the genetic risk factors yet to be identified. A
major theme in relation to this work will be the bringing
together of methodologies from genetics and epidemiology,
which have traditionally adopted somewhat differing ana-
lytic approaches (174). Treating susceptibility alleles as risk
factors in an epidemiologic context will allow estimates of
effect sizes within a population to be made. Accounting
for specific genetic effects will also facilitate the search for
independent environmental factors and the investigation of
potential gene—environment interactions. Scientific validity
is likely to be enhanced by ensuring as far as possible that
control samples are drawn from the same base population
as patients. In addition, the use of incident cases should
guard against the risk of identifying loci related to con-
founds, such as chronicity of illness, rather than susceptibil-
ity. Phenotypic assessment is likely to benefit from a pro-
spective element to studies, which counteracts the tendency
of patients to forget historical details and the difficulty of
making observed ratings retrospectively from case records.
However, the price of improved scientific rigor is likely to
be considerably more expensive studies because of the longer
period and larger number of investigators that will be re-
quired to ascertain detailed data from thousands of subjects.

Genetic Testing

A further implication concerns genetic testing. This is a
complex area that raises a number of ethical issues, which

have been discussed elsewhere (175). However, the potential
for predictive testing has probably been overstated, given
that susceptibility to schizophrenia almost certainly depends
on the combined effects of predisposing and protective al-
leles at a number of loci and their interaction with the envi-
ronment. Consequently, until we have a comprehensive
molecular understanding of the etiology of schizophrenia,
the predictive value of genetic testing is likely to be low.
This applies, for example, to apolipoprotein E testing for
late-onset Alzheimer disease, and has led to a recommenda-
tion that such testing not be performed in asymptomatic
persons (175). Indeed, even when all the susceptibility genes
for schizophrenia have been identified, it will still not be
possible to predict the development of disease with certainty
until the relevant genetic and environmental risk and modi-
fying factors have also been identified and the nature of the
various interactions understood. Such interactions may be
complex and unpredictable (165). However, other possible
roles of genetic testing are likely to be of greater value to
patients and clinicians. For example, it might be possible
to optimize treatment choices by testing genes found to
influence treatment responses in psychiatric disorders and
so provide more individualized treatment.

CONCLUSIONS

Attempts to identify the genes that predispose to schizo-
phrenia face formidable challenges arising from both genetic
and phenotypic complexity. Research to date has largely
excluded the possibility that genes of major effect exist even
in a subset of families. Evidence has been obtained of the
location of some genes of moderate effect, but none of these
findings can be regarded as conclusive, and proof in each
case will probably have to await identification of the suscep-
tibility locus itself. The clearest molecular genetic risk factor
for schizophrenia that has been identified to date is deletion
of a gene or several genes on chromosome 22, which can
markedly increase the risk for schizophrenia. However,
fairly strong data suggest that allelic variation in genes en-
coding the 5-HT,, and D3 dopamine receptors confer a
small degree of susceptibility.

As in other common diseases, it is hoped that advances
will come through the use of a new generation of genetic
markers and new methods of genotyping and statistical anal-
ysis (165). However, successful application of these methods
requires access to large, well-characterized patient samples,
and the collection of such data is a priority at the present
time. We need to focus research on the development and
refinement of phenotypic measures and biological markers.
Success will also depend on the traditional medical disci-
plines of clinical description and epidemiology, and on our
ability to integrate these with genetic approaches.



Chapter 49: Molecular and Population Genetics of Schizophrenia

ACKNOWLEDGMENTS

Preparation of this chapter was supported in part by Na-
tional Institute of Mental Health grants 1 ROIMH41879-
01,5 UO1 MH46318-02, and 1 R37MH43518-01 to Dr.
Ming T. Tsuang; the Veterans Administration Medical Re-
search, Health Services Research, and Development and
Cooperative Studies Programs; and a NARSAD Distin-
guished Investigator Award to Dr. Tsuang. Dr. Owen is
supported by the United Kingdom Medical Research Coun-
cil. Dr. Tsuang wishes to acknowledge the assistance of Drs.
Stephen Faraone and William Stone, and Dr. Owen wishes
to acknowledge the assistance of Drs. Michael O’Donovan
and Alastair Cardno in the preparation of this manuscript.

REFERENCES

1.

10.

11.

12.

14.

15.

Bromet EJ, Dew MA, Eaton W. Epidemiology of psychosis
with special reference to schizophrenia. In: Tsuang MT, Tohen
M, Zahner GEP, eds. Textbook in psychiatric epidemiology. New
York: Wiley-Liss, 1995:283-300.

. Bromet EJ, Fennig S. Epidemiology and natural history of schiz-

ophrenia. Biol Psychiatry 1999;46:871—-881.

. Babigian HM. Schizophrenia: epidemiology. In: Freedman AM,

Kaplan HI, Sadock BJ, eds. Comprehensive textbook of psychiatry.
Baltimore: Williams & Wilkins, 1975.

. Beiser M, Iacono WG. An update on the epidemiology of schiz-

ophrenia. Can J Psychiatry 1990;35:657—668.

. Eaton WW. Epidemiology of schizophrenia. Epidemiol Rev

1985;7:105-126.

. Jablensky A. Epidemiology of schizophrenia: a European per-

spective. Schizophr Bull 1986;12:52-73.

. Eaton W, Day R, Kramer M. The use of epidemiology for risk

factor research in schizophrenia: an overview and methodologic
critique. In: Tsuang MT, Simpson JC, eds. Handbook of schizo-
phrenia 3: nosology , epidemiology and genetics. Amsterdam: Else-
vier Science, 1988:151-168.

. Keith §J, Regier DA, Rae DS. Schizophrenic disorders. In: Rob-

bins LN, Regier DA, eds. Psychiatric disorders in America: the
epidemiologic catchment area study. New York: The Free Press,
1991:33-52.

. Kendler KS, Gallagher TJ, Abelson JM, et al. Lifetime preva-

lence, demographic risk factors, and diagnostic validity of nonaf-
fective psychosis as assessed in a U.S. community sample. Arch
Gen Psychiatry 1996;53:1022—-1031.

Torrey F. Prevalence studies in schizophrenia. Br J Psychiatry
1987;150:598—-608.

Tsuang MT, Faraone SV. Schizophrenia. In: Winokur G, Clay-
ton P, eds. Medical basis of psychiatry, second ed. Philadelphia:
WB Saunders, 1994:87—114.

Tsuang MT, Faraone SV, Day M. The schizophrenic disorders.
In: Nicholi AM, ed. The Harvard guide to modern psychiatry.
Cambridge, MA: Belknap Press, 1988:259-295.

. Jablensky A, Sartorius N, Ernberg G, et al. Schizophrenia: mani-

festations, incidence and course in different cultures: a World
Health Organization ten-country study. Psychol Med Monogr
Suppl 1992;20:1-97.

Faraone SV, Chen W], Goldstein JM, et al. Gender differences
in the age at onset of schizophrenia. Br J Psychiatry 1994;164:
625-629.

Goldstein JM, Tsuang MT, Faraone SV. Gender and schizo-

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

683

phrenia: implications for understanding the heterogeneity of
the illness. Psychiatry Res 1989;28:243-253.

Seidman LJ, Goldstein JM, Goodman JM, et al. Sex differences
in olfactory identification and Wisconsin Card Sorting perfor-
mance in schizophrenia: relationship to attention and verbal
ability. Biol Psychiatry 1997;42:104-115.

Faraone SV, Tsuang MT. Methods in psychiatric genetics. In:
Tsuang MT, Tohen M, Zahner GEP, eds. Textbook in psychiat-
ric epidemiology. New York: Wiley-Liss, 1995:81-134.
Gottesman II. Schizophrenia genesis: the origin of madness. New
York: Freeman, 1991.

Gottesman II. Origins of schizophrenia: past as prologue. In:
Plomin R, McClearn GE, eds. Nature nurture and psychology.
Washington, DC: American Psychological Association, 1993:
231-244.

Hovatta L, Terwilliger J, Lichtermann D, et al. Schizophrenia
in the genetic isolate of Finland. Am ] Med Genet (Neuropsychiatr
Genet) 1997;74:353—-360.

Myles-Worsley M, Coon H, Iobech J, et al. Genetic epidemio-
logical study of schizophrenia in Palau, Micronesia: prevalence
and familiality. Am | Med Genet (Neuropsychiatr Genet) 1999;
88:4-10.

Cooper JE, Kendell RE, Gurland BJ, et al. Psychiatric diagnosis
in New York and London: a comparative study of mental hospital
admissions. London: Oxford University Press, 1972 (Institute
of Psychiatry, Maudsley Monographs, No. 20).

Crow TJ. Etiopathogenesis and treatment of psychosis. Annu
Rev Med 1994;45:219-234.

Buka SL, Tsuang MT, Lipsitt LP. Pregnancy/delivery complica-
tions and psychiatric diagnosis. A prospective study. Arch Gen
Psychiatry 1993;50:151-156.

Goldstein JM. Sex and brain abnormalities in schizophrenia:
fact or fiction? Harvard Rev Psychiatry 1996;4:110-115.
Goldstein JM, Seidman L], Goodman J, et al. Sex differences
in structural brain abnormalities in schizophrenia: frontal versus
posterior brain regions. Colorado Springs, CO: International
Congress on Schizophrenia Research. 1997.

Tsuang MT, Faraone SV. The case for heterogeneity in the
etiology of schizophrenia. Schizophr Res 1995;17:161-175.
Zornberg GL, Buka SL, Tsuang MT. Hypoxic ischemia-related
fetal/neonatal complications and risk of schizophrenia and other
nonaffective psychoses: a 19-year longitudinal study. Am J Psy-
chiatry 2000;157:196-202.

Kendler KS, McGuire M, Gruenberg AM, et al. The Roscom-
mon family study. I. Methods, diagnosis of probands, and risk
of schizophrenia in relatives. Arch of Gen Psychiatry 1993;50:
527-540.

Tsuang MT, Winokur G, Crowe RR. Morbidity risks of schizo-
phrenia and affective disorders among first-degree relatives of
patients with schizophrenia, mania, depression and surgical con-
ditions. Br J Psychiatry 1980;137:497—-504.

Guze SB, Cloninger R, Martin RL, et al. A follow-up and family
study of schizophrenia. Arch Gen Psychiatry 1983;40:
1273-1276.

Kendler KS. Overview: current perspective on twin studies of
schizophrenia. Am ] Psychiatry 1983;140:1413—1425.

Prescott CA, Gottesman II. Genetically mediated vulnerability
to schizophrenia. Psychiatr Clin North Am 1993;16:245-267.
Kendler KS, Dichl SR. The genetics of schizophrenia: a current,
genetic-epidemiologic perspective. Schizophr Bull 1993;19:
261-285.

Cannon T, Kaprio J, Lonnqvist ], et al. The genetic epidemiol-
ogy of schizophrenia in a Finnish twin cohort. Arch Gen Psychia-
try 1998;55:67-74.

Cardno AG, Marshall EJ, Coid B, et al. Heritability estimates
for psychotic disorders. Arch Gen Psychiatry 1999;56:162—168.



684

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Neuropsychopharmacology: The Fifth Generation of Progress

Farmer AE, McGuffin P, Gottesman II. Twin concordance for
DSM-III schizophrenia: scrutinizing the validity of the defini-
tion. Arch Gen Psychiatry 1987;44:634—641.

Onstad S, Skre I, Torgersen S, et al. Twin concordance for
DSM-III-R  schizophrenia. Acta Psychiatr Scand 1991;83:
395-401.

Gottesman II, Bertelsen A. Confirming unexpressed genotypes
for schizophrenia. Risks in the offspring of Fischer’s Danish
identical and fraternal discordant twins. Arch Gen Psychiatry
1989;46:867-872.

Fischer M. Psychosis in the offspring of schizophrenic monozy-
gotic twins and their normal co-twins. Br J Psychiatry 1971;
118:43-52.

McNeil TF, Cantor-Graae E, Weinberger DR. Relationship of
obstetric complications and differences in size of brain structures
in monozygotic twins pairs discordant for schizophrenia. Am J
Psychiatry 2000;157:203-212.

Tsujita T, Niikawa N, Yamashita H, et al. Genomic discordance
between monozygotic twins discordant for schizophrenia. Am
J Psychiatry 1998;155:422-424.

Heston LL. Psychiatric disorders in foster home-reared children
of schizophrenic mothers. Br J Psychiatry 1966;112:819—-825.
Kety SS, Rosenthal D, Wender PH, et al. The types and preva-
lence of mental illness in the biological and adoptive families
of adopted schizophrenics. J Psychiatr Res 1968;1:345-362.
Kety SS, Wender PH, Jacobsen B, et al. Mental illness in the
biological and adoptive relatives of schizophrenic adoptees. Rep-
lication of the Copenhagen study in the rest of Denmark. Arch
Gen Psychiatry 1994;51:442—455.

Kendler KS, Gruenberg AM, Kinney DK. Independent diag-
noses of adoptees and relatives as defined by DSM-III in the
provincial and national samples of the Danish adoption study
of schizophrenia. Arch Gen Psychiatry 1994;51:456—468.
Tienari P, Lyman CW, Moring J, et al. The Finnish adoptive
family study of schizophrenia: implications for family research.
Br ] Psychiatry 1994;164[Suppl. 23]:20-26.

Wahlberg K-E, Wynne LC, Oja H, et al. Gene-environment
interaction in vulnerability to schizophrenia: findings from the
Finnish adoptive family study in schizophrenia. Am J Psychiatry
1997;154:355-362.

Gottesman 11, Shields J. Schizophrenia: the epigenetic puzzle.
Cambridge: Cambridge University Press, 1982.

Bertelsen A, Gottesman II. Schizoaffective psychoses: genetic
clues to classification. Am | Med Genet 1995;60:7—-11.
Cannon TD, Mednick SA, Parnas J. Antecedents of predomi-
nantly negative- and predominantly positive-symptom schizo-
phrenia in a high-risk population. Arch Gen Psychiatry 1990;
47:622-632.

Cuesta MJ, Peralta V, Caro F. Premorbid personality in psy-
choses. Schizophr Bull 1999;25:801-811.

Erlenmeyer-Kimling L, Squires-Wheeler E, Adamo UH, et al.
The New York high-risk project. Psychoses and cluster A per-
sonality disorders in offspring of schizophrenic parents at 23
years of follow-up. Arch Gen Psychiatry 1995;52:857-865.
Battaglia M, Torgersen S. Review article. Schizotypal disorder:
at the crossroads of genetics and nosology. Acta Psychiatr Scand
1996;94:303-310.

Tsuang MT, Stone WS, Faraone SV. Schizophrenia: a review
of genetic studies. Harvard Rev Psychiatry 1999;7:185-207.
Baron M, Gruen R, Asnis L, et al. Familial transmission of
schizotypal and borderline personality disorders. Am J Psychiatry
1985;142:927-934.

Gunderson JG, Siever L], Spaulding E. The search for a schi-
zotype: crossing the border again. Arch Gen Psychiatry 1983;40:
15-22.

Kendler KS, Masterson CC, Ungaro R, et al. A family history

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

study of schizophrenia-related personality disorders. Am J Psy-
chiatry 1984;141:424-427.

Coryell WH, Zimmerman M. Personality disorder in the fami-
lies of depressed, schizophrenic, and never-ill probands. Am ]
Psychiatry 1989;146:496—-502.

Torgersen S. Relationship of schizotypal personality disorder to
schizophrenia: genetics. Schizophr Bull 1985;11:554—563.
Clementz BA, Grove WM, Katsanis J, et al. Psychometric detec-
tion of schizotypy: perceptual aberration and physical anhedonia
in relatives of schizophrenics. J Abnorm Psychol 1991;100:
607-612.

Kendler KS, McGuire M, Gruenberg AM, et al. The Roscom-
mon family study. III. Schizophrenia-related personality disor-
ders in relatives. Arch Gen Psychiatry 1993;50:781-788.
Torgersen S. Genetic and nosological aspects of schizotypal and
borderline personality disorders: a twin study. Arch Gen Psychia-
try 1984;41:546-554.

Meehl PE. Schizotaxia, schizotypy, schizophrenia. Am Psychol
1962;17:827-838.

Meehl PE. Schizotaxia revisited. Arch Gen Psychiatry 1989;46:
935-944.

Tsuang MT, Gilbertson MW, Faraone SV. Genetic transmis-
sion of negative and positive symptoms in the biological relatives
of schizophrenics. In: Marneros A, Tsuang MT, Andreasen N,
eds. Positive vs. negative schizophrenia. New York: Springer-Ver-
lag, 1991;265-291.

Faraone SV, Green Al, Seidman L], et al. “Schizotaxia”: clinical
implications and new directions for research. Schizophr Bull
2001;27:1-18.

Faraone SV, Kremen WS, Lyons MJ, et al. Diagnostic accuracy
and linkage analysis: how useful are schizophrenia spectrum
phenotypes? Am ] Psychiatry 1995;152:1286-1290.

Faraone SV, Seidman L], Kremen WS, et al. Neuropsychologi-
cal functioning among the nonpsychotic relatives of schizo-
phrenic patients: diagnostic efficiency analysis. J Abnorm Psychol
1995;104:286-304.

Faraone SV, Seidman L], Kremen WS, et al. Neuropsychologi-
cal functioning among the nonpsychotic relatives of schizo-
phrenic patients: the effect of genetic loading. Biol Psychiatry
2000;48:120—126.

Park S, Holzman PS, Goldman-Rakic PS. Spatial working
memory deficits in the relatives of schizophrenic patients. Arch
Gen Psychiatry 1995;52:821-828.

Tsuang MT, Stone WS, Seidman L], et al. Treatment of nonps-
ychotic relatives of patients with schizophrenia: four case studies.
Biol Psychiatry 1999;41:1412—-1418.

Tsuang MT, Stone WS, Faraone SV. Towards reformulating
the diagnosis of schizophrenia. Am | Psychiatry 2000;157:
1041-1050.

Lalouel JM, Morton NE. Complex segregation analysis with
pointers. Hum Hered 1981;31:312—321.

Morton NE, MacLean CJ. Analysis of family resemblance. III:
Complex segregation analysis of quantitative traits. Am J Hum
Genet 1974;26:489-503.

O’Rourke DH, Gottesman II, Suarez BK, et al. Refutation of
the single locus model for the etiology of schizophrenia. Am ]
Hum Genet 1982;34:630—649.

Risch N, Baron M. Segregation analysis of schizophrenia and
related disorders. Am | Hum Genet 1984;36:1039—1059.
McGue M, Gottesman II. Genetic linkage and schizophrenia:
perspectives from genetic epidemiology. Schizophr Bull 1989;
15:453-464.

Risch N. Linkage strategies for genetically complex traits: I.
Multilocus models. Am | Hum Genet 1990;46:222-228
Goate A, Chartier-Harlin MC, Mullan ME. Segregation of a



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Chapter 49: Molecular and Population Genetics of Schizophrenia

missense mutation in the amyloid precursor protein gene with
familial Alzheimer’s disease. Nature 1991;349:704—7006.
Sherrington R, Rogaev EI, Liang Y, et al. Cloning of a gene
bearing missense mutations in early-onset familial Alzheimer’s
disease. Nature 1995;375:754-760.

Levy-Lahad E, Wasco W, Poorkaj P, et al. Candidate gene for
the chromosome-1 familial Alzheimer’s-disease locus. Science
1995;269:973-977.

Sherrington et al. 1988.

McGuffin P, Owen M]J. Molecular genetic studies of schizo-
phrenia. Cold Spring Harb Symp Quant Biol 1996;61:815—822.
Craddock N, Khodel V, Van Eerdewegh P. Mathematical limits
of multilocus models: the genetic transmission of bipolar disor-
der. Am | Hum Genet 1995;57:690—702.

Gill M, Vallada H, Collier D, et al. A combined analysis of
D225278 marker alleles in affected sib-pairs—support for a sus-
ceptibility locus for schizophrenia at chromosome 22q12. Am
J Med Genet 1996;67:40—45

Levinson DF, Wildenauer DB, Schwab SG, et al. Additional
support for schizophrenia linkage on chromosome-6 and chro-
mosome-8—a multicenter study. Am J Med Gener 1996;67:
580-594.

Moldin SO. The maddening hunt for madness genes. Nar Genet
1997;17:127-129.

Lin MW, Curtis D, Williams N, et al. Suggestive evidence for
linkage of schizophrenia to markers on chromosome 13q14.1-
q22. Psychiatr Genet 1995;5:117-126,

Blouin JL, Dombroski BA, Nath SK, et al. Schizophrenia sus-
ceptibility loci on chromosomes 13q32 and 8p21. Nat Genet
1998;20:70-73.

Brzustowicz LM, Honer WG, Chow EWC, et al. Linkage of
familial schizophrenia to chromosome 13q32. Am | Hum Gener
1999;65:1096—1103.

Schwab SG, Eckstein SG, Hallmayer J, etal. Evidence suggestive
of a locus on chromosome 5q31 contributing to susceptibility
for schizophrenia in German and Israeli families by multipoint
affected sib-pair linkage analysis. Mol Psychiatry 1997;2:
156-160,

Straub RE, Maclean CJ, O’Neill FA, et al. Support for a possible
schizophrenia vulnerability locus in region 5q22-31 in Irish
families. Mol Psychiatry 1997;2:148-155.

Schwab SG, Hallmayer J, Lerer B, et al. Support for a chromo-
some 18p locus conferring susceptibility to functional psychoses
in families with schizophrenia, by association and linkage analy-
sis. Am | Hum Gener 1998;63:1139-1152.

Faraone SV, Matise T, Svrakic D, et al. Genome scan of Euro-
pean-American schizophrenia pedigrees. Results of the NIMH
Genetics Initiative and Millennium Consortium. Am | Med
Genet 1998;81:290-295.

Schwab SG, Hallmayer J, Albus M, et al. A potential susceptibil-
ity locus on chromosome 10p14-p11 in 72 families with schizo-
phrenia. Am | Med Genet 1998;81:528-529.

Straub RE, Maclean CJ, Martin RB, et al. A schizophrenia locus
may be located in region 10p15-pl1. Am J Med Genet 1998;
81:296-301.

Cao Q, Martinez M, Zhang J, et al. Suggestive evidence for
a schizophrenia susceptibility locus on chromosome 6q and a
confirmation in an independent series of pedigrees. Genomics
1997;43:1-8.

Martinez M, Goldin LR, Cao Q, et al. Follow-up study on a
susceptibility locus for schizophrenia on chromosome 6q. Am
J Med Genet 1999;88:337—343.

Brzustowicz L, Hodgkinson K, Chow E, et al. Location of a
major susceptibility locus for familial schizophrenia on chromo-
some 1q21-q22. Science 2000;288:678—-682.

Williams NM, Rees MI, Holmans P, et al. A two-stage genome

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.
123.

124.

685

scan for schizophrenia susceptibility genes in 196 affected sib-
ling pairs. Hum Mol Genet 1999;8:1729-1739.

Lander E, Kruglyak L. Genetic dissection of complex
traits—guidelines for interpreting and reporting linkage results.
Nat Genet 1995;11:241-247.

Suarez BK, Hampe CL, Van Eerdewegh P. Problems of replicat-
ing linkage claims in psychiatry. In: Gershon ES, Cloninger
CR, eds. Genetic approaches to mental disorders. Washington,
DC: American Psychiatric Press, 1994:23—46.

Lander ES, Schork NJ. Genetic dissection of complex traits.
Science 1994;265:2037—-2048.

Lander ES. The new genomics: global view of biology. Science
1996;274:536-539.

Roberts SB, MacLean CJ, Neale MC, et al. Replication of link-
age studies of complex traits: an examination of variation in
location estimates. Am ] Hum Genet 1999;65:876—-884.
Hauser ER, Boehnke M, Guo SW, et al. Affected-sib-pair inter-
val mapping and exclusion for complex genetic traits—sampling
considerations. Gener Epidemiol 1996;13:117—-137.

Scott W, Pericak Vance M, et al. Genetic analysis of complex
diseases. Science 1997;275:1327, discussion 1329—1330.
Risch N, Merikangas K. The future of genetic studies of com-
plex human diseases. Science 1996;273:1516-1517.

Owen MJ, McGuffin P. Association and linkage—complemen-
tary strategies for complex disorders. J Med Gener 1993;30:
638-639.

Owen M], Holmans P, McGuffin P. Association studies in
psychiatric genetics. Mol Psychiatry 1997;2:270-273.

Schaid DJ, Sommer SS. Comparison of statistics for candidate
gene association studies using cases and parents. Am | Hum
Genet 1994;55:402—409

Risch N, Teng J. The relative power of family-based and case-
control designs for linkage disequilibrium studies of complex
human diseases—I. DNA pooling. Genome Res 1998;8:
1273-1288

Inayama Y, Yoneda H, Sakai T, et al. Positive association be-
tween a DNA sequence variant in the serotonin 2A receptor
gene and schizophrenia. Am J Med Gener 1996;67:103—105
Williams J, Spurlock G, McGutffin P, et al. Association between
schizophrenia and T102C polymorphism of the 5-hydroxytryp-
tamine type 2A-receptor gene. Lancer 1996;347:1294—1296.
Spurlock G, Heils A, Holmans P, et al. A family-based associa-
tion study of T102C polymorphism in 5-HT and schizophre-
nia plus identification of new polymorphisms in the promoter.
Mol Psychiatry 1998;3:42—49.

Williams J, McGuffin P, Nothen M, et al. Meta-analysis of
association between the 5-HT2a receptor T102C polymor-
phism and schizophrenia. EMASS Collaborative Group. Euro-
pean Multicentre Association Study of Schizophrenia. Lancet
1997;349:1221.

Bunzel R, Blumcke I, Cichon S, et al. Polymorphic imprinting
of the serotonin-2A (5-HT,a) receptor gene in human adult
brain. Mol Brain Res 1998;59:90—-92

Crocq MA, Mant R, Asherson P, et al. Association between
schizophrenia and homozygosity at the dopamine D3 receptor
gene. | Med Genet 1992;29:858-860.

Williams J, Spurlock G, Holmans P, et al. A meta-analysis and
transmission disequilibrium study of association between the
dopamine D3 receptor gene and schizophrenia. Mol Psychiatry
1998;3:141-149.

Anney et al. (submitted).

Morel BA. Traité des dégénérescences. Paris: JB Bailliere, 1857.
O’Donovan MC, Owen M]J. The molecular genetics of schizo-
phrenia. Ann Med 1996;28:541-546,

Petronis A, Kennedy JL. Unstable genes—unstable mind? Am
J Hum Gener 1996;152:164—172.



686

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Neuropsychopharmacology: The Fifth Generation of Progress

O’Donovan C, Guy C, Craddock N, et al. Schizophrenia and
bipolar disorder are associated with expanded CAG/CTG re-
peats. Nat Genet 1995;10:380—381.

Morris AG, Gaitonde E, McKenna PJ, et al. CAG repeat expan-
sions and schizophrenia—association with disease in females
and with early age at onset. Hum Mol Genet 1995;4:1957-1961.
O’Donovan M, Guy C, Craddock N, et al. Confirmation of
association between expanded CAG/CTG repeats and both
schizophrenia and bipolar disorder. Psychol Med 1996;26:
1145-1153.

Vincent JB, Petronis A, Strong E, et al. Analysis of genome-
wide CAG/CTG repeats, and at SEF2-1B and ERDA] in schizo-
phrenia and bipolar affective disorder. Mol Psychiatry 1999;4:
229-234.

Li et al. 1998.

Laurent C, Zander C, Thibaut F, et al. Anticipation in schizo-
phrenia: no evidence of expanded CAG/CTG repeat sequences
in French families and sporadic cases. Am | Med Genet 1998;
81:342-346

Chandy KG, Fantino E, Wittekindt O, et al. Isolation of a
novel potassium channel gene #SKCa3 containing a polymor-
phic CAG repeat: a candidate for schizophrenia and bipolar
disorder? Mol Psychiatry 1998;3:32-37.

Dror V, Shamir E, Ghanshani S, et al. /KCa3/KCNN3 potas-
sium channel gene: association of longer CAG repeats with
schizophrenia in Israeli Ashkenazi Jews, expression in human
tissues and localization to chromosome 1q21. Mol Psychiatry
1999;4:254-260.

Bowen T, Guy CA, Craddock N, et al. Further support for an
association between a polymorphic CAG repeat in the /KCa3
gene and schizophrenia. Mol Psychiatry 1998;3:266-269.
Wittekindt O, Schwab SG, Burgert E, etal. Association between
hSKCa3 and schizophrenia not confirmed by transmission dis-
equilibrium test in 193 offspring parents trios. Mol Psychiatry
1999;4:267-270.

Stéber G, Jatzke S, Meyer J, et al. Short CAG repeats within
the #SKCa3 gene associated with schizophrenia: results of a
family-based study. Newuroreport 1998;9:3595-3599.

Li T, Hu X, Chandy KG, et al. Transmission disequilibrium
analysis of a triplet repeat within the /KCa3 gene using family
trios with schizophrenia. Biochem Biophys Res Commun 1998;
251:662-665.

Austin CP, Holder DJ, Ma L, et al. Mapping of 4#KCa3 to
chromosome 1q21 and investigation of the linkage of CAG
repeat polymorphism to schizophrenia. Mol Psychiatry 1999;4:
261-266

Tsai MT, Shaw CK, Hsiao KJ, et al. Genetic association study of
a polymorphic CAG repeat array of calcium activated potassium
channel (KCNN3) gene and schizophrenia among the chinese
population from Taiwan. Mol Psychiatry 1998;4:271-273
Joober R, Benkelfat C, Brisebois K, et al. Lack of association
between the ASKCa3 channel gene CAG polymorphism and
schizophrenia. Am | Med Gener 1999;88:154—157.

Bonnet Brilhault F, Laurent C, Campion D, et al. No evidence
for involvement of KCNN3 (hSKCa3) potassium channel gene
in familial and isolated cases of schizophrenia. Eur | Hum Genet
1999;7:247-250

Sidransky E, Burgess C, Ikeuchi T, et al. A triplet repeat on 17q
accounts for most expansions detected by the repeat-expansion-
detection technique. Am | Hum Genet 1998;62:1548—-1551.
Lindblad K, Nylander PO, Zander C, et al. Two commonly
expanded CAG/CTG repeat loci: involvement in affective disor-
ders? Mol Psychiatry 1998;3:405—410.

Ross CA. Schizophrenia genetics: expansion of knowledge? Mo/
Psychiatry 1999;4:4-5

Driscoll DA, Spinner NB, Budarf ML, et al. Deletions and

145.

146.

147.

148.
149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

microdeletions of 22q11.2 in velo-cardio-facial syndrome. Am
J Med Genet 1992;44:261-268.

Shprintzen R, Goldberg RB, Lewin ML, et al. A new syndrome
involving cleft palate, cardiac anomalies, typical facies and learn-
ing disabilities: velo-cardio-facial syndrome. Cleft Palate ] 1978;
15:56-62.

Papolos DF, Faedda GI, Veit S, et al. Bipolar spectrum disorders
in patients diagnosed with velo-cardio-facial syndrome: does a
hemizygous deletion of chromosome 22q11 result in bipolar
affective disorder? Am J Psychiatry 1996;153:1541-1547
Shprintzen R], Goldberg RB, Golding-Kushner KJ. Late-onset
psychosis in the velo-cardio-facial syndrome. Am J Med Gener
1992;42:141-142.

Pulver et al. 1994.

Murphy KC, Jones LA, Owen M]. High rates of schizophrenia
in adults with velo-cardio-facial syndrome. Arch Gen Psychiatry
1999;56:940-945.

Weinberger DR. From neuropathology to neurodevelopment.
Lancet 1995;346:552—-557.

Scambler P, Kelly D, Lindsay E, et al. Velo-cardio-facial syn-
drome associated with chromosome 22 deletions encompassing
the DiGeorge locus. Lancer 1992;339:1138—1139.

Chow EWC, Bassett AS, Weksberg R. Velo-cardio-facial syn-
drome and psychotic disorders: implications for psychiatric ge-
netics. Am | Med Genet 1994;54:107-112.

Karayiorgou M, Morris MA, Morrow B, et al. Schizophrenia
susceptibility associated with interstitial deletions of chromo-
some 22ql1. Proc Natl Acad Sci U S A 1995;92:7612-7616
Gothelf D, Frisch A, Munitz H, et al. Velocardiofacial manifes-
tations and microdeletions in schizophrenic patients. Am J Med
Genet 1997;72:455—-461

Bassett A, Hodgkinson K, Chow EWC, et al. 22q11 deletion
syndrome in adults with schizophrenia. Am | Med Gener 1998;
81:328-337

Murphy KC, Owen M]. The behavioral phenotype in velo-
cardio-facial syndrome. Am | Hum Genet 1997;61[4.SS]:15.
Pulver AE, Karayiorgou M, Wolyniec PS, et al. Sequential strat-
egy to identify a susceptibility gene for schizophrenia—report
of potential linkage on chromosome 22q12-q13.1. Part 1. Am
J Med Genet 1994;54:36—-43.

Lasseter VK, Pulver AE, Wolyniec PS, et al. Follow-up report
of potential linkage for schizophrenia on chromosome 22q.3.
Am | Med Genet 1995;60:172—173.

Shaw SH, Kelly M, Smith AB, et al. A genome wide search for
schizophrenia susceptibility genes. Am J Med Gener 1998;81:
364-376.

Dunham I, Collins J, Wadey R, et al. Possible role for COMT
in psychosis associated with velo-cardio-facial syndrome. Lancet
1992;340:1361-1362.

Kendler KS, Tsuang MT, Hays P. Age at onset in schizophrenia:
a familial perspective. Arch Gen Psychiatry 1987;44:881-890.
Kendler KS, Karkowski-Shuman L, O’Neill FA, et al. Resem-
blance of psychotic symptoms and syndromes in affected sibling
pairs from the Irish study of high-density schizophrenia families:
evidence for possible etiologic heterogeneity. Am | Psychiatry
1997;154:191-198.

DelLisi LE. A critical overview of recent investigations into the
genetics of schizophrenia. Curr Opin Psychiatry 1999;12:29—
39.

Almasy L, Blangero J. Linkage strategies for mapping genes for
complex traits in man. In: Crusio WE, Gerlai RT, eds. Hand-
book of molecular-genetic techniques for brain and behaviour re-
search. Amsterdam: Elsevier Science, 1999:100—112.

Owen M]J, Cardno AG, O’Donovan MC. Psychiatric genetics:
back to the future. Mol Psychiatry 2000;5:22-31.



166.

167.

168.

169.

170.

Chapter 49: Molecular and Population Genetics of Schizophrenia

Barcellos LF, Klitz W, Field L, et al. Association mapping of
disease loci by use of a pooled DNA genomic screen. Am | Hum
Genet 1997;61:734-747.

Daniels J, Holmans P, Williams N, et al. A simple method for
analyzing microsatellite allele image patterns generated from
DNA pools and its application to allelic association studies. Am
J Hum Genet 1998;62:1189-1197.

Fisher PJ, Turic D, Williams NM, et al. DNA pooling identifies
QTTLs for general cognitive ability in children on chromosome
4. Hum Mol Genet 1999;8:915-922.

Kirov G, Williams N, Sham P, et al. Pooled genotyping of
microsatellite markers in parent-offspring trios. Genome Res
2000;10:105-115.

Kerwin R, Owen MJ. The genetics of novel therapeutic targets
in schizophrenia. Br J Psychiatry 1999;174[Suppl 38]:1-4.

171.

172.

173.

174.

175.

687

Wood GK, Tomasiewicz H, Rutishauser U, et al. NCAM-180
knockout mice display increased lateral ventricle size and re-
duced prepulse inhibition of startle. Newuroreport 1998;9:
461-466.

Skoultchi Al, Puech A, Saint-Jore B, et al. Comparative map-
ping of the human and mouse VCFS/DGS syntenic region dis-
closes the presence of a large internal rearrangement. Am J Hum
Genet 1997;61:A296.

Kimber WL, Hsieh P, Hirotsune S, et al. Deletion of 150 kb
in the minimal DiGeorge/velocardiofacial syndrome critical re-
gion in mouse. Hum Mol Gener 1999;8:2229-2237.

Sham PC. Statistical methods in psychiatric genetics. Stat Meth-
ods Med Res 1998;7:279-300.

Farmer A, Owen M]J, McGuffin P. Bioethics and genetics re-
search in psychiatry. Br J Psychiatry 2000;176:105—108.

Neuropsychopharmacology: The Fifth Generation of Progress. Edited by Kenneth L. Davis, Dennis Charney, Joseph T. Coyle, and
Charles Nemeroff. American College of Neuropsychopharmacology © 2002.







