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At the time DNA was discovered 50 years ago, psychi-
atric genetics was in a state of relative dormancy, resulting
from the misuse of genetic theories during the World War
IT era. As the excitement generated by the “new genetics”
spread across medical specialty areas, the second half of
the century was declared the century of the biological sci-
ences, and genetics research blossomed (1). Dismissing
the widespread notion of a basic conflict between human
genetics and religious tenets, Pope Pius XII gave a policy-
setting address in 1953, encouraging the need for system-
atic and ideologically unshackled research in human ge-
netics (1). In the same year as the discovery of DNA, Franz
Kallman'’s review of progress in psychiatric genetics, pub-
lished in The American Journal of Psychiatry, described a
sophisticated series of twin and family studies in the
United States (1-3) and Europe (4, 5) that corroborated the
genetic roots of schizophrenia and manic depressive psy-
chosis that had been demonstrated in the early part of the
20th century. Subsequent research has continued to ex-
pand our knowledge of the genetics of psychiatric disor-
ders. As the classification system has grown more specific,
genetic investigations have continued to demonstrate the
importance of familial and genetic factors underlying
most of the major psychiatric conditions.

Overview of Progress in Genetics
of Psychiatric Disorders

The wealth of data from family, twin, and adoption stud-
ies of the major mental disorders exceeds that of all other
chronic human diseases. The increased recognition of the
role of biologic and genetic vulnerability factors for mental
disorders has led to research with increasing methodologic
sophistication that has spanned the second half of the 20th
century (6-15). There are numerous comprehensive re-
views of genetic research on specific disorders of interest as
well as on psychiatric genetics in general (16-38).

Table 1 presents the relative risks (i.e., proportion af-
fected among first-degree relatives of affected probands
versus those of relatives of nonaffected control subjects)
derived from controlled family studies of selected psychi-
atric disorders. The risk ratios comparing the proportion
of affected relatives of cases versus control subjects are
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greatest for autism, bipolar disorder, and schizophrenia;
intermediate for substance dependence and subtypes of
anxiety, particularly panic; and lowest for major depres-
sion. While family studies indicate the degree to which
diseases aggregate in families, they alone cannot address
the question of genetic versus environmental factors as
the source of such aggregation. For this assessment, un-
usual relationships such as twins, adoptees, or half sib-
lings are required. Estimates of heritability (i.e., the pro-
portion of variance attributable to genetic factors) derived
from twin studies, which compare rates of disorders in
monozygotic and dizygotic twins, reinforce the notion
that genes play a major role in the extent to which mental
disorders run in families. The heritability estimates for
specific disorders shown in Table 1 are parallel to the risk
ratios derived from family studies. Furthermore, adoption
and half-sibling studies also support a genetic basis for the
observed familial aggregation (17).

An illustration of the application of family, twin, and
adoption study research in psychiatry is provided by bi-
polar disorder, which is one of the most widely studied
psychiatric disorders from a genetic perspective (22, 39).
Recent reviews reveal that the weighted average rate of
bipolar disorder among first-degree relatives of bipolar
probands is 5.5%, whereas only 0.6% of the relatives of un-
affected control subjects have a history of bipolar illness,
yielding a risk ratio of 9.2. More refined estimates are avail-
able by age, sex, and comorbid disorders in the proband.
These estimates can be used to estimate the risk to rela-
tives of individuals with these conditions.

Adoption studies are the most powerful design to test
the relative contributions of genetic and environmental
factors to etiology. The aggregate adoption study data on
mood disorders reveal a moderate increase in rates of
mood disorders among biologic compared with adoptive
relatives of adoptees with mood disorders (40). With re-
spect to bipolar disorder, there is little evidence for differ-
ential risk among biologic compared with adoptive rela-
tives of adoptees with bipolar disorder. However, the small
numbers of bipolar adoptees who have been studied (i.e.,
less than 50) do not provide an adequate test of genetic
and environmental influences (41). The most compelling
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TABLE 1. Relative Risks? for Selected Psychiatric Disorders

Disorder Risk Ratio Heritability Estimate
Mood disorders

Bipolar disorder 7-10 0.60-0.70

Major depression 2-3 0.28-0.40
Anxiety

All 4-6 0.30-0.40

Panic disorder 3-8 0.50-0.60
Autism 50-100 0.90
Schizophrenia 8-10 0.80-0.84
Substance dependence 4-8 0.30-0.50

a Proportion of affected first-degree relatives of affected probands
versus the proportion of affected relatives of nonaffected control
subjects.

finding from adoption studies, however, is the dramatic
increase in completed suicide among biological relatives
of mood disorder probands (42, 43).

Methods for Identifying Genes

Linkage and Linkage Disequilibrium

The traditional approach for locating a disease gene in
humans is linkage analysis, which tests the association be-
tween DNA polymorphic markers and affected status
within families. After linkage is detected with an initial
marker, many other markers nearby may also be exam-
ined. Markers showing the strongest correlation with
disease in families are assumed to be closest to the disease
locus.

Linkage analysis uses DNA sequences with high variabil-
ity (i.e., polymorphisms) in order to increase the power to
identify markers that are associated with a disease within
families. Historically, different methodological approaches
have been applied. Earlier linkage studies employed re-
striction fragment length polymorphisms (RFLPs) (45),
whereas subsequent studies examined short tandem re-
peat markers, or “microsatellites” (46)—DNA sequences
that show considerable variability among people but that
have no functional consequences. More recently, linkage
and association studies have examined single nucleotide
polymorphisms (SNPs) to track diseases in families.

Markers in the candidate region identified by linkage
analysis can be used to narrow the location of the disease
gene through linkage disequilibrium analysis. Linkage dis-
equilibrium is a population association between two al-
leles at different loci; it occurs when the same founder mu-
tation exists in a large proportion of affected subjects in
the population studied. Usually, the closer the marker is to
the disease locus, the greater the proportion of affected
subjects who carry the identical allele at the marker (44).
However, in measuring the strength of linkage disequilib-
rium for a given marker, it is also important to select unaf-
fected control subjects from the same population, since
an allele shared among affected subjects may also be com-
mon in the general population and thus shared by chance
rather than due to proximity to the disease locus (44).
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For complex human diseases, a simple mode of genetic
inheritance is not apparent, and indeed, multiple contrib-
uting genetic loci are likely to be involved. Study designs
that do not depend on the particular mode of inheritance
are required for linkage analysis. Since affected relatives
provide most of the information for such analyses, studies
that focus on searching for increased sharing of marker al-
leles above chance expectation among affected relatives
may be employed. The simplest of such studies involves
affected sibships, where allele sharing in excess of 50%
(the expectation when there is no linkage) is sought.

Association Studies

Linkage analysis has not proven successful in identify-
ing genes for most complex diseases, presumably because
the effects of the underlying genes are not strong enough
to be detected by linkage (47). Therefore, genome-wide as-
sociation studies have been offered as a more powerful ap-
proach. Completion of the human genome project has
provided an unprecedented opportunity to identify the ef-
fect of gene variants on complex phenotypes, such as psy-
chiatric disorders. Functional genomics technology in-
volving microarrays and proteomics will provide added
insights regarding gene function on the cellular level, im-
proving our ability to predict phenotypic effects of genes
at the organismic level (44). The recently proposed project
(known as the HapMap project) to develop a map of hu-
man haplotypes, or blocks of genes that may have been
conserved in evolutionary history, has generated consid-
erable enthusiasm for its potential to inform the genetic
basis of complex disorders in the general population.
There has been considerable discussion regarding the
value of studying SNPs with functional significance (47)
versus noncoding or evenly spaced SNPs (48). Botstein
and Risch (49) have proposed that the initial work employ
sequence-based association studies that focus on func-
tional coding regions, rather than a map-based approach
(48, 50, 51) that relies solely on the location of haplotypes
in order to maximize power and efficiency for the detec-
tion of genes for complex human diseases.

Association studies examine candidate genes among af-
fected individuals and unrelated unaffected control sub-
jects. The same limitations that apply to case-control
studies of other risk factors must also be considered in ge-
netic case-control studies. The most serious problem in
the design of association studies is the failure to select
control subjects who are comparable to the cases on all
factors except the disease of interest. Failure to equate
cases and control subjects may lead to confounding (i.e., a
spurious association due to an unmeasured factor that is
associated with both the candidate gene and the disease).
In genetic case-control studies, the most likely source of
confounding is ethnicity because of differential gene and
disease frequencies in different ethnic subgroups. Aside
from confounding, association studies are particularly
prone to false positive findings due to multiple testing
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without correction and the low prior probability of a gene-
disease association (52, 53). The latter problem can be re-
solved in part by the use of more stringent alpha levels
(i.e., false positive error rates) in association studies (47).
In addition, there is a strong publication bias against re-
ports of negative association studies (54).

The Importance of Replication

Within the past two decades, linkage analysis has had
remarkable success in identifying genes for Mendelian
diseases such as cystic fibrosis and Huntington’s disease,
among many others. Several of these genes also account
for an uncommon subset of generally more common dis-
orders such as breast cancer (BRCA1 and 2), colon cancer
(familial adenomatous polyposis), hereditary nonpolypo-
sis colorectal cancer, and Alzheimer’s disease (B-amyloid
precursor protein and presenilin-1 and -2).

Despite these successes, linkage studies of complex dis-
orders have been difficult to replicate. A recent review of
the linkage findings for 31 complex human diseases based
on whole genome screens concluded that the genetic lo-
calization of most susceptibility loci is still imprecise and
difficult to replicate (55). Increased success in the replica-
tion of linkage studies was associated with two study fea-
tures: an increase in the sample size and ethnic homoge-
neity of the sample (55). Hirschhorn et al. (54) conducted
a similar review of genetic association studies and con-
cluded that few were reproducible. Although these latter
reviews do not inspire confidence in the future of these
strategies for identifying genes for complex diseases, the
studies reviewed still represent the early phases of the
application of an extremely powerful technology. Substan-
tial effort will be required to refine phenotypes, identify
sources of complexity, and develop new tools and meth-
ods to maximize the likelihood of identifying genetic risk
factors.

The basis of all scientific research is hypothesis testing
and validation of results by independent researchers. In-
dependent replication, typically viewed as the sine qua
non for accepting a hypothesis, has become an especially
difficult issue in the genetic studies of complex diseases.
When a genetic effect is large, most independent research-
ers can readily obtain similar results with strong levels of
statistical significance (44). Most genes for Mendelian dis-
orders have lived up to this expectation. However, when
genetic effects are weak and possibly context-dependent
(e.g., they may vary by sex, ethnicity, or precision of diag-
nosis), replication may be particularly difficult, and very
large samples may be required before confident conclu-
sions can be drawn.

Application of Linkage and Association
to Psychiatric Disorders

With the aforementioned dramatic advances in molecu-
lar genetics during the past 20 years, there has been a ma-
jor shift in the focus of psychiatric genetic investigations
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from elucidating patterns of familial transmission to local-
izing genes underlying mental disorders using linkage
studies and, more recently, association studies (56, 57).
The early successes of linkage studies of Mendelian dis-
eases generated a strong sense of optimism that the same
approach would be successful for mental disorders and
other complex disorders (58, 59). However, the promise
has been unfulfilled to date (21, 24, 56, 57, 60-65). For ex-
ample, in a recent summary of genome-wide linkage stud-
ies of bipolar disorder based on gene scans in a total of
3,538 affected subjects from 1,119 pedigrees reported in 20
samples, Prathikanti and McMahon (66) concluded that
no two studies conclusively implicated the same region.
The most striking conclusions were that no two studies
employed identical ascertainment procedures and that
there was substantial diversity in sampling and methods.

Because of increasing skepticism in accepting the find-
ings of linkage and association studies, there has been
considerable debate regarding what constitutes accept-
able evidence of a true replication. For example, failure to
replicate an initial report of linkage between schizophre-
nia and a marker on chromosome 1q in 22 families (67, 68)
was attributed to study design (67) and heterogeneity (69),
even though the replication study was conducted on a
very large sample of 722 families (70). There have been
several recent attempts to standardize the criteria for con-
firming linkage and association findings.

The ping-pong game between linkage and association
claims and disconfirmations has been referred to as a
“manic depressive history” by Risch and Botstein (71). It
has been particularly difficult for psychiatric clinicians on
the front lines to interpret progress in psychiatric genetics
because of the inconsistency of findings as well as the dif-
ficulty in comprehending the complex methods of molec-
ular biology and the statistical methods of genetic epide-
miology. Nevertheless, there are several recent promising
findings in psychiatric genetics described in other papers
in this issue, although replication remains the cornerstone
before such findings can be generally accepted. In addi-
tion, the increasing tendency for collaborative efforts on
genetics studies within psychiatry may also help to offset
some of the aforementioned inconsistencies (35, 70, 72).

Sources of Complexity
in Mental Disorders

Two major contributors to the complex patterns of in-
heritance with regard to psychiatric disorders are 1) the
lack of validity of the classification of psychiatric disorders
(e.g., phenotypes or observable aspects of diseases) and
2) the complexity of the pathways from genotypes to psy-
chiatric phenotypes.

Lack of Validity of the Classification System

Psychiatric disorder phenotypes, based solely on clini-
cal manifestations without pathognomonic markers, still
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lack conclusive evidence for the validity of classification
and the reliability of measurement (73). This situation is
not caused by a lack of attention to classification in psy-
chiatry; in fact, advances in the development of standard-
ized classification and assessment methods have super-
seded those of most other clinically defined diagnostic
entities. The development of structured interviews has en-
hanced comparability of diagnostic methods within the
United States and worldwide. There is now an exciting
venture designed to collect information on the prevalence
of mental disorders which is using comparable diagnostic
tools in more than 20 countries under the auspices of the
World Mental Health 2000 Initiative (sponsored by the
World Health Organization) (74).

The continued reliance on the descriptive approach as
the sole basis for diagnosis in psychiatry can be attributed
to the greater complexity of the human brain relative to
other human systems. In fact, mental disorders involve the
highestlevel of human functioning. Therefore, the difficulty
in classifying human cognition, behavior, and emotion is
not unexpected in light of the complex psychological and
physiological states underlying mental function, which is
the product of the entire human experience in adaptation
to the environment (75). Advances in the tools to tap hu-
man brain functioning in vivo have led to dramatic ad-
vances in knowledge about central nervous system func-
tion (76). However, this work is still in its infancy. These
advances are likely to yield valuable information for under-
standing and, hence, classification of mental disorders.

Complex Patterns of Transmission

The application of advances in genomics to mental dis-
orders is still limited by the complexity of the process
through which genes exert their influence. There is sub-
stantial evidence that a lack of one-to-one correspon-
dence between the genotype and phenotype exists for
most of the major mental disorders. Phenomena such as
penetrance (i.e., probability of phenotypic expression
among individuals with a susceptibility gene), variable ex-
pressivity (i.e., variation in clinical expression associated
with a particular gene), gene-environment interaction
(i.e., expression of genotype only in the presence of partic-
ular environmental exposures), pleiotropy (i.e., capacity of
genes to manifest several different phenotypes simulta-
neously), genetic heterogeneity (i.e., different genes lead-
ing to indistinguishable phenotypes), and polygenic and
oligogenic modes of inheritance (i.e., simultaneous con-
tributions of multiple genes rather than Mendelian single-
gene models) are characteristic of the mental disorders, as
they are of numerous other complex disorders for which
susceptibility genes have been identified (77, 78). Other
complicated situations include mitochondrial inherit-
ance, imprinting, and other epigenetic phenomena (79).

The high magnitude of comorbidity and co-aggregation
of index disorders with other major psychiatric disorders
(i.e., bipolar disorder and alcoholism, major depression
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and anxiety disorders, schizophrenia and drug depen-
dence), in part induced by the classification system, has
been demonstrated in both clinical and community stud-
ies (80-85). For example, alcoholism, a well-established
complication of bipolar illness, may mask the underlying
features of bipolarity, leading to phenotypic misclassifica-
tion in genetic studies (86). Nonrandom mating is also a
common phenomenon in mental disorders that impedes
evaluation of patterns of familial transmission (84). As-
sortative mating is particularly pronounced for substance
use disorders for which substance dependence among
spouses of substance dependent probands may be as high
as 90% (84, 87). These phenomena serve to increase the
noise-to-signal ratio in defining the mental disorders for
genetic studies. Studies that attempt to identify the impact
of these phenomena on phenotypic and endophenotypic
expression in individuals and families will bring us closer
to understanding the role of the underlying genes on the
components of mental disorders.

Future Research to Resolve
Sources of Complexity

Use of Endophenotypes for Classification

With plans for the development of the DSM-V under-
way, it is essential that scientific evidence be used to revise
the diagnostic classification system(88). There is abun-
dant research on sources of comorbidity, dimensional
classification of disorders, and inclusion of subthreshold
diagnostic categories and diagnostic spectra (89-91). As
this effort continues, research on the classification of the
phenotype for genetic and other biologic studies should
increasingly strive for classification that may more closely
represent expression of underlying biologic systems.

Phenotypic traits or markers that may represent more
direct expressions of underlying genes and the broader
disease phenotype have been termed “endophenotypes”
(77) (see the review article by Gottesman and Gould in this
issue). Studies of the role of genetic factors involved in
these systems may be far more informative than studies of
the aggregate psychiatric phenotypes. Since endopheno-
types should more clearly represent expression of geno-
types, itis likely that they will help to unravel the complex-
ity of transmission of the mental disorders. Progress in
understanding the pathogenesis of the mental disorders
and their component features will enhance identification
of endophenotypes and provide a more fertile ground for
interaction with basic science. For example, some of the
endophenotypes that may underlie mood disorders in-
clude circadian rhythm, stress reactivity, and mood, sleep,
and appetite regulation (92). Numerous other endophe-
notypes have also been examined for other disorders, in-
cluding schizophrenia (77, 93-95), anxiety disorders (65),
and attention deficit disorder (96). Some examples of the
direct implications of the advances in neuroscience and
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neuroimaging for phenotypic characterization are de-
scribed by Thompson et al. (97) and Dolan (75).

Genetic Epidemiology

Applying the tools of genetic epidemiology, particularly
when coupled with continued progress in the neuro-
sciences and behavioral sciences, is likely to be one of the
most fruitful approaches to resolving sources of complex-
ity in the mental disorders and translating the progress in
genomics to the public (98). Figure 1 shows the classic tri-
angle that illustrates the major focus of epidemiologic in-
vestigations: the products of the interaction between the
host, an infectious or other type of agent, and the environ-
ment that promotes the exposure (99). The factors that
may be associated with increased risk of human disease
are shown under each of the three domains of influence.
The field of genetic epidemiology focuses on the role of
genetic factors that interact with other domains of risk to
enhance vulnerability or protection against disease (100
102). It is quite conceivable that several combinations of
these risk factors could produce similar phenotypes in
susceptible individuals. The test for epidemiology over the
next decades will be to determine the extent to which the
tools can be refined to capture these situations.

Sampling. The shift from systematic large-scale family
studies to linkage studies in psychiatry has led to the col-
lection of families according to very specific sampling
strategies (e.g., many affected relatives, affected sibling
pairs, affected relatives on one side of the family only,
availability of parents for study, etc.) in order to maximize
the power of detecting genes according to the assumed
model of familial transmission. Despite the increase in
power for detecting genes, these sampling approaches
have diminished the generalizability of the study findings
and contribute little else to the knowledge base if genes
are not discovered. As we learn more about the complexity
of genetic risk factors, it may be advisable in the future to
collect both families and control subjects from represen-
tative samples of the population in order to enable estima-
tion of population risk parameters, enhance generalizabil-
ity, and examine the specificity of endophenotypic
transmission.

Study Designs. Epidemiologic studies generally proceed
from retrospective case-control studies to develop specific
hypotheses that can be addressed in prospective cohort
studies in order to demonstrate causality. The major goal
of analytic epidemiology is to identify risk and protective
factors and their causal links to disease, with the ultimate
goal of disease prevention. Genetic epidemiology employs
traditional epidemiologic study designs to identify ex-
planatory factors for aggregation in groups of relatives
ranging from twins to migrant cohorts. The tools of ge-
netic epidemiology will be employed in the era of genom-
ics to derive estimates of the population distribution of
disease genes, to test modes of disease transmission in
systematic samples that are representative of the popula-
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FIGURE 1. The Epidemiologic Triangle
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tion, and to identify sources of gene-environment interac-
tions for diseases. Since epidemiology has developed so-
phisticated designs and analytic methods for identifying
disease risk factors, these methods can now be extended
to include both genes and environmental factors as gene
identification proceeds.

In general, study designs in genetic epidemiology either
control for genetic background while letting the environ-
ment vary (e.g., migrant studies, half siblings, separated
twins) or control for the environment while allowing vari-
ance in the genetic background (e.g., siblings, twins, adop-
tees-nonbiological siblings). Because each of the study de-
signs has both strengths and limitations, it is important to
evaluate aggregaate evidence from multiple approaches
to yield conclusive evidence regarding the role of genetic
and environmental risk factors. Over the next decades, it
will be important to identify and evaluate the effects of
specific environmental factors on disease outcomes and
to refine measurement of environmental exposures to
evaluate specificity of effects.

Migrant studies are perhaps the most powerful study
design to identify environmental and cultural risk factors.
One of the earliest controlled migrant studies evaluated
rates of psychosis among Norwegian immigrants to Min-
nesota compared with native Minnesotans and native
Norwegians (103). The higher rate of psychosis among the
immigrants than in both the native Minnesotans and Nor-
wegians was attributed to greater susceptibility to psycho-
sis among the migrants who left Norway. It was found that
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FIGURE 2. Genetic and Environmental Factors in Alzhei-
mer’s Disease
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migration selection bias was the major explanatory factor
rather than an environmental exposure in the new culture
(103).

Another powerful study design is the nested case-con-
trol study built on an established cohort. Prospective co-
hort studies are also valuable sources of diagnostic stabil-
ity, causal associations between risk factors and disease,
and developmental aspects of psychiatric disorders. Lang-
holz et al. (104) described some of the world’s prospective
cohort studies that may serve as a basis for studies of
gene-disease associations or gene-environment interac-
tions. Finally, the half-sibling approach may eventually re-
place the adoption paradigm to investigate genetic and
environmental effects because of the recent trends toward
selective adoption and the diminishing frequency of
adoptions in the United States and in numerous other
countries (i.e., maternal selection of adoptive parents and
continued contact with biological mothers).

Population-Based Studies. The importance of epide-
miology to the future of genetics has been described by
numerous geneticists and epidemiologists who conclude
that the best strategy for gene identification will ultimately
involve large epidemiologic studies from diverse popula-
tions (39, 44, 47, 98, 105-108). It is likely that population-
based association studies will assume increasing impor-
tance in translating the products of genomics to public
health (47). The term “human genome epidemiology” was
coined by Khoury et al. (108) to denote the emerging field
that employs systematic applications of epidemiologic
methods in population-based studies of the impact of hu-
man genetic variation on health and disease.

There are several reasons that population-based studies
will be critical to the future of genetics. First, the preva-
lence of newly identified polymorphisms, whether SNPs
or other variants, especially in particular population sub-
groups, is not known. Second, current knowledge of genes
as risk factors is based nearly exclusively on clinical and
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nonsystematic samples. Hence, the significance of the
susceptibility alleles that have been identified for cancer,
heart disease, diabetes, and so forth is unknown in the
population at large. In order to provide accurate risk esti-
mates, the next stage of research needs to move beyond
samples identified through affected individuals to the
population in order to obtain estimates of the risk of spe-
cific polymorphisms for the population as a whole. Third,
identification of risk profiles will require very large sam-
ples to assess the significance of vulnerability genes with
relatively low expected population frequencies. Fourth,
similar to the role of epidemiology in quantifying risk as-
sociated with traditional disease risk factors, applications
of human genome epidemiology can provide information
on the specificity, sensitivity, and impact of genetic tests to
inform science and the individual (107).

Because genetic polymorphisms involved in complex
diseases are likely to be nondeterministic (i.e., the marker
neither predicts disease nor nondisease with certainty),
traditional epidemiologic risk factor designs can be used
to estimate their impact (101). As epidemiologists add
genes to their risk equations, it is likely that the contradic-
tory findings from studies that have generally employed
solely environmental risk factors, such as diet, smoking,
alcohol use, etc., will be resolved. Likewise, the studies
that seek solely to identify genes will also continue to be
inconsistent without considering the effects of nongenetic
biologic parameters as well as environmental factors that
contribute to the diseases of interest.

There are several types of risk estimates that are used in
public health. The most common is relative risk, the mag-
nitude of the association between an exposure and dis-
ease. It is independent of the prevalence of the exposure.
The absolute risk is the overall probability of developing a
disease in a particular population (99). The population
attributable risk relates to the risk of a disease in a total
population (exposed and unexposed) and indicates the
amount the disease can be reduced in a population if an
exposure were eliminated. The population attributable
risk depends on the prevalence of the exposure, or in the
case of genes, the gene frequency. Genetic attributable risk
would indicate the proportion of a particular disease that
may be attributed to a particular genetic locus.

Figure 2 illustrates the known genetic and environmen-
tal risk factors for Alzheimer’s disease (109). The orange
areas on the left represent the roles of deterministic genes
(B-amyloid precursor, presenilin-1 and -2) and the suscep-
tibility gene apolipoprotein-E €4 (APOE-¢4) (110). The
blue areas on the right indicate environmental risk and
protective factors, respectively (111-113). Individuals with
mutations in deterministic genes appear to have nearly a
100% chance (i.e., fully penetrant) for the development of
Alzheimer’s disease. Likewise, the relative risk of these
genes would also be quite high. In contrast, because these
mutations are presumed to be very rare in the population,
the population attributable risk is quite low, meaning that
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were these mutations to be eliminated from the popula-
tion, there would be little impact on the prevalence of Alz-
heimer’s disease.

The APOE ¢4 allele has been shown to increase the risk
of Alzheimer’s disease in a dose-dependent fashion. Using
data from a large multiethnic sample collected by more
than 40 research teams, Farrer et al. (114) reported a 2.6
3.2 greater odds of Alzheimer’s disease among those with
one copy, and 14.9 odds of Alzheimer’s disease among
those with two copies of the APOE €4 allele. Moreover,
there was a significant protective effect among those with
the €2/€3 genotype. As opposed to the deterministic muta-
tions, the APOE €4 allele has a very high population attrib-
utable risk because of its high frequency in the population.

Identification of Environmental Factors. The identi-
fication of gene-environment interactions will be one of
the most important future goals of genetic epidemiology.
Newman et al. (115) credit the synergy between genetics
and epidemiology for elucidating the initial gene findings
as well as for the subsequent identification of other sus-
ceptibility alleles and the environmental factors that may
influence the risk of breast cancer in susceptible persons.
Study designs and statistical methods should focus in-
creasingly on gene-environment interaction (116-122).
Evidence is emerging that gene-environment interaction
underlies many of the complex human diseases. Some ex-
amples include inborn errors of metabolism, individual
variation in response to drugs (123), substance use disor-
ders (124, 125), and the protective influence of a deletion
in the CCRS gene on exposure to HIV (79, 126).

With respect to mental disorders, recent reviews of pro-
spective studies that evaluated environmental risk factors
for the common mental disorders ascertained in popula-
tion-based studies yielded few specific environmental
factors that could be etiologically linked with any of the
major mental disorders (127). However, one promising ex-
ception is the increasing evidence from genetic epidemio-
logic studies that environmental exposures including pre-
and perinatal factors, such as viral agents, may enhance
the risk of schizophrenia (128). Other informative study
designs for identifying gene-environment interactions in-
clude migrant studies and genetic case-control studies in
which the cases may be defined by a genetic susceptibility
marker.

Future research designed to identify environmental
factors that operate either specifically or nonspecifically
on those with susceptibility to mental disorders may pro-
vide an important opportunity for prevention and inter-
vention, once susceptibility genes have been identified.
The recent advances in understanding the bidirectional
communication of neural systems and experience (76)
provide an ideal opportunity to apply genetic epidemio-
logic methods such as case-control and prospective co-
hort studies. Increased knowledge of the developmental
pathways of emotion, cognition, and behavior will expand
our ability to identify specific environmental factors such
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FIGURE 3. The Perils of Genetic Determinism?
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“You were to have inherited all this, son,
but genetic screening hos indicated
you're oo big of o heolth risk.™

as infection, poor diet, prenatal environment, and early
life experiences that interact with the genetic architecture
of mood regulation and cognition (129).

Impact of Genomics on Psychiatric
Science and Practice

Will genomics lead to changes in medical practice and
transform psychiatric genetics?

In a recent summary of implications of the genome for
medical practice, Varmus (130) concluded that despite the
journalistic hyperbole, the sequencing of the human ge-
nome is unlikely to lead to either a radical transformation
of medical practice or even to an information-based sci-
ence that can predict with certainty future diseases and ef-
fective treatment interventions. Although this skepticism
may be somewhat extreme, it is clear that progress in ge-
nomics has far outweighed advances in our understand-
ing of psychiatric phenotypes and the complexity under-
lying their etiology, as well as our current armamentarium
to identify genetic and environmental risk factors. There-
fore, despite the extraordinary opportunity for under-
standing disease pathogenesis afforded by the technical
advances and availability of rapidly expanding genetic da-
tabases, it is unlikely that we will soon experience the light
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speed progress of genomics in understanding, treating, or
preventing major mental disorders. The chasm between
genetic information and clinical utility should gradually
close as we develop new methods and tools in human ge-
netic and clinical research to maximize the knowledge af-
forded by the exciting advances in genomics.

Increased integration of advances in neuroscience (131)
and genomics (see the series of papers in the New England
Journal of Medicine such as the primer by Guttmacher and
Collins [79]), along with information from population-
based studies and longitudinal cohorts, innovations in our
conceptualizations of the mental disorders, and the iden-
tification of specific risk and protective factors, will lead to
more informed intervention strategies in psychiatry. As we
learn more about the role of genes as risk factors, rather
than as the chief causes of common human diseases, it
will be essential to provide accurate risk estimation and to
inform the public of the need for population-based inte-
grated data on genetic, biologic, and environmental risk
factors.

The goal of genomics research is ultimately prevention,
the cornerstone of public health. Gaining understanding
of the significance of genetic risk factors and learning
proper interpretation of their meaning for patients and
their families will ultimately become part of clinical prac-
tice, and clinicians will be involved more than ever in
helping patients to comprehend the meaning and poten-
tial impact of genetic risk for nonpsychiatric disorders as
well. As our knowledge on the role of genes for mental dis-
orders advances, it will be incumbent upon clinicians to
become familiar with knowledge gleaned from genetic ep-
idemiologic and genomics research. However, the deter-
ministic view of the father in this father-son pair in Figure
3 is unlikely to be scientifically justified anytime soon. In
the meanwhile, recurrence risk estimates from family
studies constitute the best available knowledge on which
to predict the risk of the development of mental disorders.
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