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Foreword

The Double Helix 50 Years Later:
Implications for Psychiatry

Fifty years ago, we knew the “double helix” was a piv-
otal discovery, despite the studied understatement with which we con-
cluded our paper in Nature. But even we did not anticipate the richness
and diversity of the discoveries that would occur over the ensuing
years. We certainly did not expect that 50 years later our work and its
biomedical implications would be the focus of a special commemora-
tive issue of The American Journal of Psychiatry, which would later be ex-
panded and republished as a book!

I am deeply gratified, however, that this progression has occurred,
and that in 2004 we actually know enough about the relationship be-
tween genes and the illnesses that affect the mind and brain to have this
topic featured in the world’s most widely read psychiatric journal. I am
gratified as well that the ramifications are so many and varied. In the
21st century, psychiatrists are being invited to think about animal mod-
els of the illnesses they observe daily in human beings and to recognize
that these models will aid in the development of new medications to
treat mental illnesses. Psychiatrists are being challenged to learn about
the new technologies and terminologies—microarrays, haplotype maps,
and promotor regions—that have arisen as a consequence of the enor-
mous progress that has occurred in molecular biology. Most important,
as this book demonstrates, the tools of molecular biology are now being
applied to improve understanding of both normal behavioral varia-
tions, and also the mechanisms of a wide variety of complex disorders
such as schizophrenia, mood disorders, and substance abuse.

Xi
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I am confident that during the upcoming years the heritage of the
double helix will help psychiatrists, neuroscientists, and behavioral sci-
entists unlock many secrets of the mind and brain. Although challeng-
ing because of their genetic complexity, mental illnesses are among the
most important diseases to be studied with the tools of molecular biol-
ogy. Their effects are devastating to both patients and their families.
Therefore, I proudly look forward to continuing to both foster and fol-
low the discoveries about their mechanisms and treatment that are cer-
tain to occur as a consequence of our modest achievement 50 years ago.

James D. Watson, Ph.D.



Introduction

From Molecule to Mind:
Genetics, Genomics, and
Psychiatry

It is likely that in April of 1953 very few psychiatrists
took note of a one-page paper in Nature written by James Watson and
Francis Crick. In fact, it is quite probable that few psychiatrists today
have actually read this classic in the history of science, although the
enormous attention created by the sequencing of the human genome
has certainly placed genetics and genomics on the radar screen for all of
us. This book is designed both to commemorate and honor the “double
helix discovery” and to prepare psychiatrists for the “genomic era” that
will unfold during the 21st century.

We have reprinted the original Nature paper here for all to read. We
are honored to be able to include some comments by James Watson as
well as by Marshall Nirenberg recipient of the 1968 Nobel in Medicine
for discovering that RNA is used for protein synthesis. We also have in-
cluded six highly educational overview chapters by distinguished au-
thors, beginning with an excellent summary and methodological
critique by Kenneth Kendler of the various techniques currently being
used in psychiatric genetics studies. Thomas Insel and Francis Collins,
the Directors of NIMH and the National Human Genome Research In-
stitute, respectively, provide an insightful discussion on the general
topic of psychiatry in the genomics era. The subsequent chapters of this
book continue the presentation of a variety of genetic perspectives and
topics—endophenotypes, animal models, microarrays, and general
strategies for identifying the genetic mechanisms of mental illnesses—
all written by leaders in the field.

Xiii
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Some of you may be shaking your heads and wondering if all this
“technical stuff” really has anything to do with psychiatry, or if it will
change your daily practice in any way. Believe me—it will. The question
is not a matter of “if” but “when?” So right now is the time to start ed-
ucating yourself about it, if you haven’t already. The genomics era has
implications for all of us, whatever our intellectual and philosophical
approach to psychiatry and whatever mix of patients we treat.

If the past is any predictor of the future, then I would infer that we
cannot come close to imagining how much the genomic revolution will
change psychiatry during the next 50 years. As explained by Kathleen
Ries Merikangas and Neil Risch, the genetic contributions to major
mental illnesses have been well recognized for more than a century. The
genetic contributions to other human traits and variations are increas-
ingly being studied and documented, as demonstrated by the article on
shyness in this issue. It will take time and a great deal of work, but over
the coming decades we are certain to learn much more about the move-
ment from molecules to minds—how our genes contribute to who and
what each of us is, and how and why some of us move from the normal
continuum into a state of pathology.

As a psychiatrist who has struggled to help people with serious
mental illnesses for 30 years, I welcome the era of the genome with great
hope. The “genomics era” is about much more than “finding genes.” It
is about understanding how they get turned on, or turned off. It is about
examining the complex interactions between genes and the huge array
of nongenetic factors that influence their effects. It is about our capacity
as scientists and clinicians to improve diagnosis, treatment, and, ulti-
mately, prevention. The tools described in this issue will gradually and
steadily be used to identify new ways to intervene and prevent, or ways
to treat more effectively and intelligently.

During the 21st century, a story whose plot we do not yet know will
certainly unfold. Whatever its specific content, it will be about how we
can move from studying and understanding molecules to studying and
understanding the human mind. During this journey from molecule to
mind, we will discover many ways to ameliorate and perhaps prevent
some of the untold human suffering caused by mental illnesses. Prepare
yourselves to understand this journey by reading this book!

Nancy C. Andreasen, M.D., Ph.D.



1 Molecular Structure of
" Nucleic Acids

A Structure for Deoxyribose
Nucleic Acid

J. D. Watson
F. H. C. Crick

We wish to suggest a structure for the salt of deoxyri-
bose nucleic acid (D.N.A.). This structure has novel features which are
of considerable biological interest.

A structure for nucleic acid has already been proposed by Pauling
and Corey.! They kindly made their manuscript available to us in ad-
vance of publication. Their model consists of three intertwined chains,
with the phosphates near the fibre axis, and the bases on the outside. In
our opinion, this structure is unsatisfactory for two reasons: 1) We be-
lieve that the material which gives the X-ray diagrams is the salt, not the
free acid. Without the acidic hydrogen atoms it is not clear what forces
would hold the structure together, especially as the negatively charged
phosphates near the axis will repel each other. 2) Some of the van der
Waals distances appear to be too small.

Another three-chain structure has also been suggested by Fraser (in
the press). In his model the phosphates are on the outside and the bases
on the inside, linked together by hydrogen bonds. This structure as de-

Medical Research Council Unit for the Study of the Molecular Structure of Bio-
logical Systems, Cavendish Laboratory, Cambridge. April 2.

Reprinted by permission from Nature vol. 171:737-738 (1953). Copyright ©
2003 Macmillan Publishers Ltd.
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Figure 1.

This figure is purely diagrammatic. The two ribbons symbolize the two phosphate-sugar
chains, and the horizontal rods the pairs of bases holding the chains together. The vertical
line marks the fibre axis.

scribed is rather ill-defined, and for this reason we shall not comment
on it.

We wish to put forward a radically different structure for the salt of
deoxyribose nucleic acid. This structure has two helical chains each
coiled round the same axis (see diagram). We have made the usual
chemical assumptions, namely, that each chain consists of phosphate
diester groups joining B-D-deoxyribofuranose residues with 3',5" link-
ages. The two chains (but not their bases) are related by a dyad perpen-
dicular to the fibre axis. Both chains follow right-handed helices, but
owing to the dyad the sequences of the atoms in the two chains run in
opposite directions. Each chain loosely resembles Furberg’s? model No. 1;
that is, the bases are on the inside of the helix and the phosphates on the
outside. The configuration of the sugar and the atoms near it is close to
Furberg’s ‘standard configuration’, the sugar being roughly perpendic-
ular to the attached base. There is a residue on each chain every 3.4 A.
in the z-direction. We have assumed an angle of 36° between adjacent
residues in the same chain, so that the structure repeats after 10 residues
on each chain, that is, after 34 A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on the outside, cations
have easy access to them.
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The structure is an open one, and its water content is rather high. At
lower water contents we would expect the bases to tilt so that the struc-
ture could become more compact.

The novel feature of the structure is the manner in which the two
chains are held together by the purine and pyrimidine bases. The planes
of the bases are perpendicular to the fibre axis. They are joined together
in pairs, a single base from one chain being hydrogen-bonded to a sin-
gle base from the other chain, so that the two lie side by side with iden-
tical z-co-ordinates. One of the pair must be a purine and the other a
pyrimidine for bonding to occur. The hydrogen bonds are made as fol-
lows: purine position 1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only occur in the structure in the most
plausible tautomeric forms (that is, with the keto rather than the enol
configurations) it is found that only specific pairs of bases can bond to-
gether. These pairs are: adenine (purine) with thymine (pyrimidine),
and guanine (purine) with cytosine (pyrimidine).

In other words, if an adenine forms one member of a pair, on either
chain, then on these assumptions the other member must be thymine;
similarly for guanine and cytosine. The sequence of bases on a single
chain does not appear to be restricted in any way. However, if only spe-
cific pairs of bases can be formed, it follows that if the sequence of bases
on one chain is given, then the sequence on the other chain is automat-
ically determined.

It has been found experimentally® 4 that the ratio of the amounts of
adenine to thymine, and the ratio of guanine to cytosine, are always
very close to unity for deoxyribose nucleic acid.

It is probably impossible to build this structure with a ribose sugar
in place of the deoxyribose, as the extra oxygen atom would make too
close a van der Waals contact. The previously published X-ray data>®
on deoxyribose nucleic acid are insufficient for a rigorous test of our
structure. So far as we can tell, it is roughly compatible with the exper-
imental data, but it must be regarded as unproved until it has been
checked against more exact results. Some of these are given in the fol-
lowing communications. We were not aware of the details of the results
presented there when we devised our structure, which rests mainly
though not entirely on published experimental data and stereochemical
arguments.

It has not escaped our notice that the specific pairing we have pos-
tulated immediately suggests a possible copying mechanism for the ge-
netic material.

Full details of the structure, including the conditions assumed in
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building it, together with a set of co-ordinates for the atoms, will be
published elsewhere.

We are much indebted to Dr. Jerry Donohue for constant advice and
criticism, especially on interatomic distances. We have also been stimu-
lated by a knowledge of the general nature of the unpublished experi-
mental results and ideas of Dr. M.H.F. Wilkins, Dr. R.E. Franklin and
their co-workers at King's College, London. One of us (J.D.W.) has been
aided by a fellowship from the National Foundation for Infantile Paral-

ysis.
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2 Psychiatric Genetics

A Methodologic Critique

Kenneth S. Kendler, M.D.

Over the last several decades, as the field of psychiat-
ric genetics has grown in size and influence, several distinct paradigms
have emerged that approach from different perspectives the goal of un-
derstanding the role of genetic factors in the etiology of psychiatric dis-
orders. In this article, I describe these paradigms, review their strengths
and weaknesses, summarize scientific progress made in each area, and
then explore the conceptual and philosophical issues posed by these
paradigms and their interrelationship.

While psychiatric genetic strategies can be useful in clarifying the
action of environmental factors, this essay will focus on genetic effects.
We will not review problems of statistical power that are critical for all
paradigms.

The Four Paradigms—Explication

Paradigm 1—Basic Genetic Epidemiology

As outlined in Table 1, the goal of basic genetic epidemiology is to
quantify the degree to which individual differences in risk (more tech-
nically “liability”) to illness result from familial effects (as assessed by a

Supported in part by NIH grants MH-41953, MH/AA /DA-49492, and DA-
11287; the Rachel Brown Banks Endowment Fund; and a Fritz Redlich Fellow-
ship at the Center for Advanced Study in the Behavioral Sciences.

The author thanks Kenneth Schaffner, M.D., Ph.D.; Jonathan Flint, M.D.; and
Carol Prescott, Ph.D., for helpful comments on an earlier version.
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Table 1. Four major paradigms of psychiatric genetics

Method of
Paradigm Samples studied inquiry Scientific goals
1. Basic genetic  Family, twin, and Statistical To quantify the
epidemiology  adoption studies degree of familial
aggregation and/or
heritability
2. Advanced Family, twin, and Statistical To explore the nature
genetic adoption studies and mode of action
epidemiology of genetic risk
factors
3. Gene finding High-density Statistical To determine the
families, trios, case- genomic location
control samples and identity of
susceptibility genes
4. Molecular Individuals Biological To identify critical
genetics DNA variants and

trace the biological
pathways from
DNA to disorder

family study) or genetic factors (as determined by twin or adoption
studies). While family, twin, and adoption studies can each be used to
address the issues of basic (and advanced) genetic epidemiology, they
differ in approach and emphasis. For the sake of simplicity, I focus here
on twin studies; twin studies constitute the area of my own expertise,
and these studies have seen the greatest recent growth, driven by the
widening availability of twin registries! and sophisticated analytic
tools.?

For twin studies, the task of basic genetic epidemiology is to esti-
mate the proportion of liability in a given population due to genetic dif-
ferences between individuals. This proportion is called heritability. The
statistical model that forms the basis of these calculations (the liability-
threshold model)># assumes a sufficiently large number of individual
genetic and environmental risk factors of sufficiently small individual
effect that the central limit theorem applies—that is, the resulting distri-
bution of liability in the population approximates normality.® In this es-
say, I refer to “genes” identified by genetic epidemiologic methods as
genetic risk factors to distinguish them from susceptibility genes, which
are identified by paradigms 3 and 4.
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Paradigm 2—Advanced Genetic Epidemiology

Given the demonstration of significant heritability, the goal of ad-
vanced genetic epidemiology is to explore the nature and mode of ac-
tion of these genetic risk factors. Potential questions include:®”

1. Are these genetic risk factors specific to a given disorder or shared
with other psychiatric or substance use disorders?

2. Do these genetic risk factors affect disease risk similarly in males
and females?

3. To what extent are the effects of these genetic risk factors mediated
through intermediate phenotypes such as personality or neuropsy-
chological processes?

4. Do these genetic risk factors moderate the effect of environmental
risk factors on disease liability (genetic control of sensitivity to the
environment)?8

5. Do these genetic risk factors affect disease risk through altering the
probability of exposure to environmental risk factors (genetic con-
trol of exposure to the environment)??

6. Does the action of these risk factors change as a function of the de-
velopmental stage of the individual?

7. Do historical experiences moderate the effect of genetic risk factors
so that heritability might differ across historical cohorts?

8. For disorders that have multiple stages (e.g., substantial alcohol con-
sumption must proceed from but does not always lead to alcohol de-
pendence), what is the relationship between the genetic risk factors
for these various stages?

9. Does the level of heritability for a disorder differ across populations?

In both the basic and advanced genetic epidemiologic research par-
adigms, genetic risk factors are not directly measured. Rather their ex-
istence is inferred—by using well-understood statistical methods—
from the patterns of resemblance among particular classes of relatives
such as monozygotic versus dizygotic twins or biological parents and
their adopted-away offspring.

Paradigm 3—Gene Finding

The goal of gene finding methods is to determine the locations on the
genome of genes (or more technically loci) variation, which influences
liability to psychiatric disorders. While molecular methods are used for
detecting the genetic variants (or “markers”) that are critical to these
analyses, gene finding methods are statistical in nature. By examining
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the distribution of genetic markers within families or populations, these
methods (linkage and/or association) infer the probability that a locus
in the genomic region under investigation contributes to disease liabil-
ity. A further and more refined goal for paradigm 3 is to clarify the his-
tory of the pathogenic variant or variants in the susceptibility gene by
determining the background pieces of DNA (termed “haplotypes”) on
which these variants are found.

Paradigm 4—Molecular Genetics

The goal of the molecular genetic paradigm in psychiatric genetics is to
trace the biological mechanisms by which the DNA variant identified
with gene finding methods contributes to the disorder itself. The first
and most critical goal is to identify the change in gene function and/or
expression resulting from the identified DNA variant. The more com-
plex goal involves the use of a wide range of methods (e.g., molecular,
pharmacological, imaging, neuropsychological) to trace, at a basic bio-
logical level, the etiologic pathway(s) from the DNA variant to the ab-
normal brain/mind functioning that characterizes the disorder.

The Four Paradigms—Strengths and
Limitations

Basic Genetic Epidemiology

Basic genetic epidemiology has the following important strengths:

1. The convincing demonstration of heritability allows for the defini-
tive rejection of the “radical environmentalist” position, which as-
serts that a clustering of illness within families is ipso facto evidence
for the importance of familial-environmental risk factors. For exam-
ple, it has been argued that the familial clustering of schizophrenia
and schizophrenia spectrum traits such as deviant communication
patterns indicates that schizophrenia can be “taught” by parents to
their children.’ In the psychological, sociological or epidemiologic
literature, papers can still be found that assume that parental smok-
ing is a psychosocial risk factor for smoking!? or that parent-offspring
transmission of romantic relationship style!! can be assumed to be a
result solely of social learning.

2. Basic genetic epidemiologic methods assess the aggregate effects of
all genetic risk factors regardless of their location on the genome or
their individual effect size. These methods therefore provide an
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overall assessment for a given population of the etiologic impor-
tance of genetic variation.

3. Positive results from the basic method—the clear demonstration of
genetic risk factors—provides a foundation for further work in
which the methods of advanced genetic epidemiology are used.

Basic genetic epidemiologic methods have the following critical lim-
itations:

1. The ultimate goal of science is commonly conceived to be the eluci-
dation of causal processes. By this criterion, the basic genetic epide-
miologic paradigm is unsatisfactory because it is fundamentally
descriptive in nature. While this method quantifies the importance
of genetic risk factors, it provides no insight into causal or explana-
tory pathways.

2. Heritability estimates apply to populations and not to individuals.
Indeed, the heritability of a disorder in an individual is undefined.

3. Ina given population with a particular set of genes, the heritability
of a disorder is not immutable and would change by the introduc-
tion of new sources of environmental risk. Thus, the magnitude of
heritability is not solely a result of gene action. Rather, it is a ratio of
the variance in risk in a population due to genetic differences be-
tween individuals and the total variance of risk in that population.
There is no a priori reason why the heritability of a disorder should
be the same across different human populations or historical peri-
ods, which likely contain differences in the distribution of both ge-
netic and environmental risk factors. Therefore, contrary to common
usage, “heritability” does not designate a characteristic of a disorder
or a trait but only of a disorder or trait in a specific population at a
specific time.

4. The liability-threshold model that underlies most genetic epidemio-
logic analyses is biologically nonspecific and quite divorced from ac-
tual genetic processes. The assumptions of this model (large number
of risk loci with very small individual effects) constitute a biological
null hypothesis, which is difficult to reject but provides little insight
into underlying biological processes.

5. The relationship between heritability and feasibility of gene finding
is strong only at one extreme; if heritability is zero, gene finding
methods will not succeed. However, given nonzero heritability esti-
mates, the magnitude of these estimates provides little to no infor-
mation about the ease of gene finding. This is because heritability
estimates assess only aggregate genetic effect and are uninformative
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about the distribution of genetic risk across the genome. It can be
easy to find genes for traits with low heritability if most of that ge-
netic risk is concentrated in one genomic location and /or the genetic
effects are particularly strong only in some families. It can be very
difficult to localize genetic risk for a disorder with high heritability
if the disorder is influenced slightly by variation at many loci widely
spread throughout the genome. For example, while the heritability
of breast cancer is modest,'? researchers have identified two major
genes (BRCA1 and BRCA2)3 in which mutations can occur that are
responsible for a large proportion of familial breast cancers.

6. For the estimate of heritability, twin studies rely critically on excess phe-
notypic resemblance in monozygotic versus dizygotic twins. Nonge-
netic processes that cause such excess resemblance will bias heritability
estimates. While evidence suggests that such biases are probably not
large,® the observational, nonexperimental nature of genetic epidemiol-
ogy makes it difficult to rule out such biases definitively.

Advanced Genetic Epidemiology

The most important strength of advanced genetic epidemiologic meth-
ods is that they move beyond the descriptive approach of paradigm 1
to an exploration of the action of genetic risk factors. Some of these
methods, for example, incorporate environmental risk factors or inter-
mediate phenotypes in the analyses. Most important, many of these
methods begin to address questions of causal processes (e.g., questions
3-8 listed earlier).

The major limitations of the advanced genetic epidemiologic meth-
ods are extensions of the limitations listed earlier for the basic meth-
ods—especially points 2, 3, and 6. While such advanced methods can
approach causal issues, they are addressed by tracing processes be-
tween latent statistically defined genetic risk factors. For example, the
latent genetic risk factors for major depression and schizophrenia may
act in part by influencing the personality trait of neuroticism!#!% and at-
tentional and executive processes,'®17 respectively. Since neuroticism
and attention may be more basic constructs than major depression and
schizophrenia, these analyses would constitute a reductive form of ex-
planation—that is explaining a higher-order complex phenomenon as a
manifestation of simpler, more basic processes. However, advanced ge-
netic epidemiology offers only partial reductive explanations involving
several adjacent levels of a complex causal chain. These causal explana-
tions cannot reach the level of basic genetic/biological processes, such
as DNA base-pair variation.!8
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Gene Finding

Gene finding methods have the following critical strengths:

1. While statistical in nature, these methods have underlying assump-
tions that are firmly based on the well-characterized biological pro-
cess of meiosis—that is genetic recombination and segregation.

2. The results of gene finding methods are more specific, informative,
and falsifiable than those from basic genetic epidemiology. By most
criteria, these characteristics mean that the results of gene finding
methods would have greater scientific value.!?

3. Because these methods are based on sound and well-understood ge-
netic principles, positive results for gene finding methods present a
natural basis for further work with the molecular genetic paradigm.

Gene finding methods have the following critical limitations:

1. As with heritability calculations, the statistical methods for gene lo-
calization do not solely reflect gene action but rather assess the ratio
of genetic to total variance in liability. The evidence for linkage in a
family would vary as a function of the potency and frequency of the
environmental risk factors to which its members were exposed.

2. While gene finding methods detect susceptibility genes over small
regions of the genome, there is no guarantee that the actual suscep-
tibility gene itself will be easy to determine. Even with relatively
large samples, the size of the “high-risk” region detected by linkage
analysis can be quite large, containing dozens to hundreds of possi-
ble susceptibility genes.?” In experimental organisms, examples are
now emerging of single “signals,” obtained by gene finding meth-
ods, that on closer examination, turn out to reflect multiple individ-
ual genetic loci.?1?2

3. While basic genetic epidemiology performs one test to determine
the presence of genetic risk factors, gene finding methods have to
perform many individual tests to detect susceptibility genes. Be-
cause genetic risk factors have been found for nearly all psychiatric
and drug abuse disorders examined to date, the hypothesis tested in
paradigm 1 (e.g., genetic risk factors exist for disorder X) has a high
a priori probability. By contrast, the hypothesis tested in gene find-
ing methods (that a small region of the genome contains a suscepti-
bility gene for disorder X) is much less likely to be true. Statistical
theory predicts that positive results from basic genetic epidemiology
studies (one test with high a priori probability) will prove much
more reliable than positive results from gene finding methods
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(many tests with low a priori probabilities). As discussed later in this
article, this prediction is well borne out.

Molecular Genetics

Molecular genetics has a single overwhelming strength. That is, its
methods raise the possibility of reductive biological explanations that
would elucidate the causal chain from molecular variation in DNA to
the manifestations of psychiatric disorders. Unlike paradigms 1-3, mo-
lecular genetics is not fundamentally statistical in nature but rather re-
flects the biological reductive model of science that has been frequently
successful in biomedicine.

Molecular genetics also has one noteworthy weakness: Many prac-
tical problems stand in the way of clarifying what may be the extraor-
dinarily complex biological pathways from DNA variation to psychiatric
disorders. The individual genetic variants that cause classic genetic dis-
orders are usually easy to detect because they reflect alterations in cod-
ing for key amino acids or the destruction of well-defined regulatory
sequences. However, the DNA variants that predispose to complex dis-
eases (including psychiatric disorders) may be more subtle in their ac-
tion and more difficult to detect. Efforts to understand in basic
biological terms even the simplest of behaviors in model organisms
have met with substantial difficulties.?3?* Molecular genetics also needs
to be concerned about how disease risk arises from interactions be-
tween genetically controlled biological processes and environmentally
induced changes in brain function.

However, the power of molecular biology and neuroscience is also
increasing rapidly, so there is reason for guarded optimism that if
pathogenic DNA variants are found for psychiatric disorders, it will be
ultimately possible to use these variants to gain invaluable insights into
the etiology of these disorders.

The Four Paradigms—Selective Review of
Current Status

In this section my goal is to provide a brief survey of the current status
of knowledge in these four paradigm areas so as to inform the following
discussion of interrelationships among the paradigms.

Basic Genetic Epidemiology

Familial and more specifically genetic risk factors have been found for
every psychiatric and drug use disorder that has been the subject of se-
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rious study. For most disorders, evidence for genetic risk factors has by
now been replicated by using the same research design (most com-
monly twin studies), and for some disorders (e.g., schizophrenia and al-
coholism), the evidence has been replicated across twin and adoption
designs. For several disorders (including alcoholism, drug abuse, and
depression), twin studies with broadly comparable results have been
conducted by using clinical and epidemiologic methods of ascertain-
ment. With only a few exceptions, the consistency of results across stud-
ies has been high, and this consistency has been confirmed by the first
series of meta-analyses.?>28

As results have accumulated, it has become clear that heritability es-
timates probably differ meaningfully between disorders, with the high-
est heritability found for schizophrenia and bipolar illness and the lowest
for anxiety disorders. The heritability of alcohol and drug use disorders
is at least as high as that found for more traditional psychiatric disorders
such as depression and bulimia. Unless there are strong and consistent
methodologic biases operating across study designs, this growing body
of work indicates that genetic risk factors are of substantial etiologic im-
portance for all major psychiatric and drug use disorders.

Advanced Genetic Epidemiology

A wide variety of work has been produced in recent years with this par-
adigm. This review focuses on six areas. First, a number of adoption
and twin studies have provided evidence for genotype-by-environment
interaction. Genetic risk factors may frequently influence liability to
psychiatric disorders by moderating the pathogenic effect of environ-
mental risk factors. Second, a number of multivariate analyses have in-
dicated that genetic risk factors are often not specific for individual
psychiatric or drug abuse diagnoses but rather influence liability for a
range of disorders. Sets of genetic risk factors are unlikely to map
cleanly onto the nosologic categories of DSM-IV-TR or ICD-10. Third, a
number of classic “environmental” risk factors for psychiatric illness,
including stressful life events, social support, and the quality of parent-
ing, are moderately influenced by genetic factors. Genetic risk factors
may influence susceptibility to psychiatric disorders in part by altering
the probability of exposure to certain environmental stressors. Fourth,
sex effects may be as important in psychiatric genetics as they have long
proven to be in psychiatric epidemiology. The genetic risk factors for
several common psychiatric disorders may not be entirely the same in
men and women. Fifth, partially distinct genetic risk factors act at the
multiple stages in the development of substance abuse and depen-
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dence. The genetic risk factors influencing the probability of misusing a
substance are only partly correlated with those factors that affect risk
for initiation of substance use. Sixth, key transitional events in human
development may moderate the effect of genetic risk factors. For exam-
ple, the genetic risk factors that predispose to anxiety disorders in pre-
pubertal girls may increase the risk for depression after puberty.

Gene Finding

A very large number of candidate gene association studies have been
reported for numerous psychiatric and drug abuse disorders. The inter-
pretation of these findings remains problematic. Recent reviews have
documented what many suspected—that a substantial proportion of
positive results in gene association studies for complex disorders do not
survive the test of replication.?** Probably only one association finding
(variation in aldehyde dehydrogenase activity and risk for alcoholism
in Asian populations) is well understood biologically, has been consis-
tently replicated, and has proven to have a substantial effect on risk. A
number of other findings have been replicated more frequently than ex-
pected by chance and may reflect true positive findings.

Whole genome linkage scans have been reported for many psychi-
atric and substance use disorders, including schizophrenia, bipolar dis-
order, alcoholism, autism, attention deficit hyperactivity disorder,
bulimia, panic disorder, nicotine dependence, and major depression. A
sufficient number of linkage studies of schizophrenia and bipolar ill-
ness have been conducted to show that the rate of replication of positive
regions across studies has been low. This pattern contrasts strikingly
with the high level of consistency seen in the results of basic genetic ep-
idemiologic studies—for example, the results of twin and family stud-
ies of schizophrenia.?!

Rigorous meta-analyses of linkage studies of psychiatric disorders
are beginning to appear. Particularly noteworthy are two recent studies
that utilized raw results of genome linkage scans for schizophrenia and
bipolar illness.??33 The agreement in regions showing linkage was sub-
stantially in excess of chance expectations for schizophrenia, but the re-
sults were less clear for bipolar illness.

The last year has seen encouraging advances with a positional can-
didate gene strategy, in which association methods are applied to ge-
nomic regions identified through linkage results. Variants in several
genes that appear to affect risk for schizophrenia have been found by
using these methods, and replications are appearing for some of them.3
This field is moving quickly and is likely to have changed substantially
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by the time this article is in print. Increasing efforts have also been
made, with some success, to clarify the DNA background (or haplo-
types) on which the pathogenic variants in these susceptibility genes
occur (e.g., references 35 and 36).

Molecular Genetics

We have, in the last year, seen the first really viable efforts to trace the
biological pathways from potential susceptibility genes to psychiatric
phenotypes. For example, mice were developed in which neuregulin 1,
one of the recently identified potential susceptibility genes for schizo-
phrenia, was knocked out (rendered nonfunctional).?” These mice dem-
onstrated reduced expression of N-methyl-D-aspartic acid receptors
and abnormalities in prepulse inhibition—a neuropsychological fea-
ture found to be, on average, impaired in patients with schizophrenia.
Efforts have begun to try to define a common pathway for the molecu-
lar affects of identified potential susceptibility genes in deficits that
might form part of the pathway from susceptibility genes to the clinical
phenotype of schizophrenia.

The Four Paradigms—Interrelationships

Within the field of psychiatric genetics, how should these paradigms in-
terrelate? Positive results from paradigm 1 lead directly to questions
posed in paradigm 2. To confirm the statistical signals of gene finding
studies (paradigm 3), it is natural to study the biological changes pro-
duced by these genetic variants (paradigm 4). More problematic is the
nature of the relationship between paradigms 1 and 2 (hereafter genetic
epidemiology) and paradigms 3 and 4 (hereafter gene identification).

The crux of this problem is the relationship between genetic risk fac-
tors as defined by genetic epidemiology and susceptibility genes as de-
fined by gene identification methods. (This issue is similar, but not
identical to, a long-standing debate in the philosophy of biology about
the relationship between classic or Mendelian genetics and molecular
genetics [see chapters 6 and 7 in reference 38].) Our problem is how to
answer a deceptively simple question—are genetic risk factors simply
the statistical signals of susceptibility genes? This question can be
framed in more philosophical language as, Do genetic risk factors re-
duce to susceptibility genes?

This central question must be evaluated with great care, because it
can be addressed on two different levels with divergent answers. On a
theoretical level, the results of twin and adoption studies, if properly
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conducted, should reflect the distal effects of genetic variation coded in
DNA. (No one actively working in psychiatric genetics argues seriously
that heritability as assessed in twin or adoption studies emerges from a
vitalistic force, although this was advocated in the past in both biologi-
cal and philosophical circles.) At this theoretical level, therefore, the an-
swer to this question is clear—genetic risk factors are nothing more than
signals of susceptibility genes.

However, at a practical level, the answer is more murky in at least
two important ways. First, it can be genuinely debated whether it will
ever be possible, regardless of technological advances, to trace in a clear
and unambiguous fashion a complete set of causal links from DNA
base-pair variation to a complex biobehavioral phenomenon such as
schizophrenia or major depression. Advocates of these sorts of reduc-
tive models argue correctly that the power of emerging technologies to
address seemingly intractable scientific questions has more often been
under- than overestimated. Furthermore, new analytic methods (such
as network theory,?® which could replace unrealistically simplistic lin-
ear causal models) may provide an important impetus for further ad-
vances. However, the problems of psychiatric illness, involving some of
the most complex conceivable questions, including questions of con-
sciousness, self-concept, and reality testing, may involve emergent
properties that are not predictable from basic biological phenomena
such as DNA variation.

Second, if genetic risk factors are merely manifestations of suscepti-
bility genes, we should be able to use paradigm 3 to confirm the results
of paradigm 1. If there is a dispute about whether a twin or adoption
study was correct in its conclusion that disorder X is heritable, then we
should be able to evaluate these results by linkage and/or association
studies. However, while this idea may seem sensible, it is, in practical
terms, wrong. If a twin study of disorder X indicated a heritability of
40% and a well-conducted genome scan showed no regions of signifi-
cant linkage, it would not be sound to argue, on the basis of the linkage
result, that the twin study was in error.

The reason for this apparently paradoxical situation is largely the
blunt power of gene identification methods combined with the possibil-
ity that genetic risk factors may reflect the combined signal of many
susceptibility genes of small individual effect. With an infinite sample
size, genotyping methods without error, and yet-to-be-designed statis-
tical tools, it might be theoretically possible for gene identification
methods to uncover all of the susceptibility genes that form the biolog-
ical basis for genetic risk factors and to clarify how they combine and
interact to produce a specific level of disease liability. Whether such
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findings will ever be possible is open to debate. If they will be, we are
currently a very long way from that goal.

The practical difficulty of moving from paradigms 1 and 2 to para-
digms 3 and 4 leaves a gap in the conceptual framework of psychiatric
genetics. Itis not yet clear whether we can easily get from genetic risk fac-
tors to susceptibility genes. Therefore, genetic epidemiologic and gene
identification paradigms do not currently relate to one another as do
many paradigms in the physical sciences, in which results at a more ab-
stract level can be clearly reduced to more basic methods and definitively
confirmed or refuted by the application of these more basic methods.

Competing Paradigms

Some historical periods in science are marked by competing para-
digms.*? Such a historical/sociological perspective can be usefully ap-
plied to the field of psychiatric genetics, where the two broad camps
that have adopted genetic epidemiology or gene identification methods
as their main paradigm struggle with each other to attract resources
and students. Members of these two groups often attend different sci-
entific meetings. Stereotypes have developed among genetic epidemi-
ologists, who characterize molecular geneticists as “gene jocks.” Gene
finders in turn describe genetic epidemiologists as “just interested in
statistics—not in real genes.” Over recent years, gene identification
methods have gained in prominence, partly at the expense of genetic
epidemiologic approaches.

Competition between scientific paradigms most commonly results
in one of two outcomes: replacement or integration. In replacement, one
paradigm loses, disappearing from the scientific scene. This was the
resolution of the competition between the Ptolemaic and Copernican
models for planetary motion. In integration, the two paradigms are in-
corporated into a unified approach. For example, the older paradigm
might serve as a useful approximation for the newer paradigm in a lim-
ited set of circumstances. While the interpretation is not without contro-
versy (see references 40 and 41), many would see the retention of
Newtonian mechanics after the introduction of the theory of relativity
(because, with commonly encountered speeds and masses, the two sys-
tems produce indistinguishable predictions) as an example of integra-
tion of scientific paradigms.

Which of these models best applies to the competing paradigms
within psychiatric genetics? While the future is uncertain, a time may
come when it is easy and cheap to sequence individual genomes and suf-
ficient statistical tools have been developed that gene identification meth-
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ods will completely replace genetic epidemiology. Instead of having to
infer genetic risk factors from patterns of resemblance across relatives, as
is now done in genetic epidemiologic paradigms, it may be possible to
measure directly all relevant variants within susceptibility genes and to
combine this information with relevant environmental exposures to deter-
mine individual liability. These developments would allow a great in-
crease in statistical power because genetic risk could be determined
directly and would not need to be inferred by the risk of illness in relatives.

However, if they are ever achievable, such capabilities will not be
available for a substantial period of time. Therefore, the field of psychi-
atric genetics would be better served currently by working toward a
model of integration. Such a model would require an appreciation of
the complementary sources of information obtained by genetic epide-
miologic and gene identification approaches. The major advantage of
genetic epidemiologic methods is that they permit us to assess the mag-
nitude of total genetic influences and then explore how those influences
act and interact with various aspects of the internal and external envi-
ronment. However, most of these questions can also be addressed by
using gene identification methods, but only at the level of specific genes
or genomic regions. Two examples will illustrate this development. Ad-
vanced genetic epidemiology has suggested that the genetic risk factors
for the personality trait of neuroticism may be correlated but not iden-
tical in men and women.'##2 A linkage study of neuroticism has re-
cently suggested specific genomic locations for these genes that have
different effects in the two sexes.*3 A prior twin study suggested that ge-
netic risk factors for major depression in part acted through increasing
sensitivity to the depressogenic effects of stressful life events.** A recent
association study has suggested that having a variant in the serotonin
transporter gene increases an individual’s risk for developing depres-
sion after exposure to high levels of stress.*> These two kinds of knowl-
edge (at the aggregate level for all genetic risk factors and at the level of
specific susceptibility genes) are by their nature complementary.

However, there are important questions asked of psychiatric genet-
ics that can be well answered only at the level of aggregate risk. Exam-
ples of scenarios involving such questions would include:

1. A large private foundation wants to invest considerable research
funds in investigating the etiology of disorder X. In determining
how to divide these funds between strategies emphasizing genetic
versus environmental risk factors, the foundation representatives
turn to psychiatric genetics and ask, “Overall, how important are ge-
netic versus environmental risk factors for disorder X?”
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2. A committee for DSM-V is having a hard time determining whether
syndromes A and B should be placed in the same or different diag-
nostic categories. They plan to collect data on several diagnostic val-
idators, such as response to treatment and course. However, given
prior evidence that both syndromes are heritable, they are particu-
larly hopeful that genetic studies will provide definitive information
to clarify how closely related the genetic risk factors are for these
two disorders.

3. A state legislature is considering a large program to reduce youths’
access to alcohol, with the hope that the program will reduce future
rates of alcoholism. They know that early onset of alcohol use is as-
sociated with later alcoholism but turn to psychiatric genetics to
help them evaluate whether that link is causal. Does early onset of
alcohol use actually cause future alcoholism, or is the association be-
tween early onset of alcohol use and later alcoholism a result of their
both being manifestations of an underlying (partly genetic) liability
to deviancy?

4. Aresearch team is funded to conduct a large controlled trial of anti-
psychotic agents in individuals with schizotypal personality disor-
der. To increase their chances of obtaining positive results, they turn
to psychiatric genetics to obtain a definition of this disorder that
maximizes its genetic relationship to schizophrenia.

In each of these scenarios, the question cannot be currently an-
swered by using gene identification methods. It requires the ability to
assess total genetic risk—currently only possible with genetic epidemi-
ologic methods.

Psychiatric Genetics and Reductive
Models for Psychopathology

This review of the relative merits of genetic epidemiologic and gene
identification approaches to psychiatric genetics can be productively
viewed as part of a broader discussion about the relative value of
“hard” reductive models in psychiatry versus “explanatory plural-
ism.”4 With the remarkable advances in neuroscience and molecular
biology, an increasingly common view within psychiatry, and espe-
cially biological psychiatry, is that the only valid etiologic models for
psychiatric disorders are in basic biological or molecular terms. By con-
trast, advocates of explanatory pluralism would argue that our igno-
rance about the underlying causes of psychiatric illness is so profound
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that we are not in a position to be so selective about the origins of our
knowledge. We should not reject, they would argue, partial etiologic
explanations, even when they are expressed in nonbiological terms.
They would see this kind of patchy reduction to be a much more realis-
tic goal than a complete top-to-bottom hard reductive model.#”

(Advocates of explanatory pluralism are also often skeptical of the
claims of hard reductive models that typically assume clear one-to-one
relationships between basic biological processes—such as DNA vari-
ants in a susceptibility gene—and psychiatric disorders. They would ar-
gue that the intervening processes are of such complexity that “many-
to-many” relationships are much more likely, because many different
susceptibility genes would predispose to one disorder, and variants in
one susceptibility gene could, depending on other genes or environ-
mental exposure, predispose to different disorders.)

The question of the relationship between “hard reduction” and ex-
planatory pluralism can be best illustrated by a thought experiment.
Imagine there were 15 levels of the mind /brain system separating DNA
variants and the clinical diagnosis of major depression. (These levels
would include processes best conceptualized within a biological frame-
work, such as intracellular signal pathways, cellular organization, local
synaptic connections, and neuroanatomical pathways, as well as con-
structs best understood within a psychological framework, including
attachment history, self-esteem, and personality.) Gene identification
methods have predominantly focused on trying to directly connect
level 1 (DNA variation) to level 15 (major depression).

While complex genetic epidemiology has begun to evaluate reduc-
tive models, they differ from those explored by gene identification
methods. Consider the evidence that genetic risk factors for the person-
ality trait of neuroticism are closely related to the genetic risk factors for
major depression.!* In our thought experiment, this study might be
seen as having established a link between level 12 (personality) and
level 15 (major depression). Is this study a useful contribution to the
psychiatric genetics literature?

Advocates of hard reductive models would argue “no,” probably
claiming that all this research does is relate a fuzzy psychiatric disorder
to an equally fuzzy psychological construct. For them, a reductive
model has to go all the way down to basic biological processes to be
valid and useful. By contrast, advocates of explanatory pluralism
would argue that this study has produced a useful insight, by making
an etiologic connection between two different scientific constructs (per-
sonality and psychopathology) at somewhat different levels of abstrac-
tion, each having its own literature and set of associated insights.
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Conclusion

Psychiatric genetics currently employs a range of research paradigms
that can be usefully organized into four groups: basic genetic epidemi-
ology, advanced genetic epidemiology, gene finding methods, and mo-
lecular genetics. In this article, I explored the methods employed and
the questions asked in each of these paradigms and then briefly re-
viewed the current status of work in each area. Due to both practical re-
search limitations and the potential theoretical properties of complex
systems, a substantial conceptual discontinuity divides the field. It is
not clear how easy it will be to get from genetic risk factors, as deter-
mined by genetic epidemiologic methods, to susceptibility genes, as de-
termined by molecular genetics.

While genetic epidemiology may eventually be replaced by gene
identification methods, this development is sufficiently far in the future
that the field of psychiatric genetics will benefit from attempts to inte-
grate these various paradigms, which will require an appreciation of
their complementary strengths and limitations. The optimal framework
within which to pursue this integration is one of explanatory pluralism,
which requires the realization that a restriction to hard reductionist
models is counterproductive, given the current immature status of the
science. Partial or patchy reductions—for which genetic epidemiologic
models are particularly well suited—have an important role to play in
future advances in the field.
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3 Psychiatry in the
am——"_@Genomics Era

Thomas R. Insel, M.D.
Francis S. Collins, M.D., Ph.D.

We wish to suggest a structure for the salt of deoxyribose nu-
cleic acid (D.N.A.). This structure has novel features which
are of considerable biological interest.

].D. Watson & F.H.C. Crick

It has now been 50 years since Watson and Crick’s
landmark paper on the double helical structure of DNA was published
in Nature (see Chapter 1).! This 1-page paper with a single simple figure
and six references sparked a revolution in the life sciences that contin-
ued through the latter half of the 20th century, yielding the powerful
tools of modern molecular biology, the biotechnology revolution, and,
in the past 2 years, the sequencing of the human genome. It is probably
a safe bet that, until recently, most readers of The American Journal of Psy-
chiatry would have considered this revolution more relevant to their
stock portfolios than their clinical practices. As we look beyond the 50th
anniversary of the Watson and Crick publication, it is timely to ask
whether genomics will become relevant to the practice of psychiatry,
and, if so, what the timetable will be. In this commentary we argue that
genomics may soon become an important aspect of psychiatry, and we
consider what genomics can and cannot do for mental disorders.

Let’s start with a few definitions. A gene is simply a sequence of
DNA that provides a critical code for messenger RNA, which in turn is
translated into protein. How is genomics different from genetics? Ge-
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nomics and genetics both study the transmission of traits across gener-
ations (an interest of Darwin and Freud as well as Mendel). Genetics is
the study of single genes and their effects. Genomics is the more ambi-
tious study of all the genes in the genome, including their function, their
interaction, and their role in a variety of common disorders that are not
due to single genes.? Advanced draft descriptions of the human ge-
nome have now been published,® # and the complete sequence is soon
expected in public databases. The number of genes is around 30,000,
with these genes spaced unevenly across the 2.9 gigabases of DNA that
constitute the human genome.

While we note a growing tendency to refer to this period following
the sequencing effort as the post-genomic era, we want to emphasize
that, from a discovery perspective, we are just entering the genomic era.
Certainly, there are many mysteries still to be explained. For instance,
less than 2% of the DNA in the genome codes for proteins. The >98%
that remains consists of vast repetitive stretches of DNA and other se-
quences that may have regulatory effects or may be a nonfunctional re-
sidual of evolution. While this >98% of the genome has been frequently
disregarded as “junk DNA,” it almost certainly has important functions
still to be discovered. As evidence, a recent comparison of the human
and mouse genomes® revealed that the protein-coding regions account
for less than half of the DNA that has been strongly conserved over the
70 million years since humans and rodents diverged. The conservation
of millions of base pairs of DNA that do not code for protein suggests
that these regions might be functional. It is certain that some of these
conserved segments will be found to be involved in regulating gene ex-
pression by serving as target sites for protein factors that regulate tran-
scription. Others may act by producing small RNA fragments that
interfere with gene expression or may confer other biological functions
not yet understood.

The arrangement of genes across the genome is strikingly uneven.
Some chromosomes (17, 19, and 22) are gene dense and some (13, 18,
and 21) are sufficiently gene poor that trisomy (having a third copy) is
nonlethal. We do not understand the importance, if any, of this variation
in gene density across chromosomes, although it may have something
to do with position in the interphase nucleus. The number of genes is
itself a mystery, with humans having essentially the same number as
mice (27,000-30,500),° less than twice the number of the nematode C. el-
egans (approx. 19,700)¢ and slightly more than twice the number of the
fly Drosophila (approx. 13,600).” But the relatively low number of genes
may be misleading, since the original dogma that each gene specifies
only a single protein has now been supplanted by the observation that
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single genes routinely make multiple proteins through the mechanism
of alternative splicing.® By alternative arrangements of RNA following
transcription of the DNA, 30,000 genes can code for 100,000 proteins.
Adding posttranslational modifications (i.e., changes to the protein fol-
lowing translation from RNA) like proteolysis, phosphorylation, and
glycosylation may ultimately yield as many as 1,000,000 different hu-
man proteins.

Single-Gene Disorders

For nearly 100 years, inherited factors have been recognized in certain
families with a Mendelian pattern of transmission. These genetic dis-
eases fall into dominant, recessive, and X-linked modes of inheritance,
but all share transmission via a single gene. The online index of the
Mendelian Inheritance in Man (OMIM) currently lists mutations in over
1,200 genes that cause single-gene disorders.” Most of these diseases are
uncommon, and many do not have major psychiatric manifestations,
but they collectively have taught us three lessons that are important in-
sights for the role of genomics in psychiatry. First, there is genetic het-
erogeneity: the same syndrome can result from several different
mutations in the same gene or even mutations in different genes. As
many as 180 different mutations of the vasopressin (V2) receptor gene
have been reported to cause nephrogenic diabetes insipidus,!? and fa-
milial early onset Alzheimer’s disease can arise from mutations in the
p-amyloid precursor protein, presenilin-1, or presenilin-2.1'" 12 Con-
versely, there is variable penetrance: the same mutation in the same
gene can result in highly variable phenotypic results. For instance, the
gene mutation that results in neurofibromatosis type 1 (von Reckling-
hausen’s disease) can manifest as neurofibromas, malignant peripheral
nerve sheath tumors, and bone lesions, but the same exact mutation in
blood relatives can manifest as a subclinical phenotype with only a few
axillary freckles or café-au-lait spots.'®> The extent of pathology, the lo-
cation of pathology, or the age of onset can be influenced by modifier
genes, by environmental factors, or by poorly understood effects that
contribute to differences in severity. Finally, a more practical (but less
permanent) observation: the discovery of genes for many of these dis-
orders, such as cystic fibrosis or Huntington’s chorea, have thus far
proven highly informative for investigating the biology of these ill-
nesses but have not yet altered the treatment in any major way. This is
an important theoretical as well as practical point. Single-gene diseases
are “simple” in terms of the location of the genetic lesion, but they
rarely have “simple” or unitary consequences. For instance, a mutation
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may not only reduce function, it may cause a gain of function of the pro-
tein product (as in Huntington’s disease, where an abnormal and ap-
parently toxic protein is produced). Moreover, alterations in the
function of a single gene almost always exert their effects within a com-
plex cascade of intracellular events (the protein product of the gene mu-
tation seen in neurofibromatosis type 1, for instance, is a negative
regulator of Ras, an intracellular messenger critical for many kinds of
signaling). Successful treatment approaches may therefore ultimately
target a downstream mediator (which may be more accessible for drug
treatment) and not the abnormal protein product of the gene with the
mutation. The point then is that the discovery of a mutation provides an
important starting point for understanding the pathophysiology of the
disease. Treatment development requires intensive study of these mo-
lecular pathways in cultured cells and whole animals to identify the
best target for preventing pathology.

Genomics and Psychiatry

We suspect that more than 99% of what has been written about genes
and the brain has focused on less than 1% of the genome (about 300
genes). Based on research in the mouse brain, at least 55% of the genes
(i.e., roughly 16,500 genes) are expressed in the brain.'* Thus, we have
a treasure trove of new genes to explore, including many that may
prove more important than the few neurotransmitters and intracellular
signaling molecules that have been studied so intensively these past 50
years.

Although these new genes will teach us much about how the brain
develops and functions, we are not likely to find many single-gene
Mendelian disorders in psychiatry. Even in autism, which has the high-
est heritability of any psychiatric disorder, as many as 10 genes have
been suggested on the basis of modeling the inheritance pattern.'®
Rather than looking for rare mutations in genes with big effects, com-
plex genetic disorders involve relatively common variations in multiple
genes, each of which has a weak effect. In mental disorders, we are
therefore looking at multiple factors that cumulatively make an indi-
vidual susceptible or vulnerable. Moreover, unlike other complex ge-
netic disorders such as hypertension or diabetes, mental disorders have
a complex phenotype for which reliable quantitative traits like blood
pressure or blood glucose have been difficult to identify and validate.
This shortcoming may be partly overcome with the identification of en-
dophenotypes, such as eye tracking, sensorimotor gating, or measures
of working memory in schizophrenia, which yield stable quantitative
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traits more reliable than clinical state for characterizing the transmis-
sion of mental disorders.!®

Finding genetic factors in mental disorders, whether via linkage or
association studies, has proven expensive and, until recently, frustrat-
ing. In the past year, several promising candidates have emerged as vul-
nerability genes for schizophrenia, including neuregulin-1, catechol O-
methyltransferase, dysbindin, and G72.17-22 There are promising leads
in autism, depression, bipolar disorder, and panic disorder as well.??
Anyone who follows psychiatric genetics has learned to be careful with
new reports of genes for mental disorders, since the history of this field
is mired in nonreplications and disappointments. We empathize with
healthy skepticism, but we caution against unhealthy cynicism. With
the evidence of heritability in all of these disorders, there is no question
that susceptibility genes for all of these disorders will ultimately be
found. In fact, with the recent initiation of an international project to de-
termine a haplotype map of the entire human genome (which will map
variation in large stretches of DNA), the era of whole genome associa-
tion studies is likely to be only a few years away. Such studies are ex-
pected to have much greater power than the family-based linkage
studies that have until now been the dominant approach to searching
for genetic factors in psychiatric disorders.

As with Mendelian disorders, the hope is that these vulnerability
genes will provide a starting point for defining the biology of these dis-
orders. We have seen this unfold with hypertension. The discovery of
linkage to a novel gene has led to the elaboration of an entire pathway
related to hypertension with a new, exquisite understanding of how al-
tered signaling in the kidney contributes to this syndrome.?* Clearly, we
need such an anchor to inform the molecular exploration of mental dis-
orders. The promise here is even greater, as genetic variation could be
used to redefine the disorders, replacing the current diagnostic system,
which has no evident biological basis. In this regard, it is worth noting
that the syndromes defined by genotype may have much different
boundaries than what we have tried to craft with diagnostic manuals
based on presenting symptomes. It is also possible that some genotypes
will link to a much broader phenotype than what we have identified di-
agnostically. For instance, a susceptibility gene for all of the common
forms of stroke has been reported on 5q12, suggesting that diverse forms
of cerebrovascular disease may paradoxically share a common genetic
basis.?® Similarly, we may discover that some of the genes for vulnerabil-
ity to anorexia nervosa are shared by OCD and depression, with the ge-
notype linked not to a specific disorder but to a perfectionistic, risk-
aversive personality style that confers vulnerability to many syndromes.
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Although each gene may have weak effects, combining several sus-
ceptibility alleles may increase the predictive power. Note, however,
that we are talking about predicting susceptibility to mental disorders.
Even more than in many other disorders, we expect that the environ-
ment will have a powerful effect on the development of mental disor-
ders. A particularly instructive example of this interaction was recently
demonstrated for the monoamine oxidase (MAO)-A gene. Children
who have been mistreated are at greater risk for violent antisocial be-
havior. Caspi et al.?0 reported that a genetic variant of the MAO-A gene
that increases MAO-A enzyme activity is associated with reduced vio-
lent antisocial behavior in male subjects who had been mistreated, but
no effect is seen in a nonselected population. The role of vulnerability
genes for mental disorders, as with genes for lung cancer or alcoholism,
may be to influence the response to environmental factors, including
prenatal events. Conversely, we may find genes for resilience or resis-
tance that may have a greater effect than those for vulnerability.

Conclusion

Will genomics change the way we treat psychiatric patients? Almost
certainly. It is important to recognize that even a gene with a weak ef-
fect may provide a pathway toward new, targeted therapies for schizo-
phrenia or autism, even if the actual targets are downstream from the
original gene of interest. This will require considerable research using
cell lines and animal models. Equally important, in the very near future
we can expect the development of pharmacogenomics, with genetic
tests that predict pharmacological treatment response or vulnerability
to a particular adverse effect. Such tests could alter psychopharmacol-
ogy to make drug choice more selective and safer. Indeed, one of the
most important consequences of genomics will be to individualize
treatment by allowing a clinician to tailor therapy on the basis of the
unique genotype of each patient rather than the mean responses of
groups of unrelated patients.

Finally, it is important to remember that genomics is a field that is
still in its infancy. Having the sequence of the human genome is an im-
portant first step, but it is just a beginning. In many ways, it is like hav-
ing the white pages of the phone directory with all of the numbers and
addresses. The white pages are helpful if you know who you are look-
ing for, but useless when something goes wrong and you don’t know
whom to call. Genomic medicine needs the yellow pages, with the list
of all of the mechanics, plumbers, and electricians who can be sum-
moned to fix an abnormal prefrontal cortex or a failing hippocampus.
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Writing the yellow pages requires an understanding of the function and
the interaction of all of the genes in the genome, which may require an-
other 50 years of research. The promise is huge—for psychiatry as much
as the rest of medicine. Watson and Crick! ended their paper with the
prophetic and understated observation, “It has not escaped our notice
that the specific pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.” It should not es-
cape our notice now, 50 years later, that we have an opportunity to rev-
olutionize the diagnosis and treatment of mental disorders during this
genomic era. Students of the history of psychiatry looking back from
the Watson and Crick centennial in 2053 may wonder how we could
have been so interested in serotonin and dopamine in 2003 when many
hundreds of more important factors remained to be found.
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4 Will the Genomics
- Revolution Revolutionize
Psychiatry?

Kathleen Ries Merikangas, Ph.D.
Neil Risch, Ph.D.

A\t the time DN A 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 II era. As the excite-
ment generated by the "new genetics" spread across medical specialty
areas, the second half of the century was declared the century of the bi-
ological sciences, and genetics research blossomed.! Dismissing the
widespread notion of a basic conflict between human genetics and reli-
gious tenets, Pope Pius XII gave a policy-setting address in 1953, en-
couraging the need for systematic and ideologically unshackled research
in human genetics.! In the same year as the discovery of DNA, Franz
Kallman’s review of progress in psychiatric genetics, published in The
American Journal of Psychiatry, described a sophisticated series of twin
and family studies in the United States!-® and Europe*® that corrobo-
rated the genetic roots of schizophrenia and manic depressive psycho-
sis that had been demonstrated in the early part of the 20th century.
Subsequent research has continued to expand our knowledge of the ge-
netics of psychiatric disorders. 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.
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Overview of Progress in Genetics
of Psychiatric Disorders

The wealth of data from family, twin, and adoption studies of the major
mental disorders exceeds that of all other chronic human diseases.!~
The increased recognition of the role of biologic and genetic vulnerabil-
ity factors for mental disorders has led to research with increasing
methodologic sophistication that has spanned the second half of the
20th century.®1> There are numerous comprehensive reviews of genetic
research on specific disorders of interest as well as on psychiatric genet-
ics in general 1638

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

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

Table 1 presents the relative risks (i.e., proportion affected among
first-degree relatives of affected probands versus those of relatives of
nonaffected control subjects) derived from controlled family studies of
selected psychiatric disorders. The risk ratios comparing the propor-
tion of affected relatives of cases versus control subjects are greatest for
autism, bipolar disorder, and schizophrenia; intermediate for sub-
stance dependence and subtypes of anxiety, particularly panic; and
lowest for major depression. 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, unusual relationships such as twins,
adoptees, or half siblings are required. Estimates of heritability (i.e.,
the proportion of variance attributable to genetic factors) derived from
twin studies, which compare rates of disorders in monozygotic and



Will the Genomics Revolution Revolutionize Psychiatry? 39

dizygotic twins, reinforce the notion that genes play a major role in the
extent to which mental disorders run in families. The heritability esti-
mates for specific disorders shown in Table 1 are parallel to the risk ra-
tios derived from family studies. Furthermore, adoption and half-
sibling studies also support a genetic basis for the observed familial ag-
gregation.!”

An illustration of the application of family, twin, and adoption study
research in psychiatry is provided by bipolar disorder, which is one of
the most widely studied psychiatric disorders from a genetic perspec-
tive.? 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 unaffected control subjects have a
history of bipolar illness, yielding a risk ratio of 9.2. More refined esti-
mates are available by age, sex, and comorbid disorders in the proband.
These estimates can be used to estimate the risk to relatives of individ-
uals with these conditions.

Adoption studies are the most powerful design to test the relative
contributions of genetic and environmental factors to etiology. The ag-
gregate adoption study data on mood disorders reveal a moderate in-
crease in rates of mood disorders among biologic compared with
adoptive relatives of adoptees with mood disorders.*’ With respect to
bipolar disorder, there is little evidence for differential risk among bio-
logic compared with adoptive relatives of adoptees with bipolar disor-
der. 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.*! The most compelling finding from adop-
tion studies, however, is the dramatic increase in completed suicide
among biological relatives of mood disorder probands.* 43

Methods for Identifying Genes
Linkage and Linkage Disequilibrium

The traditional approach for locating a disease gene in humans is link-
age analysis, which tests the association between 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 fami-
lies are assumed to be closest to the disease locus.

Linkage analysis uses DNA sequences with high variability (i.e.,
polymorphisms) in order to increase the power to identify markers that
are associated with a disease within families. Historically, different
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methodological approaches have been applied. Earlier linkage studies
employed restriction fragment length polymorphisms (RFLPs)*
whereas subsequent studies examined short tandem repeat markers, or
“microsatellites”4—DNA sequences that show considerable variability
among people but that have no functional consequences. More recently,
linkage and association studies have examined single nucleotide poly-
morphisms (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 dis-
equilibrium analysis. Linkage disequilibrium is a population associa-
tion between two alleles at different loci; it occurs when the same
founder mutation exists in a large proportion of affected subjects in the
population studied. Usually, the closer the marker is to the disease lo-
cus, the greater the proportion of affected subjects who carry the iden-
tical allele at the marker.** However, in measuring the strength of
linkage disequilibrium for a given marker, it is also important to select
unaffected control subjects from the same population, since an allele
shared among affected subjects may also be common in the general
population and thus shared by chance rather than due to proximity to
the disease locus.

For complex human diseases, a simple mode of genetic inheritance
is not apparent, and indeed, multiple contributing 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 rel-
atives provide most of the information for such analyses, studies that
focus on searching for increased sharing of marker alleles 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 identifying genes for most
complex diseases, presumably because the effects of the underlying
genes are not strong enough to be detected by linkage.4” Therefore, ge-
nome-wide association studies have been offered as a more powerful
approach. Completion of the human genome project has provided an
unprecedented opportunity to identify the effect of gene variants on
complex phenotypes, such as psychiatric disorders. Functional geno-
mics technology involving microarrays and proteomics will provide
added insights regarding gene function on the cellular level, improving
our ability to predict phenotypic effects of genes at the organismic
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level.* The recently proposed project (known as the HapMap project) to
develop a map of human haplotypes, or blocks of genes that may have
been conserved in evolutionary history, has generated considerable en-
thusiasm for its potential to inform the genetic basis of complex disor-
ders in the general population. There has been considerable discussion
regarding the value of studying SNPs with functional significance*” ver-
sus noncoding or evenly spaced SNPs.#® Botstein and Risch*’ have pro-
posed that the initial work employ sequence-based association studies
that focus on functional coding regions, rather than a map-based
approach?® 59,51 that relies solely on the location of haplotypes in order
to maximize power and efficiency for the detection of genes for complex
human diseases.

Association studies examine candidate genes among affected indi-
viduals and unrelated unaffected control subjects. The same limitations
that apply to case-control studies of other risk factors must also be con-
sidered in genetic 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 associ-
ated with both the candidate gene and the disease). In genetic case-
control studies, the most likely source of confounding is ethnicity be-
cause of differential gene and disease frequencies in different ethnic
subgroups. Aside from confounding, association studies are particu-
larly prone to false positive findings due to multiple testing without cor-
rection and the low prior probability of a gene-disease association.>? 53
The latter problem can be resolved in part by the use of more stringent
alpha levels (i.e., false positive error rates) in association studies.*’ In
addition, there is a strong publication bias against reports of negative
association studies.>*

The Importance of Replication

Within the past two decades, linkage analysis has had remarkable suc-
cess 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 ad-
enomatous polyposis), hereditary nonpolyposis colorectal cancer, and
Alzheimer’s disease (B-amyloid precursor protein and presenilin-1
and -2).

Despite these successes, linkage studies of complex disorders have
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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 localization of most susceptibility loci is still imprecise
and difficult to replicate. Increased success in the replication of link-
age studies was associated with two study features: an increase in the
sample size and ethnic homogeneity of the sample.> Hirschhorn et al.>*
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.
Substantial effort will be required to refine phenotypes, identify sources
of complexity, and develop new tools and methods to maximize the
likelihood of identifying genetic risk factors.

The basis of all scientific research is hypothesis testing and vali-
dation of results by independent researchers. Independent replica-
tion, typically viewed as the sine qua non for accepting a hypothesis,
has become an especially difficult issue in the genetic studies of com-
plex diseases. When a genetic effect is large, most independent re-
searchers can readily obtain similar results with strong levels of
statistical significance.** Most genes for Mendelian disorders have
lived up to this expectation. However, when genetic effects are weak
and possibly context-dependent (e.g., they may vary by sex, ethnic-
ity, or precision of diagnosis), replication may be particularly difficult,
and very large samples may be required before confident conclusions can
be drawn.

Application of Linkage and Association
to Psychiatric Disorders

With the aforementioned dramatic advances in molecular genetics
during the past 20 years, there has been a major shift in the focus of
psychiatric genetic investigations from elucidating patterns of familial
transmission to localizing genes underlying mental disorders using
linkage studies and, more recently, association studies.5¢ 5 The early
successes of linkage studies of Mendelian diseases generated a strong
sense of optimism that the same approach would be successful for men-
tal disorders and other complex disorders.%® > However, the promise
has been unfulfilled to date.?! 24 56.57,60-65 Eor example, in a recent sum-
mary of genome-wide linkage studies of bipolar disorder based on gene
scans in a total of 3,538 affected subjects from 1,119 pedigrees reported
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in 20 samples, Prathikanti and McMahon® concluded that no two stud-
ies conclusively implicated the same region. The most striking conclu-
sions 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 findings of linkage
and association studies, there has been considerable debate regarding
what constitutes acceptable evidence of a true replication. For example,
failure to replicate an initial report of linkage between schizophrenia
and a marker on chromosome 1q in 22 families®”- 8 was attributed to
study design®” and heterogeneity,® even though the replication study
was conducted on a very large sample of 722 families.” There have
been several recent attempts to standardize the criteria for confirming
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.”! It has been particularly difficult for psychiat-
ric clinicians on the front lines to interpret progress in psychiatric ge-
netics because of the inconsistency of findings as well as the difficulty
in comprehending the complex methods of molecular biology and the
statistical methods of genetic epidemiology. Nevertheless, there are
several recent promising findings in psychiatric genetics described in
this book, although replication remains the cornerstone before such
findings can be generally accepted. In addition, the increasing ten-
dency for collaborative efforts on genetics studies within psychiatry

may also help to offset some of the aforementioned inconsisten-
Cies.35,70,72

Sources of Complexity
in Mental Disorders

Two major contributors to the complex patterns of inheritance with re-
gard to psychiatric disorders are 1) the lack of validity of the classifica-
tion 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 clinical manifesta-
tions without pathognomonic markers, still lack conclusive evidence
for the validity of classification and the reliability of measurement.”
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This situation is not caused by a lack of attention to classification in psy-
chiatry; in fact, advances in the development of standardized classifica-
tion and assessment methods have superseded those of most other
clinically defined diagnostic entities. The development of structured in-
terviews has enhanced comparability of diagnostic methods within the
United States and worldwide. There is now an exciting venture de-
signed 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 (spon-
sored by the World Health Organization).”*

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 dis-
orders involve the highest level 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 hu-
man experience in adaptation to the environment.”> Advances in the
tools to tap human brain functioning in vivo have led to dramatic ad-
vances in knowledge about central nervous system function.”® How-
ever, this work is still in its infancy. These advances are likely to yield
valuable information for understanding and, hence, classification of
mental disorders.

Complex Patterns of Transmission

The application of advances in genomics to mental disorders is still lim-
ited by the complexity of the process through which genes exert their
influence. There is substantial evidence that a lack of one-to-one corre-
spondence 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 expressivity (i.e., variation in clinical expression associated with
a particular gene), gene-environment interaction (i.e., expression of ge-
notype only in the presence of particular environmental exposures),
pleiotropy (i.e., capacity of genes to manifest several different pheno-
types simultaneously), genetic heterogeneity (i.e., different genes lead-
ing to indistinguishable phenotypes), and polygenic and oligogenic
modes of inheritance (i.e., simultaneous contributions of multiple genes
rather than Mendelian single-gene models) are characteristic of the men-
tal disorders, as they are of numerous other complex disorders for which
susceptibility genes have been identified.””-7® Other complicated situa-
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tions include mitochondrial inheritance, imprinting, and other epige-
netic phenomena.”

The high magnitude of comorbidity and co-aggregation of index
disorders with other major psychiatric disorders (i.e., bipolar disorder
and alcoholism, major depression and anxiety disorders, schizophrenia
and drug dependence), in part induced by the classification system, has
been demonstrated in both clinical and community studies.8%% For ex-
ample, alcoholism, a well-established complication of bipolar illness,
may mask the underlying features of bipolarity, leading to phenotypic
misclassification in genetic studies.8 Nonrandom mating is also a com-
mon phenomenon in mental disorders that impedes evaluation of pat-
terns of familial transmission.3* Assortative mating is particularly
pronounced for substance use disorders for which substance depen-
dence among spouses of substance dependent probands may be as high
as 90%.84 %7 These phenomena serve to increase the noise-to-signal ratio
in defining the mental disorders for genetic studies. Studies that at-
tempt to identify the impact of these phenomena on phenotypic and en-
dophenotypic expression in individuals and families will bring us
closer to understanding the role of the underlying genes on the compo-
nents 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 abundant research on sources of comorbidity, dimen-
sional classification of disorders, and inclusion of subthreshold diag-
nostic categories and diagnostic spectra.891 As this effort continues,
research on the classification of the phenotype for genetic and other bi-
ologic 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 ex-
pressions of underlying genes and the broader disease phenotype
have been termed “endophenotypes””” (see the review article by Got-
tesman and Gould in this book). Studies of the role of genetic factors
involved in these systems may be far more informative than studies of
the aggregate psychiatric phenotypes. Since endophenotypes should
more clearly represent expression of genotypes, it is likely that they
will help to unravel the complexity of transmission of the mental dis-
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orders. Progress in understanding the pathogenesis of the mental dis-
orders 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 include circadian rhythm, stress reactivity,
and mood, sleep, and appetite regulation.”” Numerous other endophe-
notypes have also been examined for other disorders, including
schizophrenia,”” %% anxiety disorders,® and attention deficit disor-
der.% Some examples of the direct implications of the advances in
neuroscience and neuroimaging for phenotypic characterization are de-
scribed by Thompson et al.”” and Dolan.”

Genetic Epidemiology

Applying the tools of genetic epidemiology, particularly when coupled
with continued progress in the neurosciences and behavioral sciences,
is likely to be one of the most fruitful approaches to resolving sources
of complexity in the mental disorders and translating the progress in
genomics to the public.”8 Figure 1 shows the classic triangle that illus-
trates the major focus of epidemiologic investigations: the products of
the interaction between the host, an infectious or other type of agent,
and the environment that promotes the exposure.”” The factors that
may be associated with increased risk of human disease are shown un-
der each of the three domains of influence. The field of genetic epidemi-
ology focuses on the role of genetic factors that interact with other
domains of risk to enhance vulnerability or protection against dis-
ease.!00-102 Tt js 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 collection 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 accord-
ing to the assumed model of familial transmission. Despite the increase
in power for detecting genes, these sampling approaches have dimin-
ished 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 fu-
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Age, sex, race, genetic profile, previous diseases, immune status,
religion, customs, occupation, marital status, family background

Host
Environment Agent
o Biologic
Temperatu‘re, humidity, (bacteria, viruses)
altitude
) ) Chemical
Crowding, housing, (poison, alcohol, smoke)
neighborhood
. Physical
Water, milk, food (trauma, radiation, fire)
Radiation, pollution, noise Nutritional

(lack, excess)

Figure 1. The Epidemiologic Triangle

ture to collect both families and control subjects from representative
samples of the population in order to enable estimation of population
risk parameters, enhance generalizability, 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
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goal of analytic epidemiology is to identify risk and protective factors
and their causal links to disease, with the ultimate goal of disease pre-
vention. Genetic epidemiology employs traditional epidemiologic
study designs to identify explanatory factors for aggregation in groups
of relatives ranging from twins to migrant cohorts. The tools of genetic
epidemiology will be employed in the era of genomics to derive esti-
mates of the population distribution of disease genes, to test modes of
disease transmission in systematic samples that are representative of
the population, and to identify sources of gene-environment interac-
tions for diseases. Since epidemiology has developed sophisticated de-
signs and analytic methods for identifying disease risk factors, these
methods can now be extended to include both genes and environmen-
tal factors as gene identification proceeds.

In general, study designs in genetic epidemiology either control for
genetic background while letting the environment vary (e.g., migrant
studies, half siblings, separated twins) or control for the environment
while allowing variance in the genetic background (e.g., siblings, twins,
adoptees-nonbiological siblings). Because each of the study designs has
both strengths and limitations, it is important to evaluate aggregate
evidence from multiple approaches to yield conclusive evidence re-
garding 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 mea-
surement 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 con-
trolled migrant studies evaluated rates of psychosis among Norwegian
immigrants to Minnesota compared with native Minnesotans and na-
tive Norwegians.!® The higher rate of psychosis among the immigrants
than in both the native Minnesotans and Norwegians was attributed to
greater susceptibility to psychosis among the migrants who left Nor-
way. It was found that migration selection bias was the major explana-
tory factor rather than an environmental exposure in the new culture.!®

Another powerful study design is the nested case-control study
built on an established cohort. Prospective cohort studies are also valu-
able sources of diagnostic stability, causal associations between risk fac-
tors and disease, and developmental aspects of psychiatric disorders.
Langholz et al.!'%* described some of the world’s prospective cohort
studies that may serve as a basis for studies of gene-disease associations
or gene-environment interactions. Finally, the half-sibling approach
may eventually replace the adoption paradigm to investigate genetic
and environmental effects because of the recent trends toward selective
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adoption and the diminishing frequency of adoptions in the United
States and in numerous other countries (i.e., maternal selection of adop-
tive parents and continued contact with biological mothers).

Population-Based Studies

The importance of epidemiology to the future of genetics has been de-
scribed by numerous geneticists and epidemiologists who conclude
that the best strategy for gene identification will ultimately involve
large epidemiologic studies from diverse populations.3 447,98, 105-108 T¢
is likely that population-based association studies will assume increas-
ing importance in translating the products of genomics to public
health.#” The term “human genome epidemiology” was coined by
Khoury et al.!9® to denote the emerging field that employs systematic
applications of epidemiologic methods in population-based studies of
the impact of human genetic variation on health and disease.

There are several reasons that population-based studies will be crit-
ical to the future of genetics. First, the prevalence of newly identified
polymorphisms, whether SNPs or other variants, especially in particu-
lar population subgroups, is not known. Second, current knowledge of
genes as risk factors is based nearly exclusively on clinical and nonsys-
tematic 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
estimates, the next stage of research needs to move beyond samples
identified through affected individuals to the population in order to ob-
tain estimates of the risk of specific polymorphisms for the population
as a whole. Third, identification of risk profiles will require very large
samples to assess the significance of vulnerability genes with relatively
low expected population frequencies. Fourth, similar to the role of epi-
demiology in quantifying risk associated with traditional disease risk
factors, applications of human genome epidemiology can provide in-
formation on the specificity, sensitivity, and impact of genetic tests to in-
form science and the individual.!?”

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 de-
signs can be used to estimate their impact.!”! As epidemiologists add
genes to their risk equations, it is likely that the contradictory findings
from studies that have generally employed solely environmental risk
factors, such as diet, smoking, alcohol use, etc., will be resolved. Like-
wise, the studies that seek solely to identify genes will also continue to
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be inconsistent without considering the effects of nongenetic biologic
parameters as well as environmental factors that contribute to the dis-
eases of interest.

There are several types of risk estimates that are used in public
health. The most common is relative risk, the magnitude of the associa-
tion between an exposure and disease. It is independent of the preva-
lence of the exposure. The absolute risk is the overall probability of
developing a disease in a particular population.”” The population
attributable risk relates to the risk of a disease in a total population (ex-
posed and unexposed) and indicates the amount the disease can be re-
duced 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 indi-
cate the proportion of a particular disease that may be attributed to a
particular genetic locus.

Susceptibility Susceptibility
Head trauma
Vascular factors

Apolipoprotein-E g4 Herpes simplex virus-1
Total cholesterol

High blood
pressure

3 1]
Genes Alzhelmer S Environment
Disease
Deterministic /‘ l Protective
B-Amyloid precursor - Nonsteroidal
Presenilin-1 anti-inflammatory agents
Biesamifins Estrogen replacement

Education

Figure 2. Genetic and environmental factors in Alzheimer’s dis-
ease

Figure 2 illustrates the known genetic and environmental risk factors
for Alzheimer’s disease.!?” The orange areas on the left represent the roles
of deterministic genes (B-amyloid precursor, presenilin-1 and -2) and the



Will the Genomics Revolution Revolutionize Psychiatry? 51

susceptibility gene apolipoprotein-E €4 (APOE &4).!1° The blue areas on
the right indicate environmental risk and protective factors, respec-
tively.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 were these mutations to be eliminated from the population,
there would be little impact on the prevalence of Alzheimer’s disease.
The APOE ¢4 allele has been shown to increase the risk of Alz-
heimer’s disease in a dose-dependent fashion. Using data from a large
multiethnic sample collected by more than 40 research teams, Farrer et
al.'' 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 mutations, the APOE &4 allele has a very high popu-
lation attributable risk because of its high frequency in the population.

Identification of Environmental Factors

The identification of gene-environment interactions will be one of the
most important future goals of genetic epidemiology. Newman et al.!!®
credit the synergy between genetics and epidemiology for elucidating
the initial gene findings as well as for the subsequent identification of
other susceptibility alleles and the environmental factors that may in-
fluence the risk of breast cancer in susceptible persons. Study designs
and statistical methods should focus increasingly on gene-environment
interaction.!®-122 Evidence is emerging that gene-environment interac-
tion underlies many of the complex human diseases. Some examples in-
clude inborn errors of metabolism, individual variation in response to
drugs,!? substance use disorders,'?* 125 and the protective influence of
a deletion in the CCRS gene on exposure to HIV.7% 126

With respect to mental disorders, recent reviews of prospective
studies that evaluated environmental risk factors for the common men-
tal disorders ascertained in population-based studies yielded few spe-
cific environmental factors that could be etiologically linked with any of
the major mental disorders.!?” However, one promising exception is the
increasing evidence from genetic epidemiologic studies that environ-
mental exposures including pre- and perinatal factors, such as viral
agents, may enhance the risk of schizophrenia.'?® Other informative
study designs for identifying gene-environment interactions include
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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 op-
erate either specifically or nonspecifically on those with susceptibility to
mental disorders may provide an important opportunity for prevention
and intervention, once susceptibility genes have been identified. The re-
cent advances in understanding the bidirectional communication of
neural systems and experience’® provide an ideal opportunity to apply
genetic epidemiologic 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 as infection, poor diet, prenatal en-
vironment, and early life experiences that interact with the genetic ar-
chitecture of mood regulation and cognition.!?

Impact of Genomics on Psychiatric
Science and Practice

Will genomics lead to changes in medical practice and transform psy-
chiatric genetics?

In a recent summary of implications of the genome for medical prac-
tice, Varmus'3 concluded that despite the journalistic hyperbole, the se-
quencing of the human genome 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 effective treat-
ment interventions. Although this skepticism may be somewhat
extreme, it is clear that progress in genomics has far outweighed ad-
vances in our understanding of psychiatric phenotypes and the com-
plexity underlying their etiology, as well as our current armamentarium
to identify genetic and environmental risk factors. Therefore, despite
the extraordinary opportunity for understanding disease pathogenesis
afforded by the technical advances and availability of rapidly expand-
ing genetic databases, it is unlikely that we will soon experience the
light speed progress of genomics in understanding, treating, or pre-
venting major mental disorders. The chasm between genetic informa-
tion and clinical utility should gradually close as we develop new
methods and tools in human genetic and clinical research to maximize
the knowledge afforded by the exciting advances in genomics.

Increased integration of advances in neuroscience!3! and genomics
(see the series of papers in the New England Journal of Medicine such as
the primer by Guttmacher and Collins”), along with information from
population-based studies and longitudinal cohorts, innovations in our
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conceptualizations of the mental disorders, and the identification of
specific risk and protective factors, will lead to more informed interven-
tion strategies in psychiatry. As we learn more about the role of genes
as risk factors, rather than as the chief causes of common human dis-
eases, it will be essential to provide accurate risk estimation and to in-
form the public of the need for population-based integrated data on
genetic, biologic, and environmental risk factors.

The goal of genomics research is ultimately prevention, the corner-
stone of public health. Gaining understanding of the significance of ge-
netic 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 potential impact of genetic risk for
nonpsychiatric disorders as well. As our knowledge on the role of genes
for mental disorders advances, it will be incumbent upon clinicians to
become familiar with knowledge gleaned from genetic epidemiologic
and genomics research. 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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5 The Endophenotype
=" _Concept in Psychiatry

Etymology and Strategic
Intentions

Irving I. Gottesman, Ph.D., Hon. F.R.C.Psych.
Todd D. Gould, M.D.

As we celebrate the 50th anniversary of Nobelists
Watson, Crick, and Wilkin’s discovery (with Franklin) of the structure
of DNA—and its offspring, the complete sequencing of the human ge-
nome—it is salutary to contemplate the relative youthfulness of the
field of human genetics. The term “genetics” was provided by William
Bateson in 1902 (the Wright brothers’ first flight was in 1903). In 1909,
the clarifying distinction we now take for granted between the concept
of “genotype” and the concept of “phenotype” was provided by the
Danish botanist Wilhelm Johanssen. He also introduced the word
“gene.” His research on self-fertilized lines of beans revealed that
quantitative variability in the phenotype confounded thinking about
separable contributions of heredity and environment. He found that
the phenotype is often an imperfect indicator of the genotype, that the
same genotype may give rise to a wide range of phenotypes, and that
the same phenotype may have arisen from different genotypes. Spe-
cific evidence for multifactorial (genetic and nongenetic) contribu-
tions to a continuous phenotype was provided about the same time by
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H. Nilsson-Ehle on the basis of observations of seed colors in crosses
of oats and wheat. However, the term “polygene” was not available
until K. Mather coined it in 1941. Exact citations for these historical ref-
erences, often in German, are provided in the classic text by A.H. Stur-
tevant.!

Genotypes, which can be measured with techniques of molecular bi-
ology such as polymerase chain reaction (PCR) and DNA sequencing,
are often useful as probabilistic prognosticators of disease. In contrast,
a phenotype represents observable characteristics of an organism,
which are the joint product of both genotypic and environmental influ-
ences. In diseases with classic or Mendelian genetics as their distal
causes, genotypes are usually indicative of phenotypes. However, this
degree of genetic certainty does not exist for diseases with complex ge-
netics.>™* Genetic probabilism aptly describes the process by which a
particular genotype gives rise to phenotype.” ® Epigenetic factors may
also be of critical importance for modifying the development of pheno-
types,” and such modifications may be influenced by genotype or envi-
ronment or be entirely stochastic in origin.® Thus, models of complex
genetic disorders predict a ballet choreographed interactively over time
among genotype, environment, and epigenetic factors, which gives rise
to a particular phenotype.” 2

Despite the successful characterization of the nucleotide base-pair
order that represents the human genome,' * and although a legion of
genetic linkage and association studies have been done, psychiatry has
had little success in definitively identifying “culprit” genes or gene re-
gions in the development of diseases categorized by using the field’s di-
agnostic classification schemas.”™® The reason there is so much
difficulty is undoubtedly—in part—that psychiatry’s classification sys-
tems describe heterogeneous disorders.!*?? In addition to the inherent
complexity of psychiatric diseases, which have multifactorial and poly-
genic origins, the brain is the most complex of all organs. In organs such
as the liver, all cells are nearly identical in their phenotypes and very
similar in their transcriptomes (mMRNA transcripts) and proteomes. In
addition to the homogeneity in the structure of such cells, their interac-
tions are mostly homogeneous. However, individual cells of the brain
are quite different from each other in their transcriptomes, proteomes,
and morphological phenotypes and also in the thousands of connec-
tions and interactions with other neurons and glia that are critically
important to optimal functioning. Different cellular experiences are
transduced to differences on the biochemical and epigenetic levels so
that cellular memories regulated by protein modification, morphomet-
ric changes, and epigenetic influences make the brain unique among or-
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gans. Furthermore, the brain is subject to complex interactions not just
among genes, proteins, cells, and circuits of cells but also between indi-
viduals and their changing experiences.”® Therefore, the phenotypic
output from the brain, i.e., behavior, is not simply a sum of all its parts.
It stands to reason that more optimally reduced measures of neuropsy-
chiatric functioning should be more useful than behavioral “macros” in
studies pursuing the biological and genetic components of psychiatric
disorders.

The Endophenotype Concept
in Psychiatry

The theory that genes and environment combine to confer susceptibil-
ity to the development of diseases surfaced in the early half of the last
century, but the use of such a framework for exploring the etiology of
schizophrenia and other psychiatric disorders is more recent. Douglas
Falconer’s 1965 multifactorial threshold model for diabetes and other
common, non-Mendelizing diseases was adapted to a polygenic model
of schizophrenia in 1967.2* About this time, it became clear that the clas-
sification of psychiatric diseases on the basis of overt phenotypes (syn-
dromic behaviors) might not be optimal for genetic dissection of these
diseases, which have complex genetic underpinnings. In their writings
summarizing genetic theories in schizophrenia 30 years ago, Gottesman
and Shields®> % described “endophenotypes” as internal phenotypes
discoverable by a “biochemical test or microscopic examination.” The
term was adapted from a 1966 paper by John and Lewis,” who had
used it to explain concepts in evolution and insect biology. They wrote
that the geographical distribution of grasshoppers was a function of
some feature not apparent in their “exophenotypes”; this feature was
“the endophenotype, not the obvious and external but the microscopic
and internal.”

That felicitous term seemed to suit the needs of psychiatric genetics,
and the concept of endophenotype was adapted for filling the gap be-
tween available descriptors and between the gene and the elusive dis-
ease processes. The identification of endophenotypes, which do not
depend on what was obvious to the unaided eye, could help to resolve
questions about etiological models. The rationale for the use of en-
dophenotypes in exploring disease processes is illustrated in Figure 1.
This rationale held that if the phenotypes associated with a disorder are
very specialized and represent relatively straightforward and putatively
more elementary phenomena (as opposed to behavioral macros), the
number of genes required to produce variations in these traits may be



66 Research Advances in Genetics and Genomics

Increased complexity
of both phenotype
and genetic analysis

Decreased complexity
of both phenotype
and genetic analysis

Less More
Number of Genes

Figure 1. Rationale for an endophenotype approach to genetic
analysis of disorders with complex genetics

The number of genes involved in a phenotype is theorized to be directly related to both
the complexity of the phenotype and the difficulty of genetic analysis.?*

fewer than those involved in producing a psychiatric diagnostic entity.
Endophenotypes provided a means for identifying the “downstream”
traits or facets of clinical phenotypes, as well as the “upstream” conse-
quences of genes and, in principle, could assist in the identification of
aberrant genes in the hypothesized polygenic systems conferring vul-
nerabilities to disorders. That is, the intervening variables or hypothet-
ical constructs that were championed as useful for theorizing about
behaviors®®—and that could mark the path between the genotype and
the behavior of interest (Figure 2)—might Mendelize in a predicted
manner.

Despite the inherent advantages of the concept of endophenotype,
the term and its promise lay dormant for a number of years. However,
now that multiple genetic linkage and association studies using current
classification systems and the development of practical animal models,
have all fallen short of success, the term and its usefulness have re-
emerged. (A MEDLINE search for the years 2000 through 2002 found 62
entries for “endophenotype,” compared with 16 entries before 2000.)
Endophenotypes are being seen as a viable and perhaps necessary
mechanism for overcoming the barriers to progress.”® °® The methods
available for endophenotype analysis have advanced considerably
since 1972; our current armamentarium includes neurophysiological,
biochemical, endocrinological, neuroanatomical, cognitive, and neuro-
psychological (including configured self-report data) measures.” Ad-
vanced tools of neuroimaging such as functional magnetic resonance
imaging (fMRI), morphometric MRI, diffusion tensor imaging, single
photon emission computed tomography (SPECT), and positron emis-
sion tomography (PET) promise to expand the possibilities even
more.’” °*6! Other terms with patently synonymous meaning, such as
“intermediate phenotype,” “biological marker,” “subclinical trait,” and
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Reaction Surface

Schizophrenia

Schizophrenia
Spectrum

Liability to
Schizophrenia

Harmful

Protective

| |
-9 Months 25 Years
Age

Candidate Sensory
Endophenotypes motor gating

Quantitative Trait /
Loci in Genome /
[ X ] 1941, 1942.1 — (disrupted-in-schizophrenia 1 gene)
/ ([ ] 22q11.21 catechol-0-methyltransferase
L] 2 ?
(] 8p21 neuregulin
(] 6p22-24 —— dysbindin
15q14
[ ] 13q14-21 serotonin 2A receptor
o 1q21-22
[ ) 6q21-25
(] 10p11-15
[ ] 13¢q32-34 —— G72 protein
° 2q
L ° ? ?

Figure 2. Gene regions, genes, and putative endophenotypes im-
plicated in a biological systems approach to schizophrenia research
The reaction surface® suggests the dynamic developmental interplay among genetic, en-
vironmental, and epigenetic factors that produce cumulative liability to developing
schizophrenia.” %7 Gene regions where linkage findings are more consistent are in bold,
while gene regions corresponding to candidate genes or endophenotypes are shown in
normal lettering.!® Many of these endophenotypes are discussed in detailed reviews ad-
dressing overall strategies for schizophrenia discriminators,® sensory motor gating,33 4

33,4043

oculomotor function, working memory (sometimes synonymous with information

processing, executive function, attention),? 3 #-4 and glial cell abnormalities.*” None of
the sections of this figure can be definitive; many more gene loci, genes, and candidate en-
dophenotypes exist and remain to be discovered (represented by question marks).*
Linkage and candidate gene studies have been the topic of recent reviews.!> 164950 The fig-
ure is not to scale. (Copyright 2003, L.I. Gottesman. Used with permission.)

“vulnerability marker,” have been used interchangeably. These terms
may not necessarily reflect genetic underpinnings but may rather re-
flect associated findings (see the discussion in the next section). In this
context, we use the term “biological marker” to signify differences that
do not have genetic underpinnings and “endophenotype” when certain
heritability indicators are fulfilled.
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Endophenotypes in Genetic Analysis

An endophenotype-based approach has the potential to assist in the ge-
netic dissection of psychiatric diseases. Endophenotypes would ideally
have monogenic roots; however, it is likely that many would have poly-
genic bases themselves. Furthermore, the use of endophenotypes in ge-
netic research must be tempered by the realization that without controls
and limits, their usefulness may be obscured. For example, putative en-
dophenotypes do not necessarily reflect genetic effects. Indeed, these
biological markers may be environmental, epigenetic, or multifactorial
in origin. Criteria useful for the identification of markers in psychiatric
genetics have been suggested®® and have been adapted here to apply to
endophenotypes:

1. The endophenotype is associated with illness in the population.

2. The endophenotype is heritable.

3. The endophenotype is primarily state-independent (manifests in an
individual whether or not illness is active).

4. Within families, endophenotype and illness co-segregate.

Subsequently, an additional criterion that may be useful for identi-
fying endophenotypes of diseases that display complex inheritance
patterns was suggested:*’

5. The endophenotype found in affected family members is found in
nonaffected family members at a higher rate than in the general pop-
ulation.

Other fields of medicine have had some success in using endophe-
notypes to assist with genetic linkage studies. For instance, the multi-
ple genes that cause long QT syndrome were identified by using an
endophenotype-based method.®® ® Manifestations of long QT syn-
drome include syncope, ventricle arrhythmias, and sudden death.®® Al-
though not all family members who carry the disease genes show these
symptoms, a much greater percentage have QT elongation as mea-
sured by ECG. By using QT elongation as a phenotype—and excluding
or including pedigree members with this finding—linkage studies were
successful in identifying the genes that cause the QT elongation en-
dophenotype and thus the syndrome phenotypes of syncope, ventricle
arrhythmias, and sudden death.** ® The identification of these genes
has allowed for genetic manipulations in mice to study disease pathol-
ogy and to further the development of novel medications.*® Other exam-
ples in the literature of endophenotype-based strategies for identifying
genetic linkage include studies of idiopathic hemochromatosis (exces-
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sive serum iron),%” juvenile myoclonic epilepsy (an EEG abnormal-
ity),%® and familial adenomatous polyposis coli (intestinal polyps).% In
other disorders with complex genetics such as diabetes, hypercholes-
terolemia, or hypertension, researchers use physiological challenges,
biochemical assays, and physiological measures to obtain a primary
index of disease pathology. Indeed, these syndromes may all present
to the physician as fatigue, but the pathophysiological underpinnings
are substantially different. The glucose tolerance test, measurements of
serum cholesterol levels, and sphygmomanometer measurements all
represent objective, quantifiable methods for making disease diagnosis
and classification. In addition to being crucial in diagnosis and classifi-
cation of these diseases, the phenomena measured by these methods
constitute endophenotypes that represent the primary inclusion/exclu-
sion feature by which “hits” for genetic linkage and association studies
are defined.

In psychiatry, a number of attempts have been made to develop and
determine the feasibility of candidate endophenotypes. However, few
have met all the criteria listed earlier. Nonetheless, some linkage and
association studies—using endophenotypes—have had moderate suc-
cess. Candidate endophenotypes have also been used in the develop-
ment of animal models and to subtype patients for classification and
diagnostic reasons (see the discussion in later sections). The hunt for
candidate endophenotypes has been described in the literature on sev-
eral psychiatric disorders, including schizophrenia,* 3733:3% 70 mood
disorders,? > 77> Alzheimer’s disease,”® ’” attention deficit hyperac-
tivity disorder,” ”® 7’ and even personality disorders.®” We give a brief
description of some possibilities in schizophrenia research as salient ex-
amples. The interested reader is referred to the references just cited for
more in-depth discussions.

Sensory Motor Gating and Eye-Tracking
Dysfunction in Schizophrenia

Deficits in sensory motor gating are consistent neuropsychological
findings in schizophrenia.® * The hypothesized association between
these deficits and schizophrenia has face validity primarily on the basis
of patients’ reports that they have difficulty filtering information from
multiple sources.® 8178 On the level of neurobiology, the inhibitory
mechanisms of patients with schizophrenia may not be capable of ade-
quately adjusting to the multiple distinct or repetitive inputs that occur
in everyday life. Neuropsychological tests, including assessments of
P50 suppression and prepulse inhibition of the startle response, have
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been developed to discern efficiencies in these capabilities. Both tasks
have been studied in schizophrenic patients, and abnormalities consis-
tent with defects in inhibitory neuronal circuits have been found.

In tests of prepulse inhibition, startling sensory stimuli (loud noise,
bright light) are used to elicit an unconditional reflexive startle response
in individuals. If a weaker prestimulus is provided before the startling
stimulus, the subsequent startle response is generally diminished. A
relatively reproducible finding is that this dimunition of the second re-
sponse is attenuated in patients with schizophrenia, compared to
healthy subjects.? 8 # Prepulse inhibition is a generally conserved
finding among vertebrates, and as such it has been the target of several
rodent studies (reviewed in reference 86), both to model a facet of
schizophrenia and to investigate the biology of a prepulse inhibition re-
sponse. The presence of this candidate endophenotype has been docu-
mented in relatives of patients with schizophrenia,’” but more extensive
testing is required. Genetic studies in inbred animals have suggested at
least a partial genetic diathesis;*® however, environmental influences
may also be active.® ¥ Abnormal prepulse inhibition is not specific to
schizophrenia; studies have identified this abnormality in obsessive-
compulsive disorder” and Huntington’s disease,”’ among others.
However, the reproducibility of the finding in schizophrenia, the fact
that abnormal prepulse inhibition parallels a putative central abnor-
mality in the disease, and the fact that prepulse inhibition is a conserved
phenomenon among vertebrates make abnormal prepulse inhibition a
promising candidate endophenotype to pursue.

The P50 suppression test uses two auditory stimuli presented at 500-
msec intervals. A positive event-related response for both stimuli is
measured by EEG. In normal individuals, the neuronal response to the
second stimulus is of lower amplitude than the first. However, patients
with schizophrenia do not show the same degree of suppression of P50
amplitude.’ > In addition to this finding in probands, abnormal P50
suppression is found in unaffected first-degree relatives of patients
with schizophrenia.”>®® The heritability of this measure has been as-
sessed in twins, and the results have suggested that genetics plays a role
in the development of variation in this candidate endophenotype.!% 11
Freedman and colleagues'® also used P50 suppression to identify a po-
tential susceptibility locus for schizophrenia on chromosome 15, a chro-
mosomal region where the gene for the a7 nicotinic acetylcholine
receptor resides. Furthermore, this group of researchers has shown link-
age disequilibrium in this region'® and has shown that promoter vari-
ants of the a7 receptor are associated with schizophrenia and/or P50
suppression abnormalities.'"
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Eye-tracking dysfunction has long been associated with schizophre-
nia. This dysfunction was first described in 1908 by Diefendorf and
Dodge,'”® whose work was rediscovered in the 1970s, initially by Holz-
man and colleagues.'% 107

Eye movements are generally of two forms, either saccadic (brief
and extremely rapid movements) or smooth and controlled. The latter
“smooth pursuit” eye movements occur only when the subject is fol-
lowing an object moving at a constant velocity, most commonly a pen-
dulum (in early studies) or bright dot on a computer monitor. Initiation
and maintenance of smooth pursuit eye movements involve integration
of functions of the prefrontal cortex frontal eye fields, visual and vesti-
bular circuitry, thalamus, and cerebellum, as well as the muscles and
neural circuitry directly responsible for eye movement.'*®

A number of studies have found that patients with schizophrenia
have deficiencies in smooth pursuit eye movements, compared to
healthy subjects (see references 4143 for review). In general, these de-
ficiencies are manifested as corrective saccades, which follow smooth
pursuit eye movements that are slightly slower than the target (re-
viewed in reference 42, where more detailed descriptions of specific ab-
normalities are available). Furthermore, the heritability of these
deficiencies has been extensively addressed; studies have suggested
that biological relatives of schizophrenic subjects have an increased rate
of smooth pursuit eye movement dysfunction. Thus, 40%-80% of
schizophrenic subjects, 25%—45% of their first-degree relatives, and less
than 10% of healthy comparison subjects generally show this trait.*'™*
A study requiring replication has suggested linkage to a region of chro-
mosome 6.'% Correlating smooth pursuit function with neuroimaging
measures' '’ or performance on working memory tasks!!'’ ' may be a
useful research strategy. Smooth pursuit eye movements are main-
tained in primates but not in most other mammals used in preclinical
research.'”®

Working Memory in Schizophrenia

Working memory and executive cognition are compromised in patients
with schizophrenia.* A primary brain region involved in working
memory is the dorsolateral prefrontal cortex,**> ' a region in which
abnormalities have been found in postmortem studies of schizophrenic
patients.!* Family,'" ¢ and twin studies'”"'"® have suggested herita-
bility of working memory deficits in schizophrenia.

Recent studies have identified gene and chromosomal regions pos-
sibly involved in working memory. A study of Finnish twins by Gas-
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peroni and colleagues,” which used an endophenotype-based strategy,
suggested linkage and association to a region of chromosome 1. In their
study, dizygotic twins discordant for schizophrenia underwent four
neuropsychological tests. Using the sum of performance scores on
these tests, Gasperoni and colleagues identified significant linkage to
1g41, a region previously suggested in traditional linkage studies of
schizophrenia.''*? By stratifying their data according to performance
on each neuropsychological test, they found that visual working mem-
ory performance was highly significantly linked with this region
(p=0.007), while performance on none of the other three neuropsycho-
logical tests was significantly associated with any 1q markers. In the
second part of their study, Gasperoni and colleagues® completed an
association analysis involving monozygotic discordant twins, unaf-
fected dizygotic and monozygotic twins, and the dizygotic twin group
from the linkage study. In this analysis, an association of the 1q41 re-
gion and performance on the visual working memory task was again
identified. The facts that previous linkage studies have identified this
region and that performance on working memory tasks is a reproduc-
ible endophenotype for schizophrenia strengthen the claim that this
endophenotype—and the putative gene(s) at 1g41 linked to it—may be
relevant to the pathophysiology of schizophrenia. The study requires
replication in a larger group of subjects representing a nonisolate pop-
ulation.

Association and physiological evidence have also linked a specific
enzyme with a small increased risk for developing schizophrenia and
with poorer performance on a working memory task. The enzyme cat-
echol O-methyltransferase (COMT), the gene for which is found at
22q11.2, assists in the catabolism of dopamine. This chromosomal re-
gion has been linked to both schizophrenia and bipolar disorder and
overlaps with a deletion that has been associated with velocardiofa-
cial syndrome (DiGeorge syndrome) and schizophrenia (see reference
16 for review). A functional polymorphism (val108/158met) for COMT
results in a fourfold increase in the activity of this enzyme. The con-
siderable body of evidence implicating dopaminergic neurotransmis-
sion, the presence of a common functional polymorphism, and the
data suggesting the involvement of the dorsolateral prefrontal cortex
in schizophrenia and working memory led to association studies of
COMT.*

While their effect sizes are small, a number of family studies have
found that the valine allele is transmitted at a higher rate than the me-
thionine allele to patients with schizophrenia than to their nonaffected
siblings (reviewed in reference 31). This polymorphism has also been
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linked to performance on a working memory task. Specifically, Egan et
al.!? associated poorer performance on a working memory task in pa-
tients, their siblings, and comparison subjects with the same valine al-
lele variation of COMT found to be transmitted at a higher rate in
schizophrenia. They used fMRI to measure dorsolateral prefrontal cor-
tex activation in a subset of these individuals; the fMRI fingerprint
from individuals with the valine allele suggested that activation of the
dorsolateral prefrontal cortex is less efficient in those subjects.'*® Addi-
tional studies from two independent laboratories have also suggested
that patients with schizophrenia show this inefficiency.'**"1%¢ Callicott
and colleagues'”” have recently shown that the fMRI response in the
dorsolateral prefrontal cortex observed in schizophrenic subjects is
also found in unaffected siblings of patients with schizophrenia. Al-
though they found no group differences between the siblings of schizo-
phrenic patients and the comparison group in overall working
memory performance, fMRI measurement showed that the sibling
group had less efficient dorsolateral prefrontal cortex functioning than
the comparison group. Taken together, these results suggest that fMRI
analysis of subjects undergoing working memory tasks may be a more
sensitive endophenotype than working memory performance alone as
measured by neuropsychological testing. Additional studies using
PET have suggested dysfunction of the cortical-thalamic-cerebellar-
cortical circuit during working memory tasks.”?” The “cognitive dys-
metria” resulting from this disruption may provide another candidate
endophenotype.

Conclusion: Broader Uses
for Endophenotypes

Endophenotypes may have additional uses in psychiatry, including
uses in diagnosis, classification, and the development of animal mod-
els. The current classification schema in psychiatry were derived from
observable clinical grounds to address the need for clinical description
and communication.”? However, they are not based on measures of the
underlying genetic or biological pathophysiology of the disorders. The
most widely used systems currently in place must serve the needs of
clinicians, psychiatric statisticians, administrators, and insurance com-
panies, among other groups and agencies.'® As this system is de-
signed for a wide range of users and because it pays little attention to
the biological contributors to the disorders, it is not optimized for the
design, implementation, and success of research studies.'®® The lack of



74 Research Advances in Genetics and Genomics

a biological basis for the classification of psychiatric disorders has led,
in part, to a lack of success in studies of the neurobiology and genetics
of psychiatric disorders. Endophenotype-based analysis would be use-
ful for establishing a biological underpinning for diagnosis and classi-
fication; a net outcome would be improved understanding of the
neurobiology and genetics of psychopathology.

Animal models are an active area of research in psychiatry. How-
ever, despite some progress,'? *" there remains a great need for further
development.’**% Improved animal models will help in under-
standing the neurobiology of psychiatric disorders and will further the
development of truly novel medications.!* Development of animal
partial-models in psychiatry relies on identifying critical compo-
nents of behavior (or other neurobiological traits) that are represen-
tative of more complex phenomena.' Animals will never have
guilty ruminations, suicidal thoughts, or rapid speech. Thus, animal
models based on endophenotypes that represent evolutionarily se-
lected and quantifiable traits may better lend themselves to investi-
gation of psychiatric phenomena than models based on face-valid
diagnostic phenotypes.?®

Given the hopefully successful consequences of studies adopting an
endophenotype strategy, psychiatric diagnosis will continue to be im-
portant in research and clinical practice. Indeed, similar to the principle
we describe here, optimally reduced or partitioned phenotypes may be
useful in refining the diagnostic system. Measures that have already
been used to deconstruct illnesses for genetic analysis include severity
and course of illness,'® age at onset of illness,'3® ¥ amount of sub-
stance use in drug and alcohol disorders,®* 13 and response to specific
treatments such as lithium 40 141

Gottesman and Shields® concluded their 1972 book on schizophre-
nia and genetics with the following remarks:

We are optimistically hopeful that the current mass of research on fam-
ilies of schizophrenics will discover an endophenotype, either biological
or behavioral (psychometric pattern), which will not only discriminate
schizophrenics from other psychotics, but will also be found in all the
identical co-twins of schizophrenics whether concordant or discordant.
All genetic theorizing will benefit from the development of such an in-
dicator. (p. 336)

Although these words are still pertinent after 30 years, there is am-
ple reason to be optimistic about anticipated discoveries and refine-
ments in the quest for endophenotypes.
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6 The Genes and Brains of
—— Mice and Men

Laurence H. Tecott, M.D., Ph.D.

The elucidation of the human genome will profoundly
impact our understanding of human biology. This remarkable achieve-
ment enables the identification of the full complement of approximately
30,000 human genes, and it permits new insights into the pathophysiol-
ogy and treatment of disease. However, genes cannot be systematically
manipulated in humans, so we must therefore turn to other organisms
to investigate gene function. In recognition of the importance of the
mouse as the organism of choice for investigating gene function in
the context of mammalian biology, the National Institutes of Health
convened a scientific panel that recommended the generation of a
“working draft” sequence of the mouse genome by 2003. This dead-
line was recently met by an international Mouse Genome Sequencing
Consortium! >—an accomplishment that has been heralded as a devel-
opment of major importance and a boon to investigators working in
many areas of biomedical research.?* With the mouse genome sequence
in hand, and a formidable array of molecular genetic technologies per-
mitting its manipulation, unprecedented opportunities currently exist
to apply these advances to the study of brain function and the physio-
logical underpinnings of psychiatric disorders.
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The Ascent of the Mouse

A number of practical and historical considerations have contributed to
a rapid escalation in the use of mice for biomedical research. As fellow
mammals, mice and humans possess similar body plans, organ sys-
tems, and mechanisms of physiological regulation. Comparative ge-
nomic analyses indicate that the divergence of mammalian lineages
giving rise to humans and mice occurred approximately 75 million
years ago, a relatively recent event by evolutionary standards.” ® The
genomes of humans and mice are approximately 2.9 and 2.5 billion nu-
cleotides long, respectively, and both encode approximately 30,000
genes.? Approximately 99% of mouse genes have human counter-
parts—conversely, mouse versions (orthologs) can be identified for
99% of human genes. Furthermore, a large proportion of the mouse and
human genomes are “syntenic,” i.e., they possess chromosomal regions
with the same order of genes. Approximately 96% of mouse genes are
found in such syntenic regions. The high level of genomic homology be-
tween these species lends support to the view that what distinguishes
humans from other mammals relates more to differences in how their
genes are regulated and processed than to differences in the identities
or numbers of the genes themselves.” 8

Historically, the potential benefits of mice have not always been
widely appreciated, as reflected by the origin of the word “mouse,”
which originated from the Sanskrit “mush,” meaning “to steal”.” Mice
were known to raid grain larders and to spread disease, leading to their
status as vermin throughout the Western world. Mice were viewed
more favorably, however, in portions of Asia, where the observation of
variants differing in appearance and behavior led to the domestication
of unusual mice as pets. Records from 80 B.C. document the existence
of mice bred by Japanese mouse enthusiasts who were entertained by
their displays of hyperactivity, circling, and head tossing (the behavior
of these animals, the likely consequence of inner ear degeneration, led
to their later popularization and designation as “waltzing mice”).% 10 In
the early 19th century, traders transported unusual “fancy” mice from
Asia to Europe, where mouse “fanciers” developed many unique vari-
eties by crossing European and Asian subspecies. The popularity of
fancy mice in England was illustrated by the establishment of a London
“National Mouse Club” that set standards for “show mice” and held
contests, awarding prizes for varieties such as white sables, satins,
creamy buffs, and ruby-eyed yellows and an overall prize for “best in
show.”9 11,12

With the rediscovery of Mendel’s laws in 1900, Harvard biologist
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William Ernest Castle became interested in the extent to which coat
color inheritance in fancy mice resembled the patterns of pea color her-
itability described by Mendel. Castle obtained animals from the re-
gion’s foremost supplier of fancy mice, retired schoolteacher Miss
Abbie Lathrop of Granby, Mass., whose mouse farm contained more
than 11,000 mice (priced at $10-$20 per hundred).'® Castle’s initial stud-
ies of the “experimental evolution” (this preceded the coining of the
term “genetics” in 1908) of coat color and his role in training students in
this new field earned him recognition as “the father of mammalian ge-
netics.” His students went on to rapidly characterize anomalous pheno-
types other than coat color, such as short ears, shaking, hyperglycemia,
dwarfism, blindness, and tumor susceptibility.” 1* Within several years,
mice were used by Dr. Ivan Pavlov, who explored genetic influences on
behavior by exposing mice to his “dinner bell” in studies of appetitive
conditioning.!4

The value of mice for genetic studies has been markedly enhanced
by inbreeding strategies for the reduction of genetic heterogeneity. Mice
of a particular inbred strain are essentially identical genetically, and
they are homozygous (i.e., possessing two identical alleles, one on each
homologous chromosome) at every genetic locus. The availability of ge-
netically homogeneous populations of mice is highly beneficial for min-
imizing the extent to which genetic factors contribute to variability in
responses to experimental manipulations. Moreover, each inbred strain
possesses a unique, fixed set of alleles resulting in distinct biological
properties (also known as “phenotypes”), such as variations in coat
color, size, cancer susceptibility, and behavioral traits. Phenotypic dif-
ferences between inbred strains may be examined in an effort to iden-
tify the genetic differences that underlie them. Since the generation of
the first inbred mouse strain in 1909, over 450 inbred strains have been
developed, contributing to advances throughout biomedical research
and to work that has resulted in at least 17 Nobel prizes.!!- 1> To this day,
most of the strains in common use have ancestors from Abbie Lathrop’s
mouse farm.!3

In addition to the reasons just described, practical considerations
have also contributed to the popularity of laboratory mice for mamma-
lian genetic studies. Like many small rodent species, they are proficient
breeders—their gestation period is 3 weeks, and they are reproduc-
tively competent by 6-7 weeks of age. In practice, a breeding program
can produce five generations of mice per year, while their small size al-
lows for the economical maintenance of large numbers of animals in
group-housing conditions. The development of procedures rendering
the mouse genome accessible to experimental manipulation has cata-
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lyzed a recent rapid acceleration in the use of mice. Current methods
permit the generation of mice bearing mutations of virtually any gene.
The elucidation of the mouse genome, coupled with the availability of
new molecular technologies enabling examination of genetic influences
on behavior, provides unique opportunities to advance psychiatric re-
search. The wide variety of mouse molecular genetic approaches and
their application to the study of neural processes relevant to psychiatric
illnesses will be discussed.

Relevance of Mouse Behavior to Psychiatric
Phenomenology: Our “Inner Mice”

The adult mouse brain is approximately the size of a garbanzo bean—
possessing a mass less than 1/2000 that of the human brain. The brains
and behavioral patterns of the two species have diverged substantially,
in accord with their distinctive ecological niches. The elaboration of the
human cerebral cortex and other evolutionary adaptations have con-
tributed to the considerable complexity of human cognitive capacities,
affective regulation, social interactions, and societal structures. The rel-
atively modest cortices and communication skills of mice restrict their
use as plausible models for psychological processes such as artistic cre-
ativity, grief, body image, or dynamic psychotherapy. In light of these
obvious species differences, what evidence exists that an understand-
ing of mouse brain function may be pertinent to human behavior and
psychiatric disease?

The human cerebral cortex does not function in isolation—it is inti-
mately interconnected with subcortical structures that are well con-
served across mammalian species. The brains of vertebrates have a
common structural organization, consisting of the cerebral hemispheres,
diencephalon, midbrain, cerebellum, pons, and medulla.’® Among
mammals, and frequently across other vertebrate classes, the neural
structures within these divisions and the circuits that interconnect them
have extensive similarities. For example, the substantia nigra appears in
reptilian evolution, and this nucleus has a similar organization among
marsupial and placental mammals, including a pars compacta subdivi-
sion containing dopaminergic neurons displaying similar patterns of
projections to terminal fields.®

Despite the differing lifestyles of humans and mice, their extensive
genetic and neuroanatomical homologies give rise to a wide variety of
behavioral processes that are well conserved between species. Explora-
tion of these shared brain functions—our “inner mice”—will shed light
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on fundamental elements of human behavioral regulation. For exam-
ple, both humans and mice display complex processes such as hunger,
fear, aggression, sleep, circadian rhythms, classical and operant condi-
tioning, and sexual behavior. Functional homologies between species
frequently generalize to behavioral responses to drugs—sedative, acti-
vating, anorectic, rewarding—and other behavioral properties of drugs
observed in humans are frequently found in mice. Such species similar-
ities in behavioral pharmacology are recognized by the pharmaceutical
industry, for which rodent behavioral assays are an important compo-
nent of the psychiatric drug discovery process.

Just as behavioral responses to drugs may generalize across species,
so may behavioral responses to genetic perturbations. For example, an
X-linked pattern of inheritance was noted in males of a Dutch family for
a behavioral disturbance characterized by impulsive aggressiveness
and impulsive sexual approaches to females. The syndrome was subse-
quently attributed to a point mutation in the gene encoding monoamine
oxidase A (MAOA) that markedly reduced its function.'” Quite by
chance, a similar behavioral syndrome was unintentionally engineered
in mice. A line of mice bearing a gene encoding interferon was gener-
ated for immunological studies, but investigators observed a pheno-
type difficult to ascribe to interferon function. When males were group-
housed, mutants displayed elevated aggression, resulting in a large
number of wounded animals.'® Moreover, the mutant males displayed
frequent attempts to grasp and mate with unreceptive females. Further
analysis revealed that the interferon transgene had randomly inte-
grated into and disrupted the MAOA gene, leading to a behavioral syn-
drome mimicking that seen in the Dutch family.

The potential for mouse models to reproduce aspects of complex
neuropsychiatric disorders is further illustrated by studies of mutant
mice lacking the hypothalamic neuropeptide orexin.!” These animals
displayed a dramatic behavioral syndrome, characterized by frequent
episodes of inactivity that were manifested by the sudden collapse of
the head and buckling of extremities. EEG analysis revealed instances
in which the attacks were accompanied by sudden transitions from
wakefulness into REM sleep, a phenomenon observed in human narco-
lepsy and in a strain of narcoleptic Doberman pinschers. Moreover, a
mutation of an orexin receptor gene was found to underlie the canine
syndrome.?’ On the basis of these findings, the orexin system was ex-
amined in narcoleptic patients, and profound orexin deficiencies were
observed.?l: 22 Thus, studies of orexin-deficient mutant mice revealed a
novel role for orexin in the regulation of arousal and an important ani-
mal model for examining the pathophysiology and treatment of a neu-
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ropsychiatric disorder with complex behavioral manifestations.

These examples illustrate that, in some instances, perturbations of
neural genes will produce similar behavioral outcomes in mice and hu-
mans. In other cases, however, the consequences of neural mutations
will bear little resemblance between species. For example, disparities in
behavioral response flexibility attributable to species differences in cor-
tical and other neural specializations could enable humans but not mice
to compensate for some mutations of neural genes. Conversely, the neu-
robehavioral consequences of some mutations may be more readily de-
tected in humans, because of the availability of self-report data and
stringent functional requirements imposed on the human nervous sys-
tem by societal demands. It is notable that species differences in the phe-
notypic consequences of mutations are not unique to behavior, as
evidenced by the marked differences in the lung pathology produced by
cystic fibrosis gene mutations across species.?? Despite these discrepan-
cies, mutant mice remain valuable for examining the normal function of
this gene and for exploring the genetic interactions and species differ-
ences that influence the severity of pulmonary phenotypes. Similarly,
examination of factors accounting for species differences in behavioral
responses to mutations would provide valuable lines of research.

Modifying the Mouse Genome

The diverse strategies used to modify the mouse genome may be con-
sidered to fall within two broad categories. The first includes ap-
proaches for introducing known genetic mutations and examining their
phenotypic consequences in the resulting animals. Most commonly,
transgenic and gene targeting approaches are used to generate lines of
mice with enhanced, reduced, or altered gene expression. The second
category consists of “phenotype-based” approaches, used for identify-
ing genes that contribute to phenotypic differences observed between
inbred strains and to phenotypic abnormalities resulting from the in-
duction of random mutations.

Mice Bearing Mutations of Known Genes
Transgenic Technology

Two decades ago, procedures were developed for introducing engi-
neered DNA (“transgenes”) into the mouse genome for the generation
of transgenic mice. Thousands of lines of transgenic mice have been
generated with this procedure, which has become the most commonly
used technique for genetic manipulation in the mouse. Transgenic



The Genes and Brains of Mice and Men 91

DNA constructs commonly consist of a gene of interest linked to “pro-
moter” sequences that direct the anatomical distribution and timing of
transgene expression. These constructs are introduced by microinjec-
tion into fertilized mouse eggs, which are then surgically transferred to
foster mothers. Often, transgenes integrate at a single random chromo-
somal location in multiple copies, permitting high levels of transgene
expression. The resulting transgenic mice may be used as “founders,”
which are then bred to transmit the transgene to the next generation. In
a small proportion of cases, phenotypes of transgenic mice may result
from a transgene inserting into and disrupting the function of a native
gene (as was the case for the MAOA mutant described earlier). Controls
must therefore be performed to determine the extent to which a pheno-
typeis attributable to the transgene, rather than to its genomic site of in-
tegration.

Transgenic techniques may be employed in a wide variety of experi-
mental strategies. Because transgenic mice often possess multiple copies
of the transgene, they may be used to examine the consequences of en-
hancing the function of a particular gene of interest through its “overex-
pression.” It is also possible to reduce gene function by engineering
“dominant negative” mutations that encode proteins designed to inter-
fere with the function of the native gene product. Transgenic procedures
may also be used to investigate the roles of particular neuronal cell types
by selectively directing expression of genes that alter their function. For
example, a transgenic line was developed in which the promoter for the
D; dopamine receptor was used to drive expression of an activating pro-
tein to stimulate cells that express D; dopamine receptors. Chronic over-
stimulation of forebrain neurons expressing D; receptors was found to
produce an abnormal behavioral phenotype characterized by repetitive
grooming and perseverative engagement in other motor patterns that
were likened to human compulsive behaviors.

Conversely, it is also possible to make cell-type—selective lesions by
using DNA constructs in which cell-type-specific promoter sequences
are fused to genes encoding toxic proteins. An example of this approach
is represented by another line of narcoleptic mice generated to more ac-
curately model human narcolepsy. It has been proposed that the human
condition is not typically caused by mutations of orexin or its receptors
but is more likely caused by an autoimmune process, resulting in the
loss of hypothalamic orexin-containing neurons.?> 26 Thus, the patho-
physiology of narcolepsy may involve not only the loss of orexin but
also the loss of non-orexin signaling functions of these cells. To examine
the consequences of the loss of this population of neurons, a transgenic
line of mice was generated in which the human orexin promoter was
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linked to ataxin-3, a protein that causes cell death. Thus, cells that
would normally express orexin were lost in these mutants, resulting in
a narcoleptic phenotype that was proposed to more accurately reflect
the human condition.?’

Additional strategies are being developed to address a caveat that is
frequently pertinent to the interpretation of transgenic studies: because
transgenes are commonly expressed throughout development, the re-
sulting phenotypes could reflect either the adult function of the gene or
an indirect consequence of perturbed brain development. To minimize
developmental effects, “inducible” gene expression strategies have been
developed that permit transgene expression to be activated or sup-
pressed in the adult animal, at times chosen by the experimenter. For
example, a line of transgenic mice has been developed with inducible
expression of AFosB, a transcription factor implicated in behavioral re-
sponses to psychostimulants such as cocaine.?® The expression system
was designed so that chronic treatment with a tetracycline analog sup-
pressed expression of the transgene. Following cessation of treatment in
adult animals, expression levels of AFosB rose and were associated with
increased behavioral responsiveness to cocaine. Thus, perturbations of
development could be excluded as a cause of the cocaine phenotype,
strengthening the contention that AFosB contributes to the reinforcing
properties of cocaine in the normal adult brain. Descriptions of the var-
ious strategies used to achieve inducible gene expression may be found
in a number of reviews.??-31

Gene Targeting

Another major technical advance, made in the late 1980s, was the devel-
opment of gene targeting procedures enabling the precise introduction
of planned mutations into predetermined sites in the mouse genome.
Most frequently, mutations have been designed to generate “knockout”
or “null mutant” mice, animals in which the function of an endogenous
gene has been completely and selectively eliminated. Gene targeting
procedures begin with the introduction of mutation-bearing DNA
sequences (targeting constructs) into embryonic stem cells through ex-
posure to an electric field.3? Targeting constructs most commonly con-
sist of a target gene sequence into which a loss-of-function (“null”)
mutation has been engineered. They are designed to precisely replace
the homologous (matching) native gene sequence within the genome.
Embryonic stem cell clones in which this replacement event has oc-
curred are identified and used to generate mice. They are microinjected
into the fluid-filled cavity of 3-4-day-old mouse embryos, which are
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then surgically transferred to surrogate mothers that give birth to “chi-
meric” mice that are partly derived from the injected embryonic stem
cells and partly derived from the host embryos. Chimeras are bred with
animals lacking the mutation, and genomic DNA obtained from the
progeny is screened for germ line transmission of the mutation. The re-
sulting mice are bred to produce homozygous mutant (bearing two
copies of the mutant gene), knockout mice.

Since the initial knockout mice were generated, there has been expo-
nential growth in the number of reported targeted mouse mutants.3
Generation of knockout mice has become part of standard operating
procedures for exploring the functions of genes in mammals. In cases
where pharmacological agents that selectively interact with particular
gene products are unavailable, examination of knockout mouse pheno-
types may be the best method for uncovering their functional signifi-
cance. Although a number of caveats must be considered in the
interpretation of knockout phenotypes (to be discussed), they have fre-
quently provided important insights into gene function and have pre-
dicted the actions of drugs.3 To date, null mutations of several
thousand genes have been reported, encompassing an estimated 10%—
15% of the predicted gene content of the mouse genome and producing
a staggering array of phenotypes involving all organ systems.% 33 Many
lines of inbred and knockout mice are maintained by the Jackson Labo-
ratory in Bar Harbor, Me., the world’s foremost repository of genetically
defined mice. They supply more than 2,500 varieties to the research
community and currently list 484 strains with phenotypes relevant to
the study of nervous system function.

The potential of knockout mice to shed light on gene functions rele-
vant to behavioral disorders is illustrated by a line of mice lacking the
5-HT, receptor, a prominent central nervous system serotonin receptor
subtype. These animals display a variety of behavioral perturbations,
including an eating disorder characterized by chronic elevations of food
intake, leading to late-onset (“middle-age”) obesity, enhanced suscepti-
bility to type 2 diabetes mellitus, and reduced sensitivity to the anorec-
tic effects of the serotonergic drug dexfenfluramine.3>38 These findings
highlighted a role for 5-HT, receptors in the anorectic effects of seroto-
nin and stimulated efforts to develop 5-HT,¢ receptor agonists for the
treatment of obesity. Further studies revealed that animals lacking this
receptor displayed enhanced behavioral and neurochemical responses
to cocaine, raising the possibility that 5-HT, receptor agonists might
suppress the intake of psychostimulant drugs, as well as food.

Although most lines of mice generated by gene targeting have been
knockouts, alternative strategies employing gene targeting are on the
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rise. In addition to null mutations, it is possible to introduce more subtle
changes, such as point mutations that alter, but do not eliminate, gene
function. For example, a single amino acid change was engineered in a
gene encoding the o, subunit of the y-aminobutyric acid type A (GABA )
receptor, rendering GABA , receptors containing this subunit insensitive
to benzodiazepines.®*# Whereas the resulting animals displayed re-
duced sensitivity to the sedative and amnestic effects of diazepam, no
change in sensitivity to the anxiolytic-like effects of this drug was ob-
served. By contrast, mice bearing a corresponding mutation in the o,
subunit were insensitive to the anxiolytic-like effects of diazepam.
These results indicate a strategy for anxiolytic drug development. Ben-
zodiazepine site ligands active at o,-containing GABA, receptors,
while devoid of activity at receptors containing the o; subunit, may pro-
duce anxiolytic effects without some of the side effects typically associ-
ated with benzodiazepines.*!

Additional advances in gene targeting technologies will allow for
cell-type—specific and temporal control of gene expression. In standard
knockout mouse lines, the normal gene product is completely absent
throughout development from all of the regions in which it is normally
expressed. It may therefore be difficult to precisely identify the critical
neural circuits through which a mutation alters behavior and the devel-
opmental time period in which the mutation produces its effect. To ad-
dress this problem, “conditional” gene targeting approaches have been
devised for the restriction of targeted mutations to subpopulations of
cells or for the induction of mutations at predetermined developmental
stages. Descriptions of procedures for conditional gene targeting are be-
yond the scope of this discussion, but recent reviews are available.3!- 42

Phenotype-Based Approaches

In contrast to transgenic and gene targeting approaches, which are of-
ten used to explore the function of known genes, phenotype-based ap-
proaches work in reverse: phenotypes that exist in particular inbred
strains or in animals with induced mutations are subjected to genetic
analysis in an effort to identify the genes that contribute to the pheno-
type. Two approaches in common use are quantitative trait locus and
random mutagenesis strategies.

Quantitative Trait Locus Analysis

A quantitative trait locus is a chromosomal region containing a gene (or
genes) that contributes a portion of the genetic variation of a quantifi-
able phenotype. Commonly, mouse quantitative trait locus studies are
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undertaken to identify “naturally occurring” genetic variations that un-
derlie known phenotypic differences between two inbred strains of
mice. For example, one strain of mice may score high and another strain
low on a behavioral measure associated with anxiety. Typically, the two
strains are interbred, creating a generation of hybrid mice designated
F1. The F1 animals are then crossed to produce an F2 generation com-
posed of mice with varying contributions of genes from the two paren-
tal strains, due to genetic recombination during gamete formation.

In this example, the F2 mice would then be tested in the anxiety as-
say that distinguished the two parental strains. A continuous distribu-
tion of behavioral scores is usually found, and animals at the extremes
of the distribution are selected for further genetic analysis. Correla-
tions are sought between the behavioral scores and the inheritance pat-
terns of genetic markers that are “polymorphic,” i.e., that differ
between strains. DNA polymorphisms termed “simple sequence
length polymorphisms,” or “SSLPs,” are widely distributed through-
out the genome, are readily detected, and may thus serve as markers.
Quantitative trait locus analyses are performed by using a variety of
statistical techniques to test the probability that variation in the phe-
notype is associated with a particular mapped marker. Following
identification of quantitative trait loci that contribute significantly to
phenotypic variation, a variety of strategies are employed to precisely
identify the gene bearing the functional variant. Approaches include
analysis of previously unknown genes in the quantitative trait locus re-
gion, sequencing of known candidate genes, and determination of dif-
ferential gene expression. Detailed descriptions of theory and practice
are available.43 44

Quantitative trait locus analyses allow for the identification of genes
influencing phenotypic variation without a priori knowledge of the
genes themselves. This is particularly advantageous for the study of
complex behaviors, since the genes most relevant to phenotypic varia-
tion in neural processes regulating behavior remain unclear. Several
limitations to this approach also warrant consideration. For traits that
are regulated by a very large number of genes with small effects, very
large sample sizes may be required. In addition, quantitative trait locus
analysis cannot be used to screen for all genes that are essential to neu-
robiological pathways regulating behavior. It is restricted to alleles that
happen to differ between the two parental strains. Quantitative trait lo-
cus analyses have been performed with limited success to identify
genes contributing to a large number of neurobehavioral processes,
such as anxiety regulation, learning, seizure sensitivity, sensorimotor
gating, and responses to drugs of abuse.*?
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Random Mutagenesis

An alternative phenotype-based genomic screening approach has re-
cently attracted much attention and investment. Efforts are underway
to generate large numbers of animals bearing random single-base-pair
mutations for screening in a wide variety of phenotypic assays. Muta-
tions are induced chemically, by treating male mice with N-ethyl-N-
nitrosourea to induce single-base-pair mutations in the spermatogo-
nia.*> These mice are then bred, and offspring are screened for pheno-
types of interest. Because all mutations in this generation of mice would
be in the heterozygous state, phenotypic screening would detect only
dominant mutations. To detect recessive mutations (mutations that
produce phenotypic abnormalities only in the homozygous state), ad-
ditional crosses would be required to generate and screen offspring that
are homozygous for induced mutations, an expensive task. The doses
of N-ethyl-N-nitrosourea typically employed result in animals with
multiple mutations—it has been estimated that 650 lines of the resulting
mice are sufficient to obtain animals with null mutations of 15,000 genes
(50% coverage of the genome).

The screening of mutagenized mice typically involves assessment
in a battery of physiological and behavioral assays. When testing for
behavioral phenotypes, it is important to recognize that the induced
mutations are random and not restricted to genes regulating the behav-
ioral process of interest.*> For example, genetic perturbations produc-
ing illness, motor impairment, cognitive perturbations, blindness, or
olfaction deficits could alter behavior in an assay intended to assess
anxiety. Therefore, tests of peripheral organ system function and a glo-
bal neurological assessment are usually incorporated in the primary
mutagenesis screen. Although many mice are generated by the mu-
tagenesis procedure, practical considerations allow testing of only a
small number of mice bearing each unique complement of mutations,
limiting statistical power in detecting phenotypic alterations. Therefore,
investigators tend to focus on mice with scores near the extremes of the
population distribution for the phenotypic assay of interest. Progeny of
mice bearing true positive mutations will transmit the altered trait be-
tween generations. Once identified, the mutations are localized to chro-
mosomal regions by using gene mapping methods. Ultimately, the
actual mutation is identified through demonstration of a sequence dif-
ference that tracks with the phenotype.

The potential utility of the random mutagenesis approach has been
demonstrated by studies of mice bearing mutations of the Clock gene. In
a search for genes influencing circadian rhythms, investigators used
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N-ethyl-N-nitrosourea mutagenesis and screened animals for genetic
influences on wheel-running, a diurnally regulated behavior used to
assess circadian rhythmicity. A mutation was found that in the het-
erozygous state lengthened the circadian period of wheel-running be-
havior and in the homozygous state led to the loss of circadian
rhythmicity altogether.*” The responsible mutation was mapped, and
the Clock gene was molecularly cloned.*® Further characterization re-
vealed the gene to be expressed in the suprachiasmatic nucleus, a hypo-
thalamic region implicated in circadian rhythm regulation. This work
set the stage for studies that are providing novel insights into neural
mechanisms that underlie circadian rhythms. Subsequent enthusiasm
for chemical mutagenesis approaches has led to the establishment of
several international centers devoted to mutagenesis screens.® 4 It is
anticipated that current large-scale efforts will result in thousands of
single-gene mutants, many of which will provide novel insights into
neural processes that regulate behavior. In addition to chemical meth-
ods for inducing mutations, alternative approaches, such as “gene
trapping,” are being developed to facilitate identification and charac-
terization of randomly induced mutations.>

Evaluating Mouse Behavioral Models of
Psychiatric lllnesses

The rigorous design and implementation of procedures for analyzing
mouse behavior are critical for translating the rapid advances in mam-
malian genomics into insights relevant to psychiatric disease patho-
physiology and treatment. Confusion regarding the interpretation of
mouse behavioral tests may be reduced by carefully considering the
varying purposes for which particular assays are used. Willner5! has
proposed categorization of behavioral assays into three classes: 1) be-
havioral bioassays, 2) screening tests, and 3) models (simulations) of
clinical conditions. Behavioral bioassays utilize behavior as an output
measure to assess particular physiological processes. For example, the
influence of drugs on the nigrostriatal dopamine system has been as-
sessed by examining their effects on circling behavior in animals that
had received unilateral dopamine system lesions. In an analogous fash-
ion, head-twitch responses have been used as a measure of the ability
of compounds to act as serotonin receptor agonists. The results of such
behavioral bioassays are interpreted with regard to discrete physiolog-
ical processes rather than to clinical conditions.

Behavioral screening tests are commonly used in the pharmaceuti-
cal industry for their “predictive validity”—i.e., the likelihood that the
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effects of compounds in the assay will predict their efficacy for the treat-
ment of particular psychiatric disorders. A test may be useful for this
purpose regardless of whether it appears to accurately reproduce the
cause or symptoms of the disorder. For example, the two most fre-
quently used depression-related mouse behavioral tests are the forced
swim and the tail suspension “behavioral despair” assays. The forced
swim test is conducted by placing animals for several minutes in a wa-
ter-containing cylinder from which they cannot escape. Initially, mice
display high levels of activity in apparent escape attempts, which de-
crease in frequency as the animals exhibit episodes of immobility dur-
ing which they appear to float at the surface. This immobile state was
initially proposed to reflect “behavioral despair”—the loss of hope of
escaping.”? Because immobility in this assay is reduced by a wide vari-
ety of antidepressant drugs, the assay is used in the pharmaceutical in-
dustry to predict potential antidepressant efficacy of novel compounds.
A variant of this assay, the tail suspension test, is more sensitive to se-
rotonergic antidepressants.” In this test, animals are suspended by the
tail for several minutes, and the time spent immobile (without apparent
escape attempts) is measured. Mutations of a number of genes impli-
cated in antidepressant action have been associated with abnormal re-
sponses in these tests, including those encoding the serotonin 5-HT, ,
and 5-HTg receptors, a-adrenergic receptors, monoamine oxidases A
and B, and the norepinephrine plasma membrane transporter.>

Can one conclude that a mouse displaying elevated immobility in
these tests is “depressed”? Mice are notoriously noncompliant with
questionnaires and interviews, precluding collection of the kinds of
self-report data upon which much of psychiatric diagnosis is based. Per-
turbations of psychological processes must be inferred from behavior,
and consideration of the validity of behavioral assays is essential to
their interpretation. The “face validity” of the forced swim test, i.e., the
degree to which a floating mouse resembles a depressed individual, is
limited. It could also be argued that its “construct validity,” i.e., the ex-
tent to which the assay reproduces the etiology and pathophysiology of
depression, is also questionable. It is unclear that immobility in this as-
say reflects a state of “despair,” because immobility may be alterna-
tively viewed as a reasonably adaptive strategy for coping with this
experimental situation. In view of these caveats, a conservative inter-
pretation of an elevated immobility result would be warranted. Rather
than surmising that the mouse is depressed, it would be more appropri-
ate to conclude that the mouse has an abnormality of a behavior
associated with responsiveness to antidepressants. Despite these con-
siderations, the significant predictive validity of the forced swim and
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tail suspension tests indicates that insights into the mechanisms under-
lying such a behavioral phenotype may shed light on the function of
neural pathways pertinent to the treatment of depression.

Another class of behavioral assays with substantial predictive valid-
ity are used to model anxiety states.>* The most frequently employed
class of tests assesses exploratory behavior, relying on the innate predis-
position of rodents to avoid open and/or brightly lit spaces—presum-
ably an innate response evolved to minimize the risk of predation. For
example, when placed in a novel behavioral enclosure, mice exhibit an
affinity for the periphery of the behavioral arena rather than the center.
The proportion of time spent in the periphery is proposed to correlate
with anxiety state. The most commonly used screening test for examin-
ing the effects of experimental manipulations on anxiety-like behavior
is the elevated “plus” maze. This consists of an elevated platform that
is shaped like a plus symbol, with four arms, two of which are walled
and two open. The predisposition of mice to prefer the closed to the
open arms is proposed to correlate with anxiety state. The effects of
pharmacological agents in this assay are predictive of their anxiolytic
efficacy in humans. Thus, diazepam increases the proportion of time
animals spend exploring the open arms. Conversely, m-chlorophenyl-
piperazine, a nonselective serotonin receptor agonist, reduces explora-
tion of the open arms and produces anxiogenic responses in humans.

To date, behavioral abnormalities consistent with the dysregulation
of anxiety have been reported in at least 30 lines of mice.> For example,
marked enhancements of anxiety-related behaviors were observed in
three different laboratories that independently generated mice bearing
a targeted null mutation of the serotonin 5-HT, , receptor gene.>*-58 This
phenotype is consistent with the known anxiolytic properties of 5-HT ,
receptor partial agonists, such as buspirone. These mutants may be
used to examine mechanisms through which serotonin systems regu-
late anxiety. Behavioral analysis of animals bearing mutations affecting
the signaling of corticotropin-releasing factor (CRF) also reveals results
consistent with its proposed role in anxiety regulation. Thus, elevated
anxiety-like behaviors were observed in mice bearing mutations en-
hancing CRF expression,® and reductions of such behaviors were ex-
hibited in mice with genetic perturbations reducing brain CRF
signaling.®* Mutations impacting the signaling of acetylcholine, dopa-
mine, GABA, neuropeptide Y, cholecystokinin, nitric oxide, and other
neuromodulators have also been found to impact anxiety-related be-
haviors.%

It is noteworthy that the assays of rodent depression- and anxiety-
related behavior just discussed may be considered to model particular
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behavioral states rather than the full range of affective, cognitive, and
neurovegetative symptoms characteristic of common psychiatric disor-
ders. As discussed in other contributions to this issue, susceptibilities to
these illnesses are polygenically determined, and the environmental
contributions to their pathophysiology are incompletely understood.
Therefore, current mouse models may be most productively used to ex-
amine the biological bases of individual features of psychiatric disor-
ders rather than as comprehensive models of complex psychiatric
syndromes.>* Exceptions to this are conditions in which clear etiological
factors have been identified. In the case of substance use disorders, an
important etiological factor, the abused drug, is known. Thus, studies
may be performed in which a wide variety of physiological and behav-
ioral responses to the abused substance are examined. In addition, as
genetic factors conferring susceptibility to psychiatric diseases are un-
covered, it will be possible to perform detailed analyses of the pheno-
typic consequences of their introduction into the mouse genome.

Priorities for the Development of
Neurobehavioral Assessment
Strategies in the Mouse

Procedures for the manipulation of the mouse genome are continuing
to develop at a rapid pace and are becoming increasingly accessible to
investigators. With the development of large-scale mouse mutagenesis
programs and the proliferation of inbred, transgenic, knockout, and
other genetically modified strains, we have become inundated with
valuable mutant mice. The extent to which mouse genetic approaches
will provide insights into the neural bases of psychiatric disorders rests
critically on the ability to examine the influence of mutations on com-
plex behavior. Unfortunately, technology development for mouse be-
havioral analysis has lagged behind the pace of innovation in
mammalian genetics and genomics. Many of the behavioral assays in
common use were originally designed for rats several decades ago and
have been recently adapted to mice with little change other than reduc-
tions in equipment dimensions. Existing behavioral testing procedures
can be time- and labor-intensive, and many factors may complicate
their interpretation. These limitations have contributed to a substantial
bottleneck in our ability to make maximal use of advances in mouse ge-
nome manipulation to study the neural basis of mammalian behavior.
The field is currently in its infancy, and its development would be fur-
thered by progress in a number of areas.
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Standardization of Equipment and
Experimental Procedures

Currently, many aspects of behavioral testing equipment and proce-
dures are not standardized among laboratories.®! For example, physical
features of the elevated plus maze such as dimensions, color, and con-
struction material may differ, contributing to avoidable interlaboratory
variability. In addition, procedural differences in the conduct of behav-
ioral assays may vary between laboratories. Often, overlooked vari-
ables such as mouse-handling practices, housing conditions, and
testing room environments may influence results. Consensus on sets of
standard procedures is required, along with enhanced appreciation of
the extent to which uncontrolled environmental variables may influ-
ence behavioral performance.

Diagnostic Standards

Currently, there are no standards to which investigators can refer to
draw conclusions about the behavioral traits of their mutants. As a con-
sequence, some investigators may report a behavioral phenotype based
on a single marginal assay, whereas others maintain more stringent cri-
teria. In the absence of clear diagnostic standards, a conservative ap-
proach would be to require a consistent pattern of abnormal behavioral
responses across several assays pertinent to a given behavioral domain
before conclusions are drawn.

Need to Assess Multiple Behavioral Domains

Principles of clinical evaluation can be useful in the analysis of mutant
mouse phenotypes. For example, clinicians do not limit their inquiries
to the chief complaint, and they perform a review of systems to mini-
mize the risk of overlooking important information. However, investi-
gators interested in a particular behavioral trait sometimes perform a
very restricted analysis, limited to the behavioral domain of interest.
This could be problematic because an undetected deficit in another be-
havioral domain could influence the interpretation of results. For exam-
ple, an animal with normal trait anxiety could perform abnormally on
the elevated plus maze because of an undetected cognitive deficit. Con-
versely, a mouse with a motor impairment or a severe stress response
to a learning task may perform abnormally for reasons other than cog-
nitive impairment. Thus, the exploration of multiple behavioral do-
mains will maximize the extent to which each individual assay may be
correctly interpreted.
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Limitations of Behavioral Batteries

To maximize the information that can be obtained from limited num-
bers of mutants, cohorts of mice are often examined in a battery of be-
havioral tests requiring repeated removal from their home cages.
Implementation of behavioral batteries may be associated with draw-
backs that are difficult to avoid, such as 1) they are time-consuming and
labor-intensive, 2) the order of test administration can skew the result-
ing data, and 3) repeated removal of mice from the home cage produces
stress that may confound interpretation of behavioral data. These prob-
lems may be addressed by use of experimental designs that control for
test order and by the development of alternative behavioral analysis
strategies permitting simultaneous assessment of multiple behaviors,
as will be described.

Strain Information

The large number of available inbred strains represents a resource that
has yet to be fully utilized. Although inbred strains are known to dis-
play a wide variety of behavioral phenotypes, these have not been
systematically characterized. To address this issue, a large-scale inter-
national “Mouse Phenome Project” has been recently initiated by the
Jackson Laboratory to establish a database containing detailed pheno-
typic information (behavioral and nonbehavioral) from a wide variety
of inbred strains.®?> Such information may be used for the purpose of
selecting strains with characteristics most suitable for investigating
particular mutant phenotypes or for identifying strain differences in
traits of interest for quantitative trait locus studies.

Need for Assays of Additional Behaviors

The development of satisfactory animal models that simultaneously
mimic multiple features of complex psychiatric disorders of uncertain
etiology may be extremely difficult. However, it may be feasible to de-
velop new assays relevant to particular features of psychiatric illnesses
that are not commonly modeled in mice, such as compulsions, panic at-
tacks, binge eating, impulsivity, distractibility, and anhedonia. In some
cases, useful assays that have been previously established in rats could
be adapted to mice. In other cases, novel approaches will be required.

Gene-Environment Interactions

Susceptibility to psychiatric illnesses depends not only on genetic en-
dowment but also on experience. Although mouse genetic studies most
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commonly focus on the influences of genes, they may also be used to ex-
plore the interactions between genes and environment on the establish-
ment of behavioral traits. For example, rodent behavior is susceptible to
social influences, as demonstrated by studies revealing that a mother’s
treatment of her pups can produce lifelong influences on stress reactiv-
ity in her offspring.®® Mouse molecular genetic approaches may be ap-
plied to determine the influence of genes both on maternal behavior
and on the sensitivity of pups to experimental perturbations of the ma-
ternal care they receive. Genetic influences on the behavioral conse-
quences of a wide range of additional environmental factors, including
chronic stress, social defeat, diet, and environmental enrichment, also
warrant further exploration in the mouse.

Behavioral Assays Applied to
Both Humans and Mice

A challenge in determining the relevance of animal studies to psychiat-
ric conditions results from fundamental differences in the nature of the
data used for assessment of psychological processes in humans and
mice. While psychiatric assessment relies heavily on self-report data,
assessment of psychological processes in mice requires inferences de-
rived from the analysis of behavior. Although the prospects of obtain-
ing useful self-report data from mice remain discouraging, there is
increasing interest in the development of behavioral assays that may be
applied to both mice and humans. One example is the prepulse inhibi-
tion assay, which examines the ability of a sensory stimulus to suppress
the startle response to a subsequent stimulus. This index of sensorimo-
tor gating is perturbed in schizophrenia, and the effects of drugs on
prepulse inhibition are similar in mice and human subjects.®* Many
possibilities exist for the development of new cross-species assays that
may be applied to additional domains of behavior.

Need for Technological Innovations
for Behavioral Assessment

New technologies that have revolutionized genomics and other scien-
tific fields may also be used to develop novel approaches for behavioral
assessment—the application of advances in information technology
may be particularly useful. Toward this end, my colleagues and I, as
well as others, are combining automated behavioral data collection sys-
tems with sophisticated computational tools for “behavioral informat-

”

ics” approaches to phenotype analysis. The spontaneous behavior
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patterns exhibited by mice in their home cages provide a rich source of
information reflecting the functional output of the brain. Behaviors
such as exploration, feeding, drinking, sleeping, grooming, and diurnal
rhythms reflect the functions of numerous neuronal pathways, each in-
fluenced by large numbers of genes. Rather than removing animals
from their home cages and isolating various behavioral domains in in-
dividual tests, this approach will entail the introduction of experimen-
tal manipulations into the home cage. Their impact may thus be
examined in the context of the integrated expression of multiple behav-
ioral domains (“mouse lifestyles”), reflecting the outputs of multiple
neuronal pathways. We have been developing such technology with
the goal of systematically establishing a database recording the impact
of genes, drugs, environmental exposures, and brain lesions on sponta-
neous behavioral patterns. Such a resource will provide a sensitive tool
for assessment of the neurobehavioral consequences of mutations and
other experimental manipulations. We anticipate many such new tech-
nology initiatives will be developed in academic and industrial set-
tings. Such efforts, along with progress in meeting the multiple
challenges already outlined, will permit a detailed assessment of brain
function in the mouse and enhance the extent to which the revolution
in mouse molecular genetics will benefit psychiatric research.
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treatment,®* and there is no systematic way to determine which of a va-
riety of treatments will be efficacious for a given patient. Limited
progress has been made in identifying new and unique drug targets in
these illnesses, and no objective validated diagnostic markers for these
diseases have been found.>”

It is now clear that psychiatric disorders such as schizophrenia and
depression are not caused by a single gene abnormality but, instead, by
a set of abnormal genes.! Complex trait disorders, such as schizophre-
nia and depression, are multifactorial diseases attributed to polygenic
(more than a single gene) and epigenetic (e.g., changes in gene expres-
sion that are heritable but do not entail a change in DNA sequence) fac-
tors. Of the many challenges in research into complex trait disorders,
one of the limiting factors is the time required to screen large numbers
of genes. Recent advances in technology, including high-throughput
methods such as microarrays, allow the screening of tens of thousands
of genes (up to 30,000) in humans in a relatively short period of time.?
To date, a limited number of published studies in schizophrenia®-'8 and
in mood disorders!% 1° have used microarrays to identify candidate
genes and relevant metabolic and signaling pathways. At present, there
is an early consensus of the possible role of presynaptic and myelin-
related genes in the pathophysiology of schizophrenia.!>-17- 20 This re-
view focuses on methods used in microarray technology and describes
its relative strengths and weaknesses.

The central genetic dogma states that genomic DNA (Appendix 1)
is first transcribed into mRNA, after which mRNA is translated into
protein. Proteins are critical to a wide range of intra- and extracellular
activities, including enzymatic, regulatory, and structural function.
Microarrays monitor the transcriptome, the collection of mRNA in a
cell. Estimates suggest that 50% of human transcriptome is expressed
in the brain.?! Changes in mRNA expression can, but not always, re-
sult in phenotypical and morphological differences. Alterations in
patterns of expression of multiple genes can offer new data concern-
ing regulatory mechanisms and biochemical pathways. Novel genes
and pathways that have never been linked to the pathophysiology of
psychiatric illnesses can emerge from microarray studies to provide
new insight into the disease process and potential unique therapeutic
drug targets.

Molecular genetic studies, in combination with the extensive new
body of sequence information for the human genome, are revolutioniz-
ing the way in which cellular processes are investigated.?> New types of
experiments are possible, and discoveries are being made on an unprec-
edented scale. High-density DNA microarrays allow the parallel and
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quantitative investigation of complex mixtures of RNA and DNA (for
reviews, see references 8 and 21-27).

Acquisition, Characterization, and Processing
of Postmortem Brain Tissue

Table 1 summarizes the flow of the discovery process for candidate vul-
nerability genes with microarray technology. The first steps in the pro-
cess, involving the acquisition, characterization, processing, and
storage of the highest-quality brain tissue, are critical to the successful
use of microarrays.?® Major fundamental advances in psychiatry and
neuroscience depend on the quality and use of brain banks. The feder-
ally funded Alzheimer’s Center program has developed 29 brain banks
that have been critical to its success. More than 10 brain banks focused
on psychiatric disorders have been established in the United States and
the United Kingdom. It is important to develop systematic standard-
ized procedures for diagnostic reliability, clinical characterization of
patients and comparison subjects, and reliable sources of tissue. Obtain-
ing tissue, contacting next of kin for informed consent, matching pa-
tients and comparison subjects, dissecting/freezing, and processing
tissue, and establishing a database, and tracking samples are important
components.

Processing and Storage of Brain Tissue

Acquisition of postmortem brain tissue requires establishment of a co-
operative interaction with coroner’s offices, hospitals, and eye and tis-
sue banks. Multiple daily contacts with these sources are essential to
obtain postmortem material. The institutional research boards must ob-
tain informed consent from next of kin before receiving the tissue. Once
the brain tissue has been acquired, the brain can be sliced and each slice
placed in a plastic envelope, photographed on each side, and flash fro-
zen at —120°F between precooled aluminum plates. A neuropathologist
should examine the tissue for abnormalities, including hemorrhage, in-
farcts, tumors, and plaques and tangles.

Characterization of the patients and healthy comparison subjects is
particularly important and needs to include a review of the coroner’s
notes and psychiatric and other medical records, with all information
recorded in a database. Family interviews can provide information on
psychiatric symptoms, substance abuse, and family psychiatric history.
Additional database information should include age, gender, postmor-
tem interval, brain pH, manner of death, toxicology analysis, psychiat-
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Table 1.

Flow chart of the process for discovering candidate
vulnerability genes by using microarray technology

Step

Description

N OO W

10

11

12

13

14

Acquire and characterize high-quality postmortem brain tissue;
match patients and comparison subjects

Process and store tissue

Dissect multiple disease-implicated brain regions

Extract total RNA from tissue

Evaluate RNA quality

Prepare microarrays and brain tissue samples

Run Affymetrix GeneChips or spotted cDNA microarrays in two
independent laboratories; evaluate data and rerun samples on
low-quality chips

Validate cellular localization of microarray results by using real-
time polymerase chain reaction and in situ hybridization

Analyze data and statistical approaches for stringent criteria for
significance of differentially expressed genes between tissue
from patients and comparison subjects; compile list of candi-
date genes that meet criteria

Determine functional significance of each identified candidate
gene by using web-based data review

Cluster genes functionally in terms of known metabolic and sig-
naling pathways

Evaluate identified candidate genes in terms of their chromo-
somal locus and possible overlap with replicated microsatellite
whole genome scan “hot spots” of mood disorder and schizo-
phrenia patients

Determine overlap of the candidate gene list with genes identi-
fied in microarray studies of animals receiving psychoactive
drugs

Redo entire experiment with new cohort of patients and matched
comparison subjects

ric symptoms, substance abuse (including tobacco), age at onset of
illness, and DSM-IV diagnosis. Ideally, each patient should be individ-
ually matched with important variables from healthy comparison sub-

jects.

Regional Dissection

A great deal of information has accumulated from brain imaging (with
and without pharmacological probes) and postmortem investigations
to strongly implicate specific brain regions in the pathophysiology of
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mood disorders and schizophrenia.?’-3! For example, several articles
have supported the importance of the dorsolateral prefrontal cortex in
schizophrenia and the limbic system in mood disorders.30 323% A thor-
ough literature review of these implicated regions is indicated to help
determine the areas that are to be dissected from the brain. One ap-
proach is to use one side of the brain for microarray studies and the
other side for parallel studies, including in situ hybridization to deter-
mine cell site specificity of the array findings. Methods have been per-
fected for placing frozen tissue into fixative in a manner that retains
histological quality for in situ hybridization histochemistry.3

RNA Extraction of Total Cellular RNA From
Brain Tissue and Preparation for
Microarray Hybridization

Microarrays are hybridization experiments involving comparison of
relative amounts of cellular mRNA from two tissue samples. The terms
“hybridize” and “hybridization” mean that a single strand of DNA or
RNA consisting of unpaired nucleotide bases bonds to a respective
complementary nucleotide strand of DNA or RNA. Genomic DNA is
usually first transcribed into mRNA in the cell nucleus and subse-
quently translated into proteins in the cell cytoplasm. The amount of
mRNA in the cell is thought to represent the transcription of the gene.
Hence, the extraction, stabilization, and purification of total RNA that
includes mRNA are important factors affecting the quality of the mi-
croarray results. Total RNA is extracted from the tissue, and the quality
of the total RNA is verified by electrophoresis and spectrophotometry.
The mRNA is labeled and hybridized to the array for quantification.
This is achieved by introducing a fluorescent marker during the prepa-
ration of mRNA that can be detected and quantified by a laser scanner.

Methods for Profiling Gene Expression

The exploitation of hybridization in microarray analyses sharply accel-
erated the search for defective genes. Hybridization is based on the
Watson-Crick model of base pairing of nucleic acids such that adenine
(A) binds to thymine (T) (or uracil [U], in the case of RNA), and cytosine
(C) binds to guanine (G). Each probe on a microarray is designed to hy-
bridize with unknown target mRNA. In this review, the term “probe”
refers to known oligonucleotides (sets of short sequences of linear nu-
cleotides) or cDNA (complementary DNA) fragments immobilized on
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microarray slides. (Some authors outside the oligonucleotide chip com-
munity tend to use the reverse terminology.) When samples labeled
with fluorescence are applied to microarrays, hybridization or binding
reactions take place between each probe and the target mRNA. Each
microarray probe recognizes cDNA sequences by base pairing (hybrid-
ization). After a series of washes to eliminate unbound nucleotides and
nonspecific bindings, only the target probe complexes remain bound.
Intensity of the fluorescent signal for each probe reflects the abundance
of the target RNA in the RNA sample.

Microarray Gene Expression Profiling

A number of functional methods for determining gene expression have
been developed, including microarrays, total gene expression analysis
(TOGA), massive parallel serial sequencing (MPSS), subtraction hy-
bridization (SBF), and serial analysis of gene expression (SAGE) (SAGE
is a first-pass screening method that can be used in parallel with mi-
croarrays).3¢-38 This review, however, will focus on microarrays that in-
volve synthetic oligonucleotides or complementary DNA sequences
immobilized on membranes or solid surfaces.

Oligonucleotide Probe Array Method

Affymetrix GeneChip arrays (Affymetrix Inc., Santa Clara, Calif.) are
high-density oligonucleotides (probes) that are synthesized on a glass
slide.?> 3% The GeneChip differs from other techniques in that the probe
is generated on the slide rather than being created first and placed on
the slide, as with spotted arrays. Affymetrix uses a process similar to
that used in the production of solid-state semiconductors. Essentially,
this method entails adding one base at a time in sequence to create the
desired oligonucleotide. Synthesis involving protective chemistry and
lithographic masks allows the placement of specific nucleotides in pre-
ferred locations to form multiple arrays on a single glass surface. The
computer registers where each fragment or specific gene is located on
the slide matrix. The known probe cDNAs that are fixed to the matrix
are allowed to bind with the unknown mixture of target cDNAs. This
technology allows the comparison of the expression of thousands of
genes at a time between biological samples.

cDNA or Oligonucleotide Spotted Array Method

A second microarray method involves the use of robots to place or
“spot” ¢cDNA or oligonucleotides of characterized genes or ESTs (ex-
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pressed sequence tags known to be expressed in the tissue but not yet
characterized as genes) nucleotide sequences to a slide or membrane.
The genetic material to be identified (cDNA or oligonucleotides) is
washed over and allowed to hybridize to the spotted arrays, after which
it is excited with lasers to activate a fluorescent signal. Scanning confo-
cal microscopes measure the signal intensities of the hybridization. The
measurements are then translated into ratios to provide relative com-
parisons of mRNA from different samples. The strength of the spotted
arrays is that they can be customized to measure different mRNA vari-
ants.

Robots are used to control the position and spotting of the cDNA or
oligonucleotides. This produces accurate high-density arrays. With this
method, experimental and reference samples are typically labeled with
red or green fluorochrome. Both are hybridized on the same microarray,
and a measurement is obtained from each DNA site on the array. The
intensity differences of the two fluorescent images are read out as dif-
ferences in gene transcript abundance between the experimental and
reference tissue (patient brain tissue and healthy comparison tissue).
Radioactively labeled targets may also be used.*? Several companies
such as CodeLink*! have developed spotted oligonucleotide microar-
rays consisting of nucleotide (50-80-nucleotide) probes.

Strengths of Microarrays

The strength of microarrays is that they provide the means to repeat-
edly measure the expression levels of a large number of genes at a time.
Relatively small amounts of total RNA can be analyzed.

Limitations of Microarrays

Microarrays are primarily a screening tool. Although traditional meth-
ods that measure gene expression (e.g., Northern blotting, RNase pro-
tection assays) are relatively labor intensive, they provide high
resolution and can be used to validate or extend microarray data. Sev-
eral limitations to microarrays are noted. A major limitation is a de-
creased sensitivity of the arrays to the detection of genes with low
expression levels (low-abundance genes). Another disadvantage is that
microarrays do not measure posttranslational modifications (e.g., phos-
phorylation).?! Still another drawback is that it is possible to confound
microarray results through a process of cross-hybridization in which
specific components of the arrays will cross-hybridize because of se-
quence similarity of the probes as defined by Affymetrix. This is actu-
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ally more of a problem with spotted DNA arrays since there is no
attempt to spot onto the arrays only the portions of genes that are dif-
ferent from their family members. Affymetrix can, in principle, avoid
this problem by using oligos corresponding to only the regions that dif-
fer in sequence between closely related genes. Finally, tissue heteroge-
neity remains a persistent challenge for microarray studies, particularly
in brains in which there are multiple densely packed cell types. This is
also true for Northern blots, SAGE, and any other non-in-situ method.
Microarray measures of heterogeneous cell expression may decrease
the sensitivity of microarrays by masking changes in gene expression.
To overcome this problem, laser-capture microdissection techniques
are used that can measure the expression of single cells, providing the
capability of isolating homogenous samples from heterogeneous blocks
of tissue.*? Microarrays and laser-capture microdissection, used in par-
allel, provide complementary information concerning cell-specific gene
expression changes representative of larger blocks of tissue.

Verification of Quality of mRNA

It is necessary to optimize the integrity of RNA, especially in studies of
the postmortem brain. In this regard, pre- and postagonal status should
be recorded. It has been generally agreed that the preservation of
mRNA is affected by its preagonal state. Coma, pyrexia, and hypoxia
are considered to affect specific mRNA. mRNA is preserved for long
periods in postmortem tissue, and the postmortem interval (time from
death until freezing of the tissue) has little effect on the stability of RNA
for at least 48 hours. Since the preservation of mRNA correlates with
brain pH, measurement of brain tissue pH is considered to be a useful
initial screening procedure in the assessment of samples.*> 4 Longer
postmortem intervals do not appear to affect brain pH (data in
preparation).

The evaluation of RNA sample quality is essential for interpreting
microarray results. In experiments using Affymetrix GeneChips, 3":5'
ratios (ratios of signal intensities of probes designed specifically for
each end region of a gene) of housekeeping genes (genes whose expres-
sion is essential for cell function) are useful as indicators of mRNA in-
tegrity in the genes. The percentage of present call (percentage of genes
detected as present in samples of total genes on the microarray) can also
be used in evaluating RNA integrity in microarray experiments. When
there is a problem in either RNA integrity or in another part of the mi-
croarray experiment, the percent of present call is detected as low. Cor-
relation between arrays can be a particularly sensitive indicator for
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RNA integrity (data in preparation). On the basis of our analyses, arrays
from samples with better RNA integrity correlate better with each
other.

Additional variables need to be considered in microarray methods.
Repeated freezing and thawing of RNA samples leads to degradation
of the sample. Storage of RN A samples at below —70°C is essential. Con-
version of samples to cDNA, rather than maintaining samples as RNA
for along time, will aid in the preservation of samples rather than main-
taining samples as RNA for a long time.

Other microarray quality-control parameters include the use of mul-
tiple array experiments to eliminate noise in the data (e.g., technical du-
plicates in which the sample is relabeled and hybridized to a new chip)
or biological replicates. Similarity of expression profiles of replicate ex-
periments helps to validate the quality of the study. All samples not
meeting rigorous standards for high-quality data should be rerun.

Validation and Localization

Microarray methods are essentially for screening, and results obtained
from them need to be validated. In situ hybridization (ISH) histochem-
istry provides one of the important confirmations of the expression of
genes in the brain and can be used at multiple levels of resolution to
confirm the presence of relevant mRNA in a region of the CNS, its lo-
calization to subnuclei or layers, and the classes of cells in which it is ex-
pressed. In determining cell class, it is important to have tissue in a
sufficiently well-preserved state to permit immunocytochemistry. Ra-
dioactive in situ hybridization histochemistry can be applied in a quan-
titative manner to confirm expression levels demonstrated by array
studies and can be used to quantify numbers of neurons in cases in
which the concentration of signal over cell somata is sufficiently dense
and well localized (see examples of both in references 45 and 46). The
limiting factor for in situ hybridization studies is the time taken to pre-
pare oligonucleotide or complementary RNA probes for novel mRNA
and the concentrated effort required to do in situ runs on multiple can-
didates.

Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction (RT-PCR) is another relatively
high-throughput technique used for the quantification of steady-state
mRNA levels. It provides high sensitivity so that rare sequences can be
detected. It may also be used to detect messages from small sections of
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tissue so that subsections of the brain can be examined independently.
Real-time polymerase chain reaction involves polymerase chain reaction
amplification of a segment of the gene from mRNA that has been turned
into cDNA and measurement by fluorescence of the polymerase chain
reaction product formed by interactions of a green dye with the double-
stranded DNA product. This method is sensitive and inexpensive.
Other real-time polymerase chain reaction methods, such as the Taq-
Man probe assay (Applied Biosystems, Foster City, Calif.) with fluores-
cent-labeled probes, have been developed. These technologies increase
specificity of real-time polymerase chain reaction detections by way of
mechanisms that activate the fluorescent signal only when the fluores-
cent-labeled probe is specifically bound to a target sequence.

SAGE: An Alternative to Microarray Methods

In psychiatry, there is a strong incentive to use SAGE to complement
microarrays, both in terms of dealing with the sensitivity limitations of
microarrays and the need to identify novel transcripts. The SAGE
method is designed to produce estimates of the relative concentration
of the mRNA pool in a tissue. This high-throughput strategy uses se-
quencing of short fragments of mRNA on a large scale (many tens of
thousands to hundreds of thousands of such RNA pieces are thereby
uniquely identified). It is largely seen as a means of gene expression
profiling for a tissue both to determine if a tissue makes an mRNA and
in the quantification of each RNA.% %7 The SAGE method can be used
to quantify various mRNAs in a tissue; however, it can require pooling
tissue blocks across individuals (in order to be able to build a library
large enough to detect rare mRNAs). SAGE is also very expensive. Ad-
vantages include that it does not require knowing all the transcripts be-
forehand, as in the case of microarrays. In one recent study, SAGE was
used to evaluate the sensitivity of Affymetrix U95a human chips. It is
estimated that GeneChips reliably detect 30% of hippocampal tran-
scriptome when a gross hippocampal dissection is used as the source
tissue.#”

Bioinformatics

Defining Criteria for Significance of
Identified Genes

New methods of data analysis are being developed to efficiently pro-
cess the massive amount of data produced by microarray studies. Sys-
tematic mathematical strategies that can be applied to large numbers of
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research designs become critical to correctly handle the extraordinarily
large data sets. There are three algorithms in current use for oligonucle-
otide microarray expression analysis: MAS5 (Microarray Suite version
5, Affymetrix), dCHIP,# and RMA (Robust Microarray Analysis).®
These software packages condense the 20 Affymetrix probe pairs of a
set, corresponding to each gene, into one value. Whatever package is
used, the resulting condensed value can then be used for later statistical
analyses.

With a simple two-group comparison, a t test or a Wilcoxon test is
commonly used as a statistical indicator of the effect size. However,
both tests have limitations in that multiple tests (thousands of observed
genes) are usually performed for each sample, thus raising the possibil-
ity of false discovery, and the t test must be repeated for multiple group
comparisons, increasing the number of statistical tests performed. To
minimize the false positive and false negative discovery of candidate
genes in a microarray, other selection criteria can be implemented,
such as coupling a fold change (ratio of experimental gene expression
divided by comparison gene expression) and statistical requirement
together. Often investigators use signal intensity, assuming some pro-
portionality to gene abundance, as another criterion for selection of
genes to follow up for validation, functional, or structural studies.

A regression approach can be useful when evaluating differences
between group means for gene expression (especially when more than
two groups are being compared) and when there is consideration of
variables such as diagnosis, gender, and brain region. Covariates can be
built into regression analyses by using age, family history, agonal fac-
tors, and tissue factors such as pH, postmortem interval, and time to
cooling of the tissue. During evaluation of more than two groups, a sim-
ple regression approach through an analysis of variance procedure is
useful for incorporating repeated measurements obtained from the
same sample (technical duplicate) and from different brain regions of
the same patient. Currently, microarray statistical analysis software is
freely available through academic ventures such as BioConductor
(http:/ /www. bioconductor.org).

Interpretation of Changes in Gene Expression

Microarrays have traditionally used fold change (the ratio of experi-
mental gene expression divided by comparison gene expression) as an
index of the magnitude of differences in gene expression between sam-
ples.®? Many factors, including data standardization and the abundance
of genes, may confound fold change; therefore, other rigorous statistical
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approaches (see Bioinformatics) are necessary in addition to fold-
change measurements.*® %051 When a set of genes is identified by mi-
croarray experiments (i.e., stringently and significantly differentiated
from matched comparison subjects), it is useful to describe each gene in
terms of its chromosomal locus, functions, effects of psychoactive
drugs, and significance in psychiatric disorders. Also needed is infor-
mation about the similarity of gene sequences between human and an-
imal genomes. Perhaps most important is the issue of whether the gene
is involved in specific known metabolic or signaling pathways. What
other genes are interacting with the gene of interest? Are other genes in
the pathway also differentially expressed? Most microarrays contain a
specific number of genes that can be categorized in 40 or more defined
metabolic or signaling pathways.

Additional information is gained from microarray analysis of mul-
tiple brain regions, including data concerning whether classes of genes
are globally dysregulated in many areas or only in a particular region.
Analyzing multiple brain regions in two independent laboratories can
serve to reduce false experiment-wide error rates, since the entire exper-
iment is essentially replicated with multiple biological samples.

Functional Significance of Genes in Terms of
Metabolic and Signaling Pathways

Once the task of identifying candidate genes is completed, the process
of delineating the biological significance of the observed differential
gene expression patterns begins. It involves identifying the function of
individual genes or their products, clustering them to reveal their rela-
tion to each other and predicting functions of gene clusters with previ-
ously unknown functions, deducing their causal relationship to the
disease under study, and defining the biochemical mechanism/path-
way they could likely disrupt or through which they exert their influ-
ence and/or participate in the disease process (GO project [http://
www.geneontology.org]). The functional attributes of each known
gene or gene product (protein) fall into three basic categories: 1) molec-
ular function (e.g., growth factor), 2) cellular components (cellular loca-
tion) (e.g., cytoskeleton), and 3) biological process (physiological
pathway) (e.g., energy metabolism) (Gene Ontology Consortium 2000).
Many additional sources of relevant information are available, includ-
ing the National Center for Biotechnology Information (NCBI) (http://
www.ncbinlm.nih.gov), the NINDS/NIMH Microarray Consortium
(http:/ /arrayconsortium.cnmcresearch.org), and the German Genome
Resource Center (http:/ /www.rzpd.de).
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Changes in Gene Expression Due to
Medication and Epigenetic Factors

Psychoactive medication can have a significant influence on genes asso-
ciated with signaling and metabolic pathways. It is important to deter-
mine which medications patients have received, their dose, lifetime
exposure, and the medications taken at the time of death. The potential
alterations in gene expression in postmortem brain tissue due to psy-
choactive drugs can be evaluated with microarray studies in rodents
and nonhuman primates receiving long-term doses of medications.
Epigenetic processes can be also evaluated in terms of their impact on
expression changes for a given gene.

Identifying Candidate Vulnerability Genes

The top section of Figure 1 summarizes a strategy for discovering candi-
date vulnerability genes. Microarrays provide a unique high-throughput
methodology for identifying a set of significant genes that are differen-
tially expressed in psychiatric subjects in relation to matched comparison
subjects. These genes can be validated with real-time polymerase chain
reactions and their cellular location identified by in situ hybridization
studies. One can then review replicated genome-wide survey-identified
“hot spots” and genes located in these regions of interest. Although a
number of genes occur at these hot-spot loci, the microarray-identified
genes that are found at these loci may be of particular interest. A third
source of candidate genes comes from the use of microarrays in animal
models of psychiatric disease. For example, behavioral paradigms
such as learned helplessness and the forced swim test>? and drug
treatment models in which animals are administered phencyclid-
ine,5 amphetamine,* 5 % or long-term treatment with antidepres-
sants, mood stabilizers,®°8 or typical or atypical neuroleptics?
provide important resources for microarray studies in psychiatric
illness. It is possible to develop Venn diagrams to define genes that are
similarly differentially expressed, for example, in all three classes of
mood stabilizers (e.g., lithium, valproate, or carbamazepine). Finally,
candidate vulnerability genes can be derived from our knowledge of the
pathophysiology of circuits, neurotransmitter systems, and the pharma-
cology of the disease. Genes become candidates of major interest when
they are 1) identified by microarray screens in patient postmortem brain
tissue, 2) occur on replicated whole genome-wide hot spots, 3) are impli-
cated in diseased rodent or nonhuman primate models, and 4) relate to
metabolic or signaling pathways known to be involved in the disease.
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Candidates from replicated
genome-wide microsatellite
surveys identifying “hot spots” and
genes in regions of interest

Candidates from microarray screens
(30,000 genes) and validation with
real-time polymerase chain reactioN
and/or in situ hybridization

CandidatelGenes Candidates from microarray studies

Candidates from knowledge of in animal disease models (learned
pathophysiology of neuronal helplessness), drug models (phencyclidine,
circuits, neurotransmitter systems, amphetamine), and treatment models
and pharmacology of disease (antidepressants, mood stabilizers,

and neuroleptics)

Study of unknown genes Gene sequence analysis

(animal models), Identify variants

transgenic, knockout, Single nucleotide polymorphisms
and behavioral studies Role of methylation

Newly Identified
Candidate Genes

N

Cell culture studies Association studies in human groups

Figure 1. Process for discovery of candidate vulnerability genes

and their biological investigation

The top section of Figure 1 summarizes a strategy for discovering candidate vulnerability
genes. When a gene is identified as a potential candidate, studies move to the next stage
of biological validation (bottom section).

Investigative Analyses of Candidate
Vulnerability Genes

When a gene is identified as a potential candidate, studies move to
the next stage of biological validation (Figure 1, bottom section).
Further efforts in the investigation involve multiple strategies for
studying structure and gene function. In some cases, the gene in
question is a well-known one, and the fundamental question is
whether it is contributing to the disease process because of alter-
ations of its structure or in its level of expression. In other cases, the
gene is either totally unknown or can be assigned to a general class
of gene families but without direct evidence of its biological role. In
such cases, beyond addressing the potential structural questions,
one needs to begin to address its function. One approach involves
tissue culture strategies. Ascertaining the functional role of a given
gene by using transgenic or knockout animal models represents an
ultimate test of its hypothesized role.

Gene-sequence analysis can be conducted in an attempt to identify
single nucleotide polymorphisms (SNPs), variations that occur in hu-
man DNA, in the coding or in the promoter domain of the gene, splice
variations, or actual mutations. By using BLAST (Basic Local Align-
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ment Search Tool, National Center for Biotechnology Information, Be-
thesda, Md.), one can search the existing databases for genes with
sequence similarity in human and other published animal genomes.
This information may greatly help identify important functions of the
gene.>

Tissue Culture Strategies

Cell culture studies have been heavily used to evaluate the function of
mRNA that is seen as interesting in microarray studies. This approach
to understanding the biology of mRNA has considerable value, yet can
be expensive, limited to certain cell types, and may reveal only a frac-
tion of that mRNA’s function across cells or in an organ. However, a
careful analysis may open many doors to a functional view of the effects
of activation or inhibition of a gene, its mRNA, and the protein derived
from it. This is especially true if the functions of the gene and its prod-
ucts are not known except for their sequences. The tissue culture ex-
pression of an mRNA and its derived protein is a good step into biology
and may then lead to other studies, such as transgenic animals, knock-
ins, and knockouts of this mRNA’s gene.

Animal Models

Using microarrays to learn the pattern of gene expression in the brain
(and other tissues) is a first and critical step. Substantially different hy-
potheses can then evolve from in situ hybridization studies, revealing a
pattern that demonstrates expression in every cell versus a subset of
cells. For example, a gene that is neuronal and is primarily expressed in
the extended amygdala may lead us to hypotheses about a role in emo-
tional reactivity, whereas a gene that is present at all synapses may lead
to hypotheses relating to signaling or synaptic plasticity. The neuronal
site expression pattern will then guide the choice of animal models to
be pursued. For example, a gene highly expressed in emotional circuits
will call for studies using models of anxiety-like behaviors (the ele-
vated-plus maze, light-dark box, fear conditioning). By contrast, a gene
highly expressed in the hippocampus might suggest a possible role in
learning and memory (e.g., the radial-arm maze or Morris water maze).

A powerful strategy for investigating the function of a given gene is
the use of transgenic and knockout mice. These approaches involve ar-
tificial interference with the level of expression of a gene in an organism,
ranging from completely eliminating expression (knockout) to sig-
nificant overexpression by using a transgenic approach. These tools are
intrinsically very demanding in that they require the production, char-
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Table 2. Investigations of the function and structure of candidate
genes following identification by microarray technology

Step Description

1 Review web-based data sequence for similarity of candidate genes to
the human genome and other completed animal genomes for clues
concerning functional and metabolic and signaling pathways

2 Examine effects of known and unknown identified genes in trans-
genic and knockout animal studies

3 Examine cell culture studies for candidate gene function

4 Analyze structure of candidate genes and identify sequence variants,
including single nucleotide polymorphisms (SNPs) in promoter
and exon regions

5 Consider microarray studies of single cells in selected brain regions
using laser capture microdissection to increase homogeneity of the
RNA sample source

6 Consider association studies in human groups

7 Use these newly identified genes as unique targets for therapeutic

drug development for schizophrenia and mood disorders

acterization, and maintenance of novel lines of mice. However, these ap-
proaches, if properly used, can reveal gene functions that cannot be
elucidated by means of any of the nongenetic approaches. There have
been significant improvements of these techniques that have resulted in
enhanced control over the regional specificity of the gene expression as
well as the timing of the altered expression.®-%2 Control over timing and
spatial expression substantially increases the ability to deduce the func-
tions of the candidate gene. Together, this combination of tools allows a
group of investigators to move a particular gene from a candidate with
altered expression associated with an illness to a specific target with
much better characterization of patterns of neural expression, regula-
tion, and function. Table 2 summarizes postarray investigations, includ-
ing the function and structure of identified candidate genes.

Future Developments

1. In the near future, DNA microarrays will provide a method for si-
multaneously monitoring levels of nearly every gene transcript in
the human genome. This is particularly useful in the mammalian
brain, which is divided into many anatomically distinct regions. Af-
fymetrix has used information from the draft of the human genome
to design arrays (U133) that contain 39,000 gene transcripts.
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2. Advances in spotted DNA arrays include the greater availability
and quality of full-length cDNA clones for spotting on chips. Longer
oligonucleotides are also starting to be used with standard spotting
technology.

3. Other new applications of microarrays involve the study of binding
sites for transcription factors on a genome-wide level.8

4. New discoveries in combinatorial chemical processing promise to
advance microarray technology. These include new digital light pro-
cessors and simplified synthesis of nucleic acids.?

In summary, data from microarray experiments can provide power-
ful information to help determine the causes of psychiatric illness, the
mechanisms by which psychoactive drugs work, and what gene prod-
ucts may be unique targets for therapy in these disorders.

Appendix 1. Glossary of selected genetic terms

DNA (deoxyribonucleic acid) carrier of inherited information; DNA makes
RNA, and RNA makes protein

c¢DNA (complementary DNA) a copy of DNA

hybridize to bind complementary base pairs of DNA molecules

in situ hybridization a hybridization procedure to confirm the presence of
relevant mRNAs and define the localization and cell class

knockout eliminating expression of a gene, usually in a mouse

mRNA (messenger RNA) translated into protein

nucleotides basic subunits of DNA

oligonucleotides short linear stretches of nucleotides

probe in this review, probe refers to the known ¢cDNA or oligonucleotides
affixed to the array surface

real-time polymerase chain reaction a high-throughput method to quantify
mRNA levels

RNA (ribonucleic acid) a molecule that is formed as an intermediate between
DNA and protein in the process of gene expression

SNPs (single nucleotide polymorphisms) variations that occur in human
DNA

target in this review, target refers to the labeled unknown material that is
bound to the cDNA or oligonucleotide on the array

transcript mRNA that encodes a protein

transcription the process of copying DNA into RNA

transcriptome  all expressed mRNA in a cell

transgenic producing overexpression of a gene, usually in a mouse

translation synthesis of protein from RNA
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Afterword

=" The Genetic Revolution: The
Importance of Flies and Worms

It seems remarkable that within 50 years of the discov-
ery of the double helical structure of DNA, the genetic code was deci-
phered, recombinant DNA technology was devised, and the nucleotide
sequences of the entire genomes of man, mouse, the fruit fly (Drosophila),
the nematode (Caenorhabditis elegans), yeast, and many other organisms
were determined. The discovery of thousands of genes represents one of
the great achievements of science, yet the functions of most genes re-
main unknown. Eventually, it will surely be found that some of these
genes are involved in psychiatric or neurological diseases. A tremen-
dous opportunity exists to explore the functions of these genes by vari-
ous means, including mutation or RNA interference. The latter method
depends on the use of double-stranded RNA, or oligoribonucleotides, to
temporarily destroy the corresponding species of mRNA, thereby re-
sulting in a temporary mutant phenotype.

Comparative genomics has shown that Drosophila and C. elegans
have many genes for proteins involved in neural information pro-
cessing that are similar to genes found in humans. Thirty-eight genes
that bear some similarity to genes thought to be involved in human
neurological diseases have been found in Drosophila, including par-
kin, B-amyloid precursor-like protein, presenilin, tau (involved in fron-
totemporal dementia with parkinsonism), and neuroserpin (involved
in familial encephalopathy);!some genes have also been found in C. el-
egans. There are many advantages to studying such genes in Drosophila
or C. elegans, since many genetic techniques are available that can be

IRubin GM, et al: Comparative genomics of the eukaryotes. Science 2000;
287:2204-2215

131
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used to investigate the functions of proteins, whereas similar studies in
the mouse would be too time consuming or expensive to be feasible. For
example, to find compounds that enhance memory in humans, hun-
dreds of thousands of compounds are being screened currently in
Drosophila by Timothy Tully of Cold Spring Harbor Laboratory.

Thus, the revolution in molecular genetics has created tremendous
opportunities to do research that surely will lead to fundamental ad-
vances in knowledge of normal and pathological processes in psychia-
try and neurobiology. But only in the human can one explore the
psychological and social factors that influence behavior.

Marshall Nirenberg, Ph.D.
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