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Recent years have witnessed a considerable
increase in both fundamental knowledge and
available experimental techniques in the basic
neurosciences. Unfortunately, clinical translation
of these findings vis-a-vis adirect benefit to
patients who suffer from psychiatric diseases has
not been asrapid. It islikely that thiswill change
in the near future. We discuss some of the
knowledge and expanding techniques of basic
neuroscience, focusing on those that may be most
promising regarding the future impact of the cur-
rent molecular medicine revolution in psychiatry.
Some of the more exciting findings (basic mecha-
nisms, techniques, and clinical methodologies)
that are expected to have a major impact on both
our understanding of the biological underpinnings
of psychiatric diseases and the development of
novel and/or improved therapies include genetics,
epigenetics, transcriptomics/proteomics,
neuroimaging, animal models, and improved
psychiatric endophenotypes.
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T he last decade has truly been a remarkable one
for biomedical research. The “molecular medicine
revolution” has brought to bear the power of sophisticated
cellular and molecular biological methodologies to tackle
many of society’s most devastating illnesses. Psychiatry,
like much of the rest of medicine, has entered a new and
exciting age demarcated by current rapid advances and
the future promises of genetics, molecular and cellular bi-
ology, and improving technologies. Unfortunately, clini-
cal trandation of these findings vis-a-vis a direct benefit
to patients who suffer from severe psychiatric diseases
has not been as rapid.

Complete sequencing of the human genome was
officially announced in April of 2003,* coinciding with
the 50th anniversary of the discovery of the structure of
DNA 2 It is now known that there are far fewer genesin
the human genome than was originally thought, with cur-
rent estimates ranging between 30,000 and 40,000. Al-
though a complete functional understanding for many of
these genesisstill 1acking, the completion of the sequenc-
ing of the human genome (at least to a certain point) un-
doubtedly marks the beginning of a new erain molecular
medicine research. Perhaps more than any other event,
this achievement represents both the massive progress
and immeasurable wealth of opportunities subsequently
available in all areas of medicine, but none more so than
in neuropsychiatric research where even basic patho-
physiology has thus far proven elusive. This is perhaps
not altogether surprising given the sheer complexity of
the central nervous system; current estimates suggest that
the brain comprises 10" neurons, each receiving 10* in-
puts and issuing 10* outputs. The number of synaptic con-
tacts between neurons thus approaches 10™! In spite of
this complexity, it is our firm belief that the impact of
molecular and cellular biology—which has been felt in
every corner of clinical medicine—will ultimately also
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Figure 1. From Genes to Diseases in Psychiatric Research—Sites of Current Research Efforts*
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aComplex diseases, such as those in psychiatry, are perhaps best understood not by focusing on the disease at one level, but rather at multiple levels.
Genetics, epigenetics, transcriptomics, proteomics, neuroimaging, animal models, and improved psychiatric endophenotypes represent areas that
are likely to benefit most from the molecular revolution and are areas that will see agreat deal of change in the forthcoming years.

have major repercussions for our understanding about
the fundamental, core pathophysiology of major psychiat-
ric disorders in this new millennium and that it will like-
wise be concomitant with the development of improved
treatments.

While knowledge of the full human genetic sequenceis
amajor step forward, there are also many other advances
of significant importance in our efforts to elucidate the
pathophysiology of severe psychiatric illnesses. Recent
years have witnessed a more wide-ranging understanding
of the neural circuits and the various mechanisms of syn-
aptic transmission, the molecular mechanisms of receptor
and postreceptor signaling, a finer understanding of the
process by which genes code for specific functional pro-
teins, and the identification of causative genesin many neu-
rologic disorders (e.g., Huntington's disease, early-onset
Alzheimer’s disease, and numerous seizure disorders) that
in toto reduce the complexity in gene-to-behavior path-
ways.? Likewise, development of fundamental techniques
has kept pace with these exciting discoveries. It is now
commonplace to utilize cells in culture to model neuro-
transmission and neuroplasticity occurring in the intact
brain, and, while such approaches clearly do not alow for
acomplete understanding of complex circuitry, they do per-
mit the exquisite dissection of mechanisms at a cellular
level. Current techniques also allow the ascertainment of
thousands of single gene genotypes (in a single academic
lab) within aperiod of 24 hours, and in amatter of months,
the genome of a mouse can be altered such that any one
of its genesis up-regulated in expression, removed, and/or
controlled both temporally (for example, during develop-
ment or adulthood) and regionally (e.g., hippocampus vs.
striatum vs. frontal cortex) to help understand basic func-
tioning or to model a specific supposed neuropsychiatric
dysfunction.*®

In other areas of medicine, the recent molecular med-
icine revolution has already had an immediate impact.
Reasons for a lag in psychiatric medicine are multifold:
in addition to the sheer complexity of the central nervous
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system, they include lack of adefined pathology, no direct
tissue accessibility, the daunting fact that the complexity
of behavior is not simply the sum of its parts, and monu-
mental differences in public and medical acceptance
of the severity and biological basis of psychiatric ill-
nesses, ultimately affecting research goals and funding
priorities. Some of the more exciting findingsin the basic
neurosciences (basic mechanisms, techniques, and clini-
cal methodologies) that will most likely have a major
impact on both our understanding of the biological under-
pinnings of psychiatric diseases and the development
of novel and/or improved therapies include genetics,
epigenetics, gene and protein expression profiling, neuro-
imaging, the defining of more specific and reproducible
endophenotypes, and anima models (Figure 1).

GENETICS AND GENE REGULATION

Genetics

The genetic ageis currently upon us, and the definitive
(and causative) genes for the many but individualy rare
single gene diseases have been identified. Unfortunately,
the paradigms that have proved so successful for the iden-
tification of genes in mendelizing disorders (diseases
of dominant or recessive single gene inheritance such as
Huntington's disease) have been of little use in the study
of genetically “complex” disorders such as those in psy-
chiatry.® These genetically complex disorders involve
multiple genes, various environmental contributors, and
multiple phenocopies and do not readily alow for a
straightforward and reproducible genetic linkage analy-
sis. What has become dogma in the study of disorders
with complex genetics is that many genes, each with
small additive effects, in different combinations interact
with environmental, stochastic, and epigenetic mecha-
nisms, lending susceptibility for the development of
illness.

Although study of these disordersis daunting, progress
is clearly being made—especially so in schizophrenia,
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Figure 2. Psychiatric Genetics Deals With Probabilism,
Not Determinism?*
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&Copyright 2004, Irving |. Gottesman, M.D., reprinted with
permission. Psychiatric genetics, and indeed the genetics of all
complex diseases, is not deterministic but rather probabilistic.® One
salient example: monozygotic twins share exactly the same genes,
but are 50% discordant for schizophrenia,3* suggesting that genes
are only part of the story. Epigenetics (Figure 3 and text) represents
one putative mechanism that may control diversity in these
genetically identical but phenotypically different populations.®

where multiple susceptibility genes have been reproduc-
ibly implicated, including catechol-O-methyl transferase
(COMT), neuregulin, and dyshindin, among others (see
reference 7 for review). But it is critically important to re-
member that polymorphisms in these genes (and those
to be discovered) are simply associated with schizophre-
nia®; these genes do not invariably determine outcome,
but only lend a higher probability for the subsequent de-
velopment of illness (Figure 2). In fact, genes will never
code for abnormal behaviors per se, but rather code for
proteins that make up cells, forming circuits that in com-
bination determine facets of both abnormal and normal
behavior.” These expanding levels of interaction are
among the factors that have made the study of psychiatric
diseases so difficult.

The next task of psychiatric genetic research isto study
how and why variations in these genes impart a greater
probability of developing schizophrenia (understanding
pathophysiology) and then to direct therapeutics at that
pathophysiology. Hence, thereis no doubt that knowledge
of the genetics, and subsequent understanding of their rel-
evant biology, will have a tremendous impact on diagno-
sis, classification, and treatment of psychiatric disease;
it must be cautioned, however, that to be efficiently suc-
cessful, studies of the genetics of complex disorders must
be prudent in study design and interpretation (see ref-
erence 10 for arelevant discussion). As we discuss in the
endophenotype section, there is hope that the biological
processes more closely regul ated by genes can be studied,
resulting in abetter understanding of the principal compo-
nents of psychiatric diseases on the level of interacting
circuits or simpler behaviors (Figure 1).

Epigenetics

While traditional genetics generally deals with nucle-
otide (the A’'s, T's, C's, and G's) sequence variation,
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epigenetics (asit iscurrently applied in molecular biology)
refers to regulation of gene activity that is controlled
by heritable but potentially reversible changes in DNA
methylation and chromatin structure**? (Figure 3).

Epigenetics purports to define the molecular mecha-
nisms by which different cells from different tissues of the
same organism, despite their DNA sequence identity, ex-
hibit very different cellular phenotypes and perform very
different functions. Even the cells from the same tissue are
not identical, although, again, they all carry the same DNA
code. All of these phenotypic and functional differences
are the cumulative result of a large number of develop-
mental, environmental, and stochastic events, some of
which are mediated through epigenetic modifications of
DNA, histones, and changes in chromatin structure.

DNA methylation involves covaent binding of a
methy! group to cytosines by enzymes called DNA meth-
yltransferases; following promoter methylation, gene tran-
scription is generaly (but not always) suppressed (Figure
3). Methylation of DNA also interacts with a second, and
perhaps more dynamic, level of epigenetic regulation,
namely a large variety of posttranslational modifications
to histones, such as acetylation, methylation, phosphoryla-
tion, and ubiquitination (see reference 13 for review). It
is then through alterations in the accessibility/affinity of
transcription factors to DNA promoter regions that epige-
netic modifications have profound effects upon gene ex-
pression, both temporally and regionally (Figure 3).

Epigenetics represents one mechanism to explain why
genetically identical monozygotic twins are often discor-
dant for psychiatric illness. It further provides a putative
mechanism whereby environmental stressors early in life
can ater behavior later in life. Research data with experi-
mental animals demonstrate that some patterns of maternal
care can result in the epigenetic regulation of specific
genes.* Numerous similar scenarios could exist in which
epigenetic changes in responsive genes induced by exter-
nal stimuli have far-ranging effects on behavior (Figure 3).
In conclusion, molecular epigenetics is an area of impor-
tant research that may help illuminate the molecular sub-
strates of genome-environment interactions (please see a
recent review by Arturas Petronis'® for a more extensive
discussion of the putative roles of epigeneticsin psychiat-
ric disorders).

Gene and Protein Expression Profiling

Tremendous advances have been made in the last dec-
ade in our ability to study an entire transcriptome (all the
genes transcribed at one time) and proteome (al the genes
translated at one time, as well as their various posttransla-
tional modifications) (Figure 1). These methodologies are
providing not only important new leads in our understand-
ing of the molecular and cellular pathophysiology of se-
vere psychiatric disorders but also insights into novel
treatment devel opment.

J Clin Psychiatry 65:5, May 2004



Figure 3. Epigenetics: A Putative Role in Cellular Memory*
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#Epigenetic changes represent a mechanism that can permanently alter
gene expression, thus subsequently affecting behavior. Both
decreased methylation of DNA and increased acetylation of histones
modify the local chromatin structure, providing access to
transcription factors that results in up-regulation of the gene
transcription. Such epigenetic changes are stable but potentially
reversible over time. The figure depicts environmental stimuli
increasing gene expression, but it is equally likely in some
circumstances that gene expression is decreased.

Abbreviations: A = acetylation of histones, M = methylation of DNA.

The advent of methodologies such as subtractive hy-
bridization, mRNA differential display, and microarrays
has illustrated the importance of hypothesis-generating
(as opposed to hypothesis-dependent) techniques, par-
ticularly when dealing with disorders whose pathophysi-
ology remains largely unknown. These technologies are
utilized to study gene expression; microarray, the newest
of the techniques, utilizes sequences of DNA arranged on
a dide that generate a quantifiable signal in response to
cDNA (complementary DNA) binding (cDNA is synthe-
sized from RNA and thus directly proportional to the
amount of RNA present).

Primarily because of its markedly reduced labor inten-
siveness, microarrays are largely replacing differential
display and subtractive hybridization as the method of
choice to interrogate the whol e transcriptome. There have
been rapid advances in these methodologies, and investi-
gators have already begun to focus on expression profiles
obtained from particular brain cell types, using method-
ologies like laser capture microdissection. Using this
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technology, investigators have already begun to study how
plasticity-related mRNAs are regul ated locally within den-
drites and how the process of “synaptic tagging” contrib-
utes to long-term, enduring changes in discrete dendrites;
the further refinement of these methodol ogies offers much
promise to study gene expression changes in specific cell
populations and circuits in severe psychiatric illnesses.

It is likely that as the technology improves, current
problems are eliminated, and as new applications are de-
veloped, microarrays are likely to become an essential, in-
dispensable tool for the neuroscience-psychiatric commu-
nity. Notably, the application of these methods to the study
of postmortem human brain tissue has aready provided
clues about the involvement of oligodendrocytes (glial
cellsthat generate the myelin sheath) in schizophreniaand
bipolar disorder®'® and synaptic pathology in schizo-
phrenia.’” Furthermore, their application to the study of
treatment-induced changes has identified a number of
hitherto unexpected genes involved in regulating cellular
plasticity and resilience (including bcl-2, Bag-1, GRP78)
as long-term targets of mood stabilizers (see reference 18
for discussion). Indeed, as we discussin the concluding re-
marks, the use of the differential display methodology to
identify bcl-2 as along-term target for lithium led to clini-
cal neuroimaging studies demonstrating neurotrophic ef-
fects of lithium in bipolar disorder patients.

Despite this tremendous progress, the current trancrip-
tomics methodologies do have important limitations.
Foremost among these is the inability to distinguish be-
tween splice variants, the fact that only transcriptsin high
to medium abundance can be accurately profiled, and
additional uncertainties that are inherent in the study
of postmortem brain tissue.”® Finally, for gene expression
changes to be related to functional neuronal changes,
expression at the protein level must be examined (the
genome is the script and the proteins are the actors).
For these reasons, the use of advanced proteomics meth-
odologies in conjunction with transcriptomics is most
likely to yield critical information about psychiatric
disorders. Indeed, proteomics technologies provide a
strategy for studying the critical functional output of dis-
eases by integrating genetic, epigenetic, and environmen-
tal contributions.

Protein analysisis, however, considerably more compli-
cated than determining the linear sequence of transcribed
RNA and often involves the identifying and
quantifying of proteins and their localization, modifica-
tions, and interactions.”® For these reasons, proteomics has
lagged somewhat behind transcriptomics, although rapid
technological advances are being made (for example, high
throughput protein arrays).”® With respect to psychiatric
disorders, the study of postmortem human brain tissue in-
troduces additional obstacles in proteomic analysis, since
many posttranslational modifications such as phosphoryla-
tion are rapidly lost in the early postmortem period.”
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Despite these formidable obstacles, important knowl-
edge gained from proteomic studies is already being ap-
plied to the development of new medicines based on a
more mechanistically based and target-driven drug dis-
covery process. Indeed, since the vast majority of drug
targets are proteins, target identification and character-
ization at the protein level will facilitate the selection of
relevant therapeutic targets.® It is anticipated that, in com-
ing years, the concerted use of genomic and proteomic
strategies to refine complex psychiatric diseases into
mechani sm-based subcategories may ultimately allow for
the matching of particular target-based therapies to par-
ticular markersin subgroups of patients.

ENDOPHENOTYPES: CLINICAL AND
PRECLINICAL APPLICATIONS

Endophenotypes

Endophenotypes are quantifiable measures that may
have the ability to reduce the heterogeneity (both genetic
and biological) inherent in psychiatric diseases.?** This
important concept has long been utilized in the study and
diagnosis of non-psychiatric diseases.®® For example, in
coronary artery disease, the disorder phenotype is rep-
resented by such signs and symptoms as shortness of
breath, obesity, and chest pain with exertion. However,
abnormal endophenotypes (in the genes-to-phenotype
causal chain) may be measured as elevated cholesterol
levels or changes on electrocardiogram (ECG). There can
be multiple causes of shortness of breath, obesity, or chest
pain; however, both the biology and genetics of increased
cholesterol and ECG changes are much easier to study.

An endophenotype in psychiatry may be neurophys-
iologic, biochemical, endocrinologic, neuroanatomical,
cognitive, or neuropsychological (including configured
self-report data) in nature.*® As one example, schizophre-
nia is associated with disorganized thinking, halluci-
nations, and delusions. Endophenotypes in schizophrenia
include working memory deficits, impairments in pre-
pulse inhibition, and smooth pursuit eye movement ab-
normalities”” Recent work has utilized these endo-
phenotypes to implicate gene regions and specific genes
and to develop animal models.?®

It is likely that many susceptibility genes may result
in differing variations along a continuum, with endo-
phenotypes representing one mechanism to discern the
pathological antecedents to psychiatric disease. For in-
stance, COMT, as previously discussed, is a gene in
which variations are associated with schizophrenia. How-
ever, these same COMT variations have been associated
more strongly with working memory performance at both
the psychological (neuropsychological testing) and physi-
ologic (functional neuroimaging) level.® While all groups
of individuals have variations in performance on these

602

tasks, only a portion of this variation can be attributed to
the COMT genotype, and only asmall percentage of indi-
viduals with the COMT variation develop schizophrenia.
It is anticipated that the genetics of working memory per-
formance will be simpler to decipher than schizophrenia
per se, and thus by studying working memory we will be
better able to elucidate the biology and genetics of the dis-
ease.” While endophenotypes in schizophrenia are in the
process of becoming well established,”®® they remain
nondiagnostic; unfortunately, other psychiatric disorders
are far behind in terms of progress. An endophenotype
approach has anumber of clinical and preclinical applica-
tions. As we discuss, these applications include neuro-
imaging as a means to visualize both the structure and
real-time functioning of neural systems (responsible for
both normal and abnormal behavior), and the utility of
endophenotypes for improvement of animal models for
psychiatric illness (Figure 1).

Neuroimaging

Neuroimaging has advanced considerably beyond the
early pneumoencephalogram (x-rays of the brain and
ventricles following depletion of cerebrospinal fluid),
wherein current techniques alow the discovery of the
functional and structural foundations of human brain
function and dysfunction as never previously possible.
The available technology includes methods based on
nuclear magnetic resonance such as magnetic resonance
imaging (MRI; used for structural imaging and also in dif-
fusion tensor imaging [DTI] to measure water movement
along white matter pathways),? functional magnetic reso-
nance imaging (fMRI), and magnetic resonance spectros-
copy (MRS; measures specific neurochemicals).”® The
utilization of radiotracers in positron emission tomogra-
phy (PET) or single-photon emission computed tomogra-
phy (SPECT) allows the study of neurochemistry, blood
flow, or metabolism.” Understanding of molecular biol-
ogy is greatly influencing neuroimaging methodology.
For example, it is within molecular and cellular biology
labsthat PET and SPECT ligands are envisioned, derived,
and validated. Efforts are already underway to develop
PET ligands to study second messenger intracellular sig-
naling pathways in the living human brain (e.g., protein
kinase C and cAMP phosphodiesterases). As technology
advances, MRS is becoming more specific for biological
molecules and functionally more temporally and region-
ally specific, necessitating a greater interaction between
neuroimaging and molecular biology to thereafter under-
stand on a cellular level what is taking place.

These improvements in the sensitivity and specificity
of imaging measures are enabling assessment of pro-
gressively smaller brain structures and alowing an en-
hanced capability to obtain measurements previously
considered of marginal validity and reliability. Utilization
of these recent improvements in brain imaging technolo-
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gies is providing enhanced opportunities for identifying
neuromorphological, neurophysiologic, and neurochemi-
cal aterations (putative endophenotypes) in psychiatric
disorders. The ability to image brain function more di-
rectly has advanced considerably the prospect that repro-
ducible endophenotypes may one day lead to a better un-
derstanding of disease pathology, disease classification,
and the potential to measure or predict efficacy of novel
drugs.

Animal Models of Psychiatric Illnesses

The lack of well-validated animal models for most
psychiatric disorders that can be utilized for in-depth
biochemical, histological, and behavioral analyses has
greatly hindered progress both in understanding neuro-
biology and developing novel medications.®* One of the
primary advantages of an endophenotype approach to un-
derstanding psychiatric illness is that, while complex be-
havioral phenotypes (e.g., psychosis) are difficult to study
in animal models, endophenotypes are generally more
straightforward, on the level of both biology and genetics,
and therefore lend themselves more readily to modeling
in animals. There are 3 generaly accepted criteria for
validating anima models for human psychiatric disor-
ders: facevalidity, construct validity, and predictive valid-
ity.®32 Face validity refers to the outward appearance of
the model, i.e., does the animal’s behavior adequately re-
flect the human behavior being modeled? Construct valid-
ity refers to the fundamental causality and etiology of the
behavior (perhaps a mouse with decreased levels of syn-
aptic serotonin to model depression). Predictive validity
isthe ability of amodel to predict the effect that pharma-
cologic or other manipulations will have on the condition
being modeled.

Anxiety is one areain which models on al 3 axes are
comparably well developed. It is usually quite apparent if
an animal is easily startled, thus lending face validity.
Compare this with the assessment of whether an animal
is displaying psychotic-like or manic-like behavior, for
example, which is much more difficult. Regarding con-
struct validity, the function and underlying anatomical
(locus ceruleus and amygdala) and neurochemical (nor-
epinephrine) substrates of anxiety arewell conserved. Ad-
ditionally, a number of anxiety models are utilized to test
efficacy of different classes of drugs including serotonin
reuptake inhibitors, norepinephrine reuptake inhibitors,
and benzodiazepines. However, while the general model-
ing of fear and anxiety has reasonable face, construct, and
predictive validity, models of specific disorders are much
more meager in these respects, and a great deal more ex-
perimentation is required.®

In addition to the general development of new models
that fulfill these 3 validity criteria, the future of animal
models of psychiatric diseases will increasingly rely on
the ability to change the expression (both temporally and
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regionally) of specific genesin rodent (currently primarily
mouse) models*® to recapitul ate developmental and brain
region—specific pathologies. One recent example of this
conditional knockout technology relied on both temporal
and regional modulation of expression of one of the sero-
tonin receptors, 5-HT,,, in mice*® These authors were
able to show that anxiety-like behavior, which is in-
creased in 5-HT,, knockout mice, is rescued by re-
expression of this receptor in the hippocampus and cortex
but not in the raphe nuclei. They were additionally able to
show, by removing (knocking out) the gene during only
certain periods, that the early postnatal period appears to
be critical to the development of the increased anxiety-
like behavior in their model.* In addition to the increas-
ingly more sophisticated knockout and transgenic strate-
gies, there has also been progress in other methodol ogies
to selectively regulate gene expression in discrete areas of
the brain, including viral delivery of genes and siRNA
(small inhibitory RNA) approaches to knockdown genes;
these methodol ogies offer much promise for the futurein-
vestigation of the concerted effects of modifying multiple
putative susceptibility genes simultaneously. Such ap-
proaches will undoubtedly be invaluable to the develop-
ment of improved animal models.

CONCLUSIONS

In this brief perspectives paper, we have attempted to
highlight some of the advances in molecular and cellular
neuroscience and genetics that are rapidly changing our
understanding of both the normal and abnormal function-
ing of the human brain. Despite this remarkable progress,
the application of this recent knowledge to the practice of
clinical psychiatry isin its early stages, and it remains a
critical task to translate these basic neuroscience findings
to those that will benefit our patients and their families
and help attenuate the massive overall impact of psychiat-
ric illnesses.

Nevertheless, progress is being made, as evidenced by
the growing appreciation that the major psychiatric ill-
nesses are disorders of synapses and circuits rather than
purely abnormalities in individual neurotransmitters.
Similarly, results from transcriptomic studies, which iden-
tified neurotrophic signaling as a target for the long-term
actions of lithium, have played arole (along with neuro-
imaging and postmortem brain studies) in a reconcep-
tualization about the pathophysiology, course, and opti-
mal long-term treatment of severe psychiatric disorders.
These data suggest that, while bipolar disorder is clearly
not a classic neurodegenerative disease, it is, in fact, asso-
ciated with impairments of cellular plasticity and resil-
ience. As a consequence, there is a growing appreciation
that optimal long-term treatment will very likely be
achieved by attempting to prevent the underlying disease
progression and its attendant cellular dysfunction rather
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than exclusively focusing on the treatment of signs and
symptoms.

We are optimistic that the advances outlined in this ar-

ticle are likely to increase our knowledge of the patho-
physiology of severe psychiatric illnesses; these advances
will result in a dramatically different diagnostic system
based on etiology and ultimately will lead to the discov-
ery of new approaches to the prevention and treatment of
some of mankind's most devastating and |east-understood
illnesses.

Drug name: lithium (Lithobid, Eskalith, and others).
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